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Abstract 

 

Title of Dissertation: µ-Crystallin: A Novel Protein Regulator of Mammalian Metabolism 

Christian Kinney, Doctor of Philosophy, 2021 

Dissertation Directed by: Dr. Robert J. Bloch, Professor, Department of Physiology, 

Department of Orthopedics 

 

Thyroid hormones control many aspects of physiology such as metabolism and 

thermogenesis. Because thyroid hormones control such crucial bodily functions, their 

levels in the body are tightly regulated. Hypo- and hyperthyroidism can result when the 

level of thyroid hormone is too low or too high, respectively, with potentially serious 

pathophysiological consequences. µ-Crystallin is an NADPH-regulated thyroid hormone 

binding protein. The protein is minimally expressed in the skeletal muscle of most 

people; however, some individuals express relatively high baseline levels of µ-crystallin. 

We generated a transgenic mouse, the Crym tg mouse, that expresses high levels of µ-

crystallin in its skeletal muscle, in order to explore the consequences of expressing high 

levels, comparable to those seen in some humans. The Crym tg mouse expresses mouse 

µ-crystallin at levels 2.6-147.5-fold higher than control mice in their skeletal muscle. 

Consequently, intramuscular triiodothyronine (T3) levels are elevated ~190-fold in the 

tibialis anterior, while serum thyroxine levels are decreased by 1.2-fold. Crym tg mice 

have a decreased respiratory exchange ratio that corresponds to a 13.7% increase in fat 



utilization as an energy source. Female Crym tg mice gained weight faster on high fat or 

high simple carbohydrate diets. Gene ontology enrichment analysis of transcriptomic and 

proteomic data revealed alterations to the expression of genes associated with metabolism 

and fiber type, while the fiber sizes of Crym tg soleus muscle are significantly smaller 

than those of controls. Taken together, these results suggest that µ-crystallin may play a 

role in regulating metabolism, perhaps through the control of thyroid hormone in muscle. 

Thus, humans who naturally express higher levels of µ-crystallin in their skeletal muscle 

may have an altered metabolism, comparable to the Crym tg mice.  
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Chapter 1: µ-Crystallin: A Thyroid Hormone Binding Protein1 

 

Introduction 

µ-Crystallin: A Thyroid Hormone Binding Protein 

Christian J. Kinney1, *, Robert J. Bloch1 

1 Department of Physiology School of Medicine, University of Maryland, 

Baltimore, Baltimore, MD 21201 

 

Abstract 

µ-Crystallin is a NADPH-regulated thyroid hormone binding protein encoded by the 

CRYM gene in humans. It is primarily expressed in the brain, muscle, prostate, and kidney, 

where it binds thyroid hormones, which regulate metabolism and thermogenesis. It also 

acts as a ketimine reductase in the lysine degradation pathway when it is not bound to 

thyroid hormone. Mutations in CRYM can result in non-syndromic deafness, while its 

aberrant expression, predominantly in the brain but also in other tissues, has been 

associated with psychiatric, neuromuscular, and inflammatory diseases. CRYM expression 

is highly variable in human skeletal muscle, with 15% of individuals expressing ≥13 fold 

more CRYM mRNA than the median level. Ablation of the Crym gene in murine models 

results in the hypertrophy of fast twitch muscle fibers and an increase in fat mass of mice 

fed a high fat diet. Overexpression of Crym in mice causes a shift in energy utilization 

away from glycolysis towards an increase in the catabolism of fat via β-oxidation, with 

                                                        
 
1 Kinney CJ, and Bloch RJ. µ-Crystallin: A Thyroid Hormone Binding Protein. Endocrine Regulations 
2021. 
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commensurate changes of metabolically involved transcripts and proteins. The history, 

attributes, functions, and diseases associated with CRYM, an important modulator of 

metabolism, are reviewed. 

 

Introduction 

 Thyroid hormones (THs) are essential regulators of gene expression and 

metabolism and their precise control is therefore crucial to maintaining homeostasis and 

adapting to different environmental conditions. TH regulation is achieved at many levels 

and through multiple means, including synthesis, secretion, uptake into tissues, 

intracellular processing by deiodinases, and potentially, binding to proteins involved in 

intracellular storage. Here, we review the TH binding protein, µ-crystallin (CRYM), that 

may play a key role in the latter process, intracellular sequestration and storage. 

 T3 and T4 thyroid hormone (TH) are produced in the thyroid, though the thyroid 

primarily produces T4 and less than 20% of the TH it releases is T3 (Abdalla and Bianco 

2014). Triiodothyronine (T3) is primarily produced peripherally in the body via the 

monodeiodination of thyroxine (T4) (Chopra 1977). THs typically act as transcription 

factors by binding to thyroid hormone receptors (TRs). T3 has a 10-fold higher affinity for 

TRs than T4 and therefore, it is a more potent transcription factor (Abdalla and Bianco 

2014). Liganded and unliganded TRs act as strong regulators of metabolism and 

thermogenic homeostasis (Larsen, Silva, and Kaplan 1981) primarily by affecting 

transcription of genes containing thyroid response elements (Brent 2012). 

 The ability to bind TH with high affinity suggests that µ-crystallin may play a role 

in regulating TH levels by controlling the availability of TH to interact with receptors, with 
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possible downstream consequences to physiology and metabolism. Reed et al. (2007) have 

observed on a 2D proteomic gel of skeletal muscle biopsies taken from 3 individuals with 

FSHD and 2 healthy individuals that µ-crystallin showed increased expression and was the 

only differentially expressed protein in comparing individuals with facioscapulohumeral 

muscular dystrophy (FSHD) to healthy individuals (Reed 2007). In order to study increased 

levels of skeletal muscle µ-crystallin, which was at that time a candidate for the then, 

unknown pathological protein in FSHD, they constructed a transgenic mouse specifically 

overexpressing µ-crystallin in skeletal muscle, the Crym tg mouse. At the time, little was 

known about the pathological agent in FSHD, although Double Homeobox 4 (DUX4) is 

now widely believed to determine disease pathology (Tawil, Van Der Maarel, and Tapscott 

2014). 

 Crym tg mice were created to specifically overexpress µ-crystallin in skeletal 

muscle by placing the mouse Crym open reading frame under the control of the human 

skeletal actin promoter (ACTA1) and the human slow troponin I enhancer (TNNI1). The 

transgenic plasmid incorporated randomly into intron 12 of the Cntn6 gene after oocyte 

injection. The resultant transgenic mice were bred to homozygosity to be used to measure 

the effects of high µ-crystallin expression in skeletal muscle (Kinney et al. 2021). 

 

Discovery of µ-Crystallin 

µ-Crystallin was first identified in 1957 by Tata who called the protein a thyroxine-binding 

protein (Tata 1958). Hashizume et al. subsequently showed the same protein that they 

called Factor b, could bind T3 and T4 in the presence of NADH or preferably NADPH 

(Hashizume, Kobayashi, and Miyamoto 1986), the latter dinucleotide causing the increased 
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binding capacity of cytosolic 3,5,3'-triiodo-L-thyronine (T3)-binding protein (CTBP), the 

next name for µ-crystallin (Hashizume, Miyamoto, Ichikawa, Yamauchi, Kobayashi, et al. 

1989). NADP bound to CTBP (µ-crystallin) enhanced the presence of T3 to the nucleus of 

rat kidney cells at sites that differed from other nuclear T3 sites (Hashizume, Miyamoto, 

Kobayashi, et al. 1989), whereas NADPH diminished the amount of T3 nuclear 

(Hashizume, Miyamoto, Yamauchi, et al. 1989). Maximal activation by NADP or NADPH 

was at concentrations of 0.1 µM and 25 µM respectively, 20 and 4 times less, respectively, 

than physiological levels (Hashizume, Miyamoto, Ichikawa, Yamauchi, Sakurai, et al. 

1989), suggesting that µ-crystallin in cells was likely to be bound to both NADP and 

NADPH. CTBP was shown to increase cellular and nuclear uptake of T3 as well as decrease 

cellular and nuclear efflux of T3 in addition to suppressing expression of thyroid hormone 

responsive genes (Mori et al. 2002). Kobayashi et al. (1991) further characterized µ-

crystallin as a dimer or two identical 38,000 Da subunits. At the time, it was referred to as 

p38CTBP, to distinguish it from a 58 kDa thyroxine-binding protein, p58CTBP 

(Hashizume, Miyamoto, Ichikawa, Yamauchi, Kobayashi, et al. 1989). Wistow and Kim 

(1991) gave µ-crystallin its current name after they found the protein highly expressed in 

the lens of some marsupials. More recently, µ-crystallin has been shown to function as a 

ketimine reductase in addition to its activity as a NADPH-regulated thyroid hormone 

binding protein (Hallen and Cooper 2017; Hallen et al. 2011; Hallen, Cooper, Jamie, et al. 

2015; Hallen, Cooper, Smith, et al. 2015). 

  

Temporospatial Expression of CRYM 
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µ-Crystallin is predominantly expressed in the cerebral cortex, heart, skeletal muscle, 

prostate, and kidney (Thul et al. 2017). Temporally, Crym expression in mice gradually 

increases from embryonic day 10.5 until its zenith at embryonic day 14.5, when the brain 

and inner ear have the highest expression. Expression subsequently decreases gradually 

and falls sharply postnatally in most tissues. Some Crym expressing organs such as the 

renal medulla of the kidney increase in expression of Crym postnatally while other organs 

continue to express Crym, albeit at lower levels than in utero (Smith et al. 2019). CRYM 

mRNA in humans is expressed at its highest levels in the basal ganglia of the brain 

followed by the heart; at the protein level, µ-crystallin is most highly expressed in the 

basal ganglia, cerebral cortex, kidney and prostate (data obtained from the normalized 

Consensus Dataset of the Human Protein Atlas) (Uhlén et al. 2015). Subcellularly, µ-

crystallin localizes to the cytosol (Kobayashi et al. 1991). In humans, µ-crystallin is also 

expressed in the inner ear where two, rare mutations, X315Y and K314T, cause 

Deafness, Autosomal Dominant 40 (Abe et al. 2003). There are no other illnesses in 

which CRYM has been implicated, although it’s aberrant expression has been associated 

with amyotrophic lateral sclerosis (Daoud et al. 2011; Fukada et al. 2007; Hommyo et al. 

2018), facioscapulohumeral muscular dystrophy (FSHD) (Reed et al. 2007; 

Vanderplanck et al. 2011), endotoxin-induced uveitis (Imai et al. 2010), schizophrenia 

(Middleton et al. 2002; Miklos and Maleszka 2004), and Huntington’s Disease (Francelle 

et al. 2015). 

  

THs and Their Receptors 
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THs are crucial affecters of metabolism and thermogenesis, with 30% of resting energy 

expenditure under their control (Silva 2005). Significant changes in the levels of THs lead 

to illness. Hypothyroidism can cause depression, cardiovascular disease, fatigue and 

lethargy, and weight gain, among other consequences (Bello and Bakari 2012). Conversely, 

hyperthyroidism results in a wide range of largely distinct maladies, such as heart 

palpitations, fatigue, weight loss, and muscle weakness, among others (Mansourian 2010). 

Given their centrality to biological systems, the production of THs is under tight regulation. 

 

Regulation and Synthesis of TH 

TH production is governed by the Hypothalamic-Pituitary-Thyroid axis (Mendoza and 

Hollenberg 2017). Thyrotropin-releasing hormone neurons located in the paraventricular 

nucleus of the hypothalamus control secretion of thyrotropin releasing hormone (TRH) in 

response to THs (Morley 1979; Yarbrough 1979), Agouti Related Peptide (AgRP) 

(Fekete et al. 2002), Neuropeptide Y (NPY) (Fekete et al. 2001), cocaine and 

amphetamine-regulated transcript (Serrano et al.)Serrano et al. 2014; (Fekete et al. 2000), 

norepinephrine (Zimmermann et al. 2001), and leptin (Harris et al. 2001). These factors 

are directly and indirectly regulated by environmental stimuli such as cold exposure 

(Sotelo-Rivera et al. 2017), teat suckling (Sánchez et al. 2001), and shortage of food 

(Légrádi et al. 1997; Mihály et al. 2000) and the TH feedback loop, among other factors 

(Rodríguez-Rodríguez et al. 2019). 

Upon secretion of TRH by the hypothalamus, the hormone enters fenestrated 

primary portal capillaries connected to the anterior pituitary pars distalis (Rodríguez-

Rodríguez et al. 2019). TRH binding to its receptor (TRH receptor 1) in the anterior 
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pituitary induces the synthesis and release of thyroid stimulating hormone (TSH) (Heuer 

et al. 2000; Snyder and Utiger 1972). TSH then travels via the bloodstream to the thyroid 

gland where it binds TSH receptors (Schaefer and Klein 2011). This binding promotes the 

synthesis and release of the THs, T3 and T4. Approximately 80% of THs produced by the 

thyroid gland are T4 (Pirahanchi, Tariq, and Jialal 2020) while 80% of T3 comes from the 

peripheral deiodination of T4 (Schimmel and Utiger 1977), with the remaining T3 fraction 

generated by the intrathyroidal deiodination of T4 and by the direct synthesis of T3 within 

the thyroid gland itself (Dème et al. 1975; Kubota et al. 1984). T3 and T4 then travel via 

the bloodstream to peripheral organs, where they are taken up. 

 

Thyroid Hormone Transport 

THs are transported into cells primarily by SLC16A2 (MCT8), SLC16A10 (MCT10), and 

SLCO1C1 (OATP1C1), which are largely specific transporters for T3 and T4 (Visser, 

Friesema, and Visser 2011). THs are also transported through more broadly acting 

transporters as well, such as SLC10A1 (Friesema et al. 1999; Visser et al. 2010), ABCB1 

(efflux) (Mitchell, Tom, and Mortimer 2005), SLC7A5 and SLC3A2 (LAT1 and 4F2hc 

respectively, acting as a heterodimer), SLC7A8 and SLC3A2 (LAT2 and 4F2hc 

respectively, acting as a heterodimer) (Jansen et al. 2005), and thirteen organic anion 

transporting polypeptides (OATP) (Jansen et al. 2005). Once in the cell, deiodinases 

remove one or more iodine atoms from T4 or T3 to convert T4 into T3 or reverse T3 (rT3). 

T3 and rT3 can be converted into T2. Deiodinase 1 (DIO1) is responsible for the production 

of T3, rT3, and T2. Deiodinase 2 (DIO2) produces T3 from T4, and T2 from rT3. Finally, 

deiodinase 3 (DIO3) is capable of producing rT3 and T2 from T4 and T3 respectively 
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(Pihlajamäki et al. 2009; Williams and Bassett 2011). rT3 and T2 are largely inactive 

biologically (Beckett and Arthur 1994; Senese et al. 2014). 

 

Thyroid Receptors 

In mammals, THs, primarily in the form of T3, bind to nuclear TRs α1 (Sap et al. 1986; 

Weinberger et al. 1986), β1 (Jhanwar, Chaganti, and Croce 1985), β2 (Hodin et al. 1989), 

β3 [rodent only] (Williams 2000), and β4 (Tagami et al. 2010). T3 can also bind to 

mitochondrial TRs p43 (Casas et al. 1999) and p28 (Sterling, Campbell, and Brenner 1984), 

and to the plasma membrane TR p30 TRα1 (Kalyanaraman et al. 2014). A number of 

additional isoforms of the TR subunits can be generated through alternative splicing of the 

THRA and THRB genes, including Δα1, Δα2 (Chassande et al. 1997), α2, α3, αΔE6 (Pantos 

and Mourouzis 2018), and Δβ3 [rodent only] (Williams 2000). These do not bind TH and 

most instead act in a dominant negative fashion, competing against TH bound TRs for TRE 

sites in the genome (Casas et al. 2006; O'shea and Williams 2002; Raparti et al. 2013; 

Watanabe and Weiss 2018). 

 T3 binds to TRs with a KD = 0.06 nM. T4 can also bind to thyroid hormone receptors, 

though with a much lower affinity, KD = 2 nM (Sandler et al. 2004). TH binding to TRs 

alters the conformation of the protein affecting its ability to bind DNA (Apriletti et al. 

1998). TRs act as transcriptional regulators as ligand-bound or unbound monomers, 

homodimers, heterotrimers, homotrimers (Mengeling, Pan, and Privalsky 2005), or most 

commonly as heterodimers with retinoid X receptors (RXR) (Velasco et al. 2007). TRs 

bind to thyroid hormone response elements (TREs), sequences in the genome that regulate 

transcription of associated genes. There are three consensus TRE sequences: direct repeat 
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4 (DR4) AGGTCAnnnnAGGTCA, a palindrome AGGTCATGACCT, and an inverted 

palindrome with a 6 base pair gap (IP6) TGACCTnnnnnnAGGTCA (Liu, Milanesi, and 

Brent 2020). Both unliganded and ligand-bound TRs can bind TREs to repress or promote 

transcription (Graupner et al. 1989). Some TRE sites are bound by unliganded TR and 

prevent transcription until TH binds to the receptor, while some TRE sites are repressed by 

TH-bound TR. The same is true with TRs acting as transcriptional activators (Eckey, 

Moehren, and Baniahmad 2003). There are many different ways activation or repression 

of gene expression can occur through the multitude of THs, TRs, RXRs, TREs, and various 

combinations thereof. The diversity of mechanisms by which THs can act through TRs, 

RXRs and TREs may help explain its ability to regulate so many different cellular and 

bodily functions and physiology, and why regulation of the unifying factor, TH, is so 

important. 

 

µ-Crystallin (CRYM) 

CRYM, the gene encoding CRYM mRNA and the µ-crystallin protein, is located at 16p12.2 

in the human genome. The gene is 64.2 kb long, encoding a protein of 314 amino acids 

with a calculated molecular mass of 33.8 kD. Similarly, in mice, the Crym gene is located 

at 7qF2, is 15.7 kb long, and encodes a 313 amino acid protein, with a calculated molecular 

mass of 33.5 kD. µ-Crystallin binds strongly to T3 with a KD = 0.3 nM (Beslin et al. 1995) 

[see also Hallen et al. 2015a]. The crystal structure of mouse µ-crystallin has been solved 

to 1.75 Å. Five residues in the protein form a potassium ion binding pocket: Leu130, 

Gly219, Cys283, Lys285, and Thr287 (Borel et al. 2014). T3 binds to murine µ-crystallin 

through the hydrophobic interactions of Phe58, Phe79, and Val49 as well as Arg229. 
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Ser228 and Arg47 form hydrogen bonds with T3. Finally, Lys75, Arg118, Ser228, and 

Leu292 interact with T3 through water molecules (Borel et al. 2014). 

 

µ-Crystallin in Animals 

µ-Crystallin may play a role in adapting metabolism to meet the specific energetic 

requirements determined by genetic and environmental factors. Joshi et al. showed in 2017 

that the sleeping breath rate of female Crym knockout (KO) mice was higher than controls 

(Joshi et al. 2019). Serum T3 and T4 concentrations are decreased while influx and efflux 

of T3 is increased in Crym KO mice (Suzuki et al. 2007). It’s possible that Crym KO mice 

have higher levels of anaerobic glycolysis due to lower levels of free cytoplasmic TH, 

causing an increased buildup of lactate, which may be indirectly cleared by a higher breath 

rate (Ducros and Trippenbach 1991). Indeed, Crym KO mice had hypertrophy of glycolytic 

fast twitch Type IIb muscle fibers (Seko et al. 2016) and when Crym KO mice were placed 

on a high fat diet they had increased fat mass as assayed by computer tomography 

compared to control mice on the same diet (Ohkubo et al. 2019). 

 µ-Crystallin appears to play an important role in environmental and metabolic 

adaptation in other mammals as well. CRYM levels in the hypothalamus of dogs are 

significantly lower than in the hypothalami of wolves and coyotes (Saetre et al. 2004). This 

may be a difference in regulation of TRH production since TRH is produced in the 

hypothalamus which ultimately causes the production of TH. TH in the hypothalamus acts 

in a negative feedback loop to inhibit the production of TRH (Fekete and Lechan 2007). 

Lower levels of CRYM in the hypothalami of dogs may allow for greater inhibitory effects 

of TH on TRH production, reflecting adaptation to differences in food availability and 
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shelter of domesticated dogs versus wolves and coyotes. Mukai et al. (2009) used 

microarrays and qPCR to measure decreased levels of CRYM in the hypothalamus of song 

sparrows in autumn compared to spring, (Mukai et al. 2009)possibly implicating µ-

crystallin again in controlling metabolic rate in relation to seasonal changes and the 

availability of food. Hinaux noted polymorphisms present in crym in Astyanax mexicanus 

surface fish compared to the same species of fish that dwell in caves devoid of any light 

and plentiful food sources (Hinaux et al. 2015). Curiously, the skeletal muscles of the 

cavefish are resistant to insulin, and the fish have a lower metabolic rate and higher percent 

of body fat than their surface-dwelling cousins (Ojha and Watve 2018). Chinese Erhualian 

pigs express 16-26 times more CRYM in their subcutaneous fat than in their visceral fat 

(intramuscular, retroperitoneal, and mesenteric adipose tissue) and CRYM is one of only 

seven genes specifically enriched in subcutaneous fat compared to visceral fat pads (Liu et 

al. 2019). Similarly, humans express 2.6-3.0 times more CRYM in their subcutaneous fat 

compared to their visceral fat (Serrano et al. 2014). Taken together, µ-crystallin may play 

a role in the metabolic adaptation of organisms to the energy requirements and food 

availability in their environments. 

 

µ-Crystallin as a Ketimine Reductase 

Although µ-Crystallin accounts for approximately a quarter of total lens protein in some 

Australian marsupials, the protein does not share sequence homology with other crystallins 

(Wistow and Kim 1991). Rather, mammalian µ-crystallin shares 31–33% amino acid 

sequence identity with bacterial ornithine cyclodeaminases (Kim, Gasser, and Wistow 

1992) and 30% sequence identity with archaeal AF1665 AlaDH (Gallagher et al. 2004), 
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suggesting a potential role for µ-crystallin in amino acid metabolism. Consistent with this, 

µ-crystallin is a ketimine reductase and uses both NADH and NADPH as a cofactor (Hallen 

et al. 2011). µ-Crystallin acts on naturally occurring ketimines present in lysine 

degradation, Δ1-piperideine-2-carboxylate (P2C) and an analog of P2C, Δ1-pyrroline-2-

carboxylate (Pyr2C), at neutral pH (7.2) and more efficiently at an acidic pH (5.0) (Hallen 

and Cooper 2017; Hallen et al. 2011; Hallen, Cooper, Jamie, et al. 2015; Hallen, Cooper, 

Smith, et al. 2015). Interestingly, µ-crystallin’s activity as a ketimine reductase is 

competitively inhibited by sub-nanomolar concentrations of T3 and T4, with KI= 0.60 nM 

and KI= 0.75 nM, respectively (compared to T3, which binds with a KD = 0.3 nM) (Beslin 

et al. 1995). T2 and rT3 only minimally inhibit µ-crystallin (Hallen, Cooper, Jamie, et al. 

2015). µ-Crystallin has been proposed to play a role in the pipecolate pathway, the 

dominant lysine degradation pathway in the brain, as opposed to the saccharopine pathway, 

which breaks down lysine in the rest of the body (Hallen and Cooper 2017). 

 

CRYM and Disease 

CRYM Expression in the Brain 

 Crym is highly specific to certain regions and cell types in the brain. Kim et al. 

(1992) were the first to measure µ-crystallin in the brain of kangaroo and humans in 1992. 

Arlotta et al. (2005) identified µ-crystallin expression in some corticospinal motor neurons 

and subcerebral neurons of layer V of the cerebral cortex. There is increased staining of µ-

crystallin in the hippocampus with higher expression distal to the dentate gyrus of mice, 

and gradually diminishing proximally (Lein et al. 2007). Fink et al. (2015) showed µ-

crystallin expression in the cortex to be limited to spinally projecting corticospinal motor 
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neurons, and not in layer V neurons sending projections either intracortically or 

corticofugally. They also documented µ-crystallin in the dorsal, lateral, and ventral funiculi 

of the cervical and lumbar spinal cord and spinal gray matter of mice. 

 CRYM mRNA in man is expressed in most areas of the brain assessed by GTEx 

(amygdala, anterior cingulate cortex, caudate, cerebellar hemisphere, cerebellum, cortex, 

frontal cortex, hippocampus, nucleus acumbens, putamen) but not in the substantia nigra 

or the spinal cord (Lonsdale et al. 2013). The absence of CRYM mRNA in human spinal 

cord does not agree with the findings of Fink et al. (Fink, Strittmatter, and Cafferty 2015) 

in mice. This incongruency may be due to a difference in species, condition, or due to 

temporal expression of mRNA versus protein. At the mRNA level the nucleus acumbens 

expresses the most CRYM (Lonsdale et al. 2013). Because labeling for µ-crystallin can 

clearly delineate the neuronal structures in the brain many researchers use its expression as 

a regional marker. 

 

Huntington’s Disease 

µ-Crystallin’s increased presence and function in the brain may have implications for 

disease. CRYM expression is significantly decreased in human caudate nucleus and 

cerebellum in individuals with Huntington’s disease (Hodges et al. 2006). Crym also 

shows decreased expression in the brains of R6/2, BACHD, and Knock-In 140 CAG 

mice (Brochier et al. 2008; Francelle et al. 2015), murine models of Huntington’s disease, 

and may play a neuroprotective role in striatal medium-size spiny neurons in 

Huntington’s disease (Francelle et al. 2015). 
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Amyotrophic Lateral Sclerosis 

µ-Crystallin has also been associated with amyotrophic lateral sclerosis (ALS). In a 

mouse model of familial ALS, SOD1L126delTT, Crym shows an approximately 26-fold 

increase in expression in the spinal cord from pre-symptomatic to post-symptomatic mice 

(Fukada et al. 2007). Two mutations, R169C and H16P, in CRYM have been associated 

with sporadic ALS (Daoud et al. 2011); a recurrent mutation has also been identified in a 

mixed pool of familial and sporadic ALS patients (Pensato et al. 2020). The human 

CRYM gene is approximately 2.7 Mb away from a 37.8 Mb locus with genetic linkage to 

familial ALS (Sapp et al. 2003). µ-Crystallin progressively decreases in expression in the 

pyramidal tracts in ALS patients, in a mosaic expression pattern and leading to its total 

absence in the distal regions of the pyramidal tract (e.g., lateral and anterior corticospinal 

tracts of the spinal cord). Hommyo et al. (2018) suggest that this expression pattern may 

reflect the “dying back” phenomenon, in which progressive neurodegeneration begins 

with more distal tissues and axons. In addition, miR-155 and miR-142, predicted to be 

regulators of CRYM, are increased in the spinal cord of individuals with sporadic ALS 

(Figueroa-Romero et al. 2016). 

 

Schizophrenia 

 Individuals with schizophrenia show decreased CRYM in Brodmann area (BA) 9 of 

the dorsal prefrontal cortex (PFC) (Arion et al. 2007; Middleton et al. 2002), as well as BA 

46 of the PFC at the mRNA (Martins-de-Souza, Gattaz, Schmitt, Rewerts, et al. 2009) and 

protein level (Martins-de-Souza, Gattaz, Schmitt, Maccarrone, et al. 2009). Martins-de-

Souza et al. (2010) reported the decreased expression of µ-crystallin in the mediodorsal 
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thalamus of the brain in individuals with schizophrenia as well as a negative correlation 

between µ-crystallin levels and duration of the disease. By contrast, Hakak et al. (2001) 

reported increased levels of CRYM in BA 46 of the PFC in individuals with schizophrenia. 

µ-Crystallin also increases in the corpus callosum of individuals with schizophrenia 

(Sivagnanasundaram et al. 2007). 

 CRYM is not implicated broadly in many neurologic disorders, however. For 

example, no associations between major depressive disorder or bipolar disorder have been 

observed (Beasley et al. 2006; Johnston-Wilson et al. 2000). 

 

CRYM as a Potential Therapeutic for Psychiatric Disorders 

CRYM appears to play an important, though yet unknown, role in the brain. Walker et al. 

(2020) show that Crym overexpression in the medial amygdala of adult mice can 

recapitulate the transcriptional and behavioral effects of adolescent social isolation. 

Amazingly, social isolation of adult mice does not result in these same changes, 

suggesting that Crym overexpression in the medial amygdala of adult mice can revert the 

brain to a more plastic state associated with adolescence (Walker et al. 2020). This raises 

the eventual possibility, though technically still unachievable, that overexpressing CRYM 

in human medial amygdala could be used to reprogram individuals to become more 

resilient to some psychiatric disorders (Walker et al. 2020). 

 

CRYM and Non-Syndromic Deafness 

Autosomal dominant deafness-40 (DFNA40), a non-syndromic deafness in man, is the 

only disease that is currently known to be caused by mutations in CRYM. It is not associated 
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with any intellectual, structural or other dysfunctions. Two heterozygous mutations were 

identified at the C-terminus of µ-crystallin, X315Y and K314T. The K314T mutation 

segregated in an autosomal dominant fashion, while the X315Y mutation was a de novo 

change (Abe et al. 2003). A third heterozygous mutation, P51L was later found to associate 

with DFNA40. This mutation also segregates in an autosomal dominant fashion, further 

confirming the inheritance pattern of DFNA40 ( !!! INVALID CITATION !!! ). The 

severity of hearing loss varies with the mutations noted above. Moderate bilateral hearing 

impairment (50–60 dB) has been observed in the individual with the X315Y mutation, 

starting at 19 months of age and progressing to a hearing loss of 70 dB by age 13. 

Individuals with the K314T show severe bilateral hearing loss (80–90 dB) starting at 1 year 

old, with no further progression (Abe et al. 2003). Individuals with the P51L mutation have 

moderate to severe hearing loss (50–110 dB) without progression, though only one 

individual was followed for 4 years ( !!! INVALID CITATION !!! ). 

 Correlating these auditory changes with changes in the activities of µ-crystallin is 

challenging. The X315Y mutation in µ-crystallin showed a similar binding affinity to T3 

as wild type µ-crystallin, but the K314T mutation in µ-crystallin was unable to bind to T3 

at all (Oshima et al. 2006). When expressed in COS-7 cells, the X315Y mutation in µ-

crystallin localizes to vacuoles and the K314T mutation in µ-crystallin localizes 

perinuclearly, in contrast to the wild type protein, which is cytoplasmically distributed 

(Abe et al. 2003). Although Crym-X315Y can bind T3, its sequestration in vacuoles may 

reduce its access to cytoplasmic THs. Alternatively, these µ-crystallin mutants may affect 

potassium ion recycling of the endolymph, a function of lateral fibrocytes of the spiral 
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ligaments and the spiral limbus fibrocytes, where Crym is highly expressed (Abe et al. 

2003). 

 

Genetics of CRYM 

CRYM has a mutation rate of 10-4.9127 mutations per chromosome (Samocha et al. 2014), 

which is outside the definition of a constrained gene (Samocha et al. 2014), i.e. a gene in 

which mutations are likely deleterious and result in their negative selection and removal 

from the gene pool. Congruent with the mutation rate, there are 209 “common” mutations 

(variants with a minor allele frequency [MAF] of at least 1%) in the 1000 Genomes Phase 

3 dataset (www.internationalgenome.org/data). However, there is only one common 

exonic variant, rs34045013, a synonymous mutation in exon 8. Rs34045013 is only a 

common variant in African populations; its MAF does not rise to a frequency of 1% in 

European, East Asian, South Asian, or American populations in the 1000 Genomes Phase 

3 dataset, though it is a common variant in the African American population examined in 

the GO Exome Sequencing Project (Tennessen et al. 2012). To the best of our knowledge, 

there are no CRYM null individuals. One individual has been identified with copy number 

loss of one chromosome [GRCh37/hg19 16p12.2(chr16:21313377-21947230)x1] where 

exon 1 of CRYM transcript variant 1 (RefSeq ID: NM_001888.5), the longer of the two 

CRYM variants observed in humans, is lost. A second individual shows a homozygous 

deletion [GRCh37/hg19 16p12.2(chr16:21300997-21308651)x0] of either intron 1 of 

CRYM transcript variant 1, or the putative promoter/upstream region of CRYM transcript 

variant 2 (RefSeq ID: NM_001376256.1). In contrast to the absence of CRYM null 

individuals, there are 22 individuals with a CRYM copy number gain (3 copies as opposed 
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to the normal 2 [diploid] copies) and one individual with maternal uniparental disomy 

without copy number change in NCBI ClinVar. 

 Rs3848259 is a “common” variant that occurs in the 5’ untranslated region (UTR) 

of CRYM transcript variant 1 and is upstream of CRYM transcript variant 2. Rs3848259 is 

present in approximately 24.8% of the European population while being present in only 

5.0% of the African population according to data from the ALFA Project (Phan et al. 2020). 

Furthermore, rs3848259 is located in a DNase hypersensitive region (Miga, Eisenhart, and 

Kent 2015), a ZIC3 and ZNF341 transcription factor binding site (Fornes et al. 2020), and 

a CpG island (Gardiner-Garden and Frommer 1987). Rs3848259 alters one of the two most 

conserved base pairs in the DNA binding sequence motif of ZIC3, CC(C/T)GCTGGG 

(Ahmed et al. 2020) (underlined), from a cytosine to a guanine. This may inhibit the 

transcription factor ZIC3 from binding to the 5’UTR/genic upstream region potentially 

affecting transcription of CRYM. In one of the two consensus DNA binding motifs in 

ZNF341, rs3848259 affects a non-conserved base pair in the sequence, 

TGGAACAGCCNC (underlined) (Béziat et al. 2018; Frey-Jakobs et al. 2018). 

 Because it is located in an epigenetically active region in the 5’UTR of CRYM 

transcript variant 1 and upstream of CRYM transcript variant 2, rs3848259 and its effects 

on ZIC3 and ZNF341 binding may alter transcription of CRYM in the approximately 25% 

of individuals of European descent and 5% of individuals of African descent in whom this 

common variant is found. Humans display a wide range of expression of CRYM in skeletal 

muscle. In 803 transcriptomes in GTEx Analysis V8, CRYM levels vary from 0 transcripts 

per million (TPM) to 39.1 TPM with a median of 0.1584 TPM. Most people express little 

to no CRYM in their skeletal muscle, yet 15.44% express 2 TPM of CRYM or more, and 
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5.85% of people express CRYM at levels of 10 TPM or greater (Lonsdale et al. 2013). SNPs 

like rs3848259 as well as other factors may play a role in the large degree of heterogeneity 

of CRYM expression seen skeletal muscle. 

 

Effects of High Crym Expression 

µ-Crystallin has been shown to modulate TH levels. Precise control of TH levels is crucial 

to physiology and metabolism. Serious diseases can arise from inadequate or overabundant 

levels of TH. Nevertheless, the most abundant tissue in humans, skeletal muscle, displays 

a wide range of CRYM levels (Lonsdale et al. 2013). What effects does µ-crystallin have 

in individuals who express high levels of µ-crystallin? Kinney et al. explored this question 

with a transgenic murine model that specifically overexpresses Crym in skeletal muscle 

(Kinney et al. 2021). 

Along with a 27.5- to 154-fold increase of Crym mRNA and a 2.6- to 147.5-fold 

increase of µ-crystallin protein, depending on skeletal muscle, Kinney et al. (2021) 

observed a 192-fold increase in T3 in extracts of tibialis anterior (TA) muscle and a 1.2-

fold decrease of serum T4 in Crym tg mice compared to control mice. Both changes were 

significant. The large increase in intramuscular T3 due to the increased expression of Crym 

may be the cause for some of the phenotypes they observed in Crym tg mice. 

 Crym tg mice have a decreased respiratory exchange ratio (RER), a metric that can 

be used to discriminate between carbohydrates and fat as energy sources (Lusk 1924). This 

decreased RER in Crym tg mice corresponds to a 13.7% shift towards increased utilization 

of fat as an energy source compared to controls. Consistent with this, gene ontology (GO) 

enrichment analysis of RNA-seq transcriptomic and LC.MS/MS proteomic data revealed 
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significantly enriched ontological terms involving metabolism and muscle contraction. 

Kinney et al. (2021) found that almost all fiber types in Crym tg mouse soleus (but not TA) 

muscle had a smaller minimum Feret’s diameter. Other groups have shown that slow twitch 

muscles like the soleus (Close 1965) mostly utilize β-oxidation of fat as opposed to fast 

twitch muscles that primarily utilize glycolysis of carbohydrates (Kalmar, Blanco, and 

Greensmith 2012) and have smaller fiber sizes (Schiaffino and Reggiani 2011). Thyrotoxic 

doses of TH cause shifts in slow twitch mouse soleus, but not in fast twitch extensor 

digitorum longus (Freake and Oppenheimer) muscle towards faster twitch characteristics 

such as shortened isometric twitch duration and increased rate of tension development 

(Fitts et al. 1984). By these metrics, TH has a greater impact on slow twitch muscle than 

fast twitch muscle. Taken together, the shift in metabolism from glycolytic towards β-

oxidative in Crym tg mice, the concomitant GO terms at the transcriptomic and proteomic 

level, and the smaller soleus muscle fibers and the unchanged fiber sizes in fast twitch TA 

in the TH rich muscle of Crym tg mice all point towards µ-crystallin shifting the metabolic 

and morphologic state of the muscle through the regulation of TH. Although this is difficult 

to reconcile with the fact that most muscle fibers in mice are fast twitch, a large proportion 

of them are also oxidative (i.e., Type IIA) and thus may be subject to the same shifts in 

gene regulation and morphology induced by Crym and T3 as soleus. 

 Although Crym tg mice show significant alterations in metabolism, transcripts and 

proteins expressed, and fiber size of slow twitch muscle, Crym tg mice do not show 

significant differences compared to controls in a number of physiologic tests including: 

specific isometric force of contraction, maximal rate of twitch force contraction/relaxation, 

grip strength, maximum treadmill running speed, and voluntary distance run. Fiber type as 
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assayed by immunohistochemistry of myosin heavy chains, weight of most muscles and 

fat pads, diameter of TA muscle, percent of centrally nucleated fibers, voltage-induced 

Ca2+ transients, maximal amplitudes of transients and transient decay rates, total number 

of muscle fibers, and intramuscular fat were also unchanged compared to control mice 

(Kinney et al. 2021). Crym therefore appears to play an important but subtle role in skeletal 

muscle, through a mechanism that remains unknown. 

 

Conclusion 

µ-Cystallin binds thyroid hormones and can act as a ketimine reductase in the brain when 

unbound by TH. As demonstrated by a number of studies, µ-crystallin plays a crucial role 

in regulating the availability and level of thyroid hormone. Consequently, it’s of no surprise 

that µ-crystallin expression is tightly regulated both temporally and spatially. When 

mutated at particular moieties, µ-crystallin becomes less active or mislocalized, leading to 

nonsyndromic deafness, DFNA40. Inappropriate expression of CRYM may be involved in 

several neurologic disorders as well. Despite this tight regulation in many tissues, men and 

women can express a wide range of CRYM in their skeletal muscle. The regulatory 

elements that lead to this difference are still unknown, and the physiological consequences 

to humans with high vs. low levels of muscle CRYM are still unclear. Our studies of 

transgenic mice that express high levels of muscle µ-crystallin suggest that the 

physiological consequences are significant but subtle, with perhaps the most intriguing 

result indicating a change in the use of fat vs. carbohydrate as an energy source. For now, 

however, CRYM’s physiological role remains to be determined. Future studies will help 

define its function at the cellular, tissue and system levels. 
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Abstract 

µ-Crystallin, encoded by the CRYM gene, binds the thyroid hormones, T3 and T4. 

Because T3 and T4 are potent regulators of metabolism and gene expression, and CRYM 

levels in human skeletal muscle can vary widely, we investigated the effects of 

overexpression of Crym. We generated transgenic mice, Crym tg, that expressed Crym 

protein specifically in skeletal muscle at levels 2.6-147.5 fold higher than in controls. 

Muscular functions, Ca2+ transients, contractile force, fatigue, running on treadmills or 

wheels, were not significantly altered, although T3 levels in tibialis anterior (TA) muscle 

were elevated ~190-fold and serum T4 was decreased 1.2-fold. Serum T3 and thyroid 

stimulating hormone (TSH) levels were unaffected. Crym transgenic mice studied in 

metabolic chambers showed a significant decrease in the respiratory exchange ratio 

(RER) corresponding to a 13.7% increase in fat utilization as an energy source compared 

to controls. Female but not male Crym tg mice gained weight more rapidly than controls 

when fed high fat or high simple carbohydrate diets. Although labeling for myosin heavy 

chains showed no fiber type differences in TA or soleus muscles, application of machine 

learning algorithms revealed small but significant morphological differences between 
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Crym tg and control soleus fibers. RNA-seq and gene ontology enrichment analysis 

showed a significant shift towards genes associated with slower muscle function and its 

metabolic correlate, β-oxidation. Protein expression showed a similar shift, though with 

little overlap. Our study shows that µ-crystallin plays an important role in determining 

substrate utilization in mammalian muscle and that high levels of µ-crystallin are 

associated with a shift toward greater fat metabolism. 

 

1. Introduction 

µ-Crystallin was first discovered in 1957 and called cellular thyroxine-binding 

protein (Tata 1958). It was subsequently shown to bind both T3 and T4 in an NADPH-

dependent manner (Hashizume, Miyamoto, Ichikawa, Yamauchi, Sakurai, et al. 1989; 

Tata 1958), and to have ketimine reductase activity (Hallen et al. 2011). In 1991, µ-

crystallin was characterized as a 38,000 Da polypeptide that readily forms dimers 

(Kobayashi et al. 1991) and shares structural homology with bacterial ornithine 

cyclodeaminase (Kim, Gasser, and Wistow 1992). Its structure has since been solved to 

1.75 Å (Borel et al. 2014). 

CRYM is highly expressed in the cerebral cortex, heart, skeletal muscle, and 

kidney (Kim, Gasser, and Wistow 1992), and has been linked to Deafness, Autosomal 

Dominant 40 (Abe et al. 2003). Importantly, µ-crystallin binds T3 with a KD = 0.3 nM 

(Beslin et al. 1995) while T3 binds thyroid hormone receptors (TR) a and b with a KD = 

0.06 nM; T4 binds TRs at a KD = 2 nM (Sandler et al. 2004). µ-Crystallin’s activity as a 

ketimine reductase is inhibited by T3 and T4 at subnanomolar levels, KI = 0.60 nM and KI 

= 0.75 nM, respectively (Hallen, Cooper, Jamie, et al. 2015). T3 and T4 are strong 
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regulators of metabolism and thermogenic homeostasis (Larsen, Silva, and Kaplan 1981). 

Because of this, proteins that interact with and regulate thyroid hormones may have a 

broad influence on integrative functions like gene expression and metabolism. 

 Consistent with its possible role in regulating metabolism associated with thyroid 

hormones, Crym knockout mice (Crym KO) fed a high fat diet (HFD) show increased fat 

mass by computer tomography and increased body weight compared to control mice 

(Ohkubo et al. 2019). Furthermore, Crym KO mice show significant hypertrophy of 

glycolytic fast twitch type IIb muscle fibers (Seko et al. 2015). 

Here we address the effects of high levels of Crym expression in mammalian 

muscle. We initially observed high levels of µ-crystallin in several muscle biopsies of 

patients with facioscapulohumeral muscular dystrophy (FSHD) (Reed et al. 2007), a 

muscle wasting disease in which patients progressively lose muscle. At the time, the 

cause of FSHD was unknown and we speculated that CRYM might play a role in the 

disease. Later studies showed that mRNA and protein both varied widely in expression in 

both healthy and diseased muscle (Klooster et al. 2009). It is now widely accepted that 

the primary pathogen in FSHD is DUX4 (Tawil, Van Der Maarel, and Tapscott 2014), a 

transcription factor (Dixit et al. 2007) that promotes CRYM expression (Vanderplanck et 

al. 2011). Thus, increases in CRYM may perturb muscle metabolism and contribute to 

pathology. 

 To examine the differences that result from the high level of expression of Crym 

in skeletal muscle, we developed a transgenic mouse (Crym tg) that overexpresses µ-

crystallin under the control of the human skeletal actin promoter (ACTA1) and the human 

slow troponin I enhancer (TNNI1), to drive skeletal muscle-specific expression (Ebashi, 
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Endo, and Ohtsuki 1969; Gunning et al. 1983). Here we explore the effects of 

overexpression of µ-crystallin on the structure and function of muscle. 

 

2. Materials and methods 

2.1. Creation of the Crym tg Mouse 

Mouse Crym was cloned downstream of the human skeletal actin promoter 

(ACTA1) and human slow troponin I enhancer element (TNNI1), (kindly provided by Dr. 

J. Molkentin, Cincinnati Children’s Hospital Medical Center), to limit expression to 

differentiated skeletal muscle. The expression construct was linearized and injected into 

C57BL/6J mouse embryos at the Genome Modification Facility, Harvard University 

(Cambridge, MA). Mice received from the Harvard facility were genotyped by PCR and 

then rederived by artificial insemination of C57BL/6J mice, due to pinworm infestation. 

This was performed by Veterinary Resources, University of Maryland School of 

Medicine. The rederived offspring were bred; all mice were tail snipped at weaning. 

Genomic DNA was purified from mouse tail snips using the Nucleon Genomic DNA 

extraction kit (Tepnel Life Sciences, Scotland). PCR of genomic DNA was used to 

identify mice positive for the transgene, with the following primers: forward: 

TGGCCACGCGTCGACTAGTACG; reverse: 

AATTCGTACTAGTCGACGCGTGGCC. 

As it was initially difficult to differentiate between heterozygotes and 

homozygotes with PCR methods, qPCR was done on several of the Crym-positive 

genomic DNA samples. Mice with higher levels of Crym were then bred to controls and 

the F1 and F2 offspring were crossed and screened to generate probable homozygotes. 
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Mice were identified as tg/tg homozygotes if after crossing with controls they gave at 

least 12 Crym-positive offspring and no Crym-negative offspring by PCR. Homozygotes 

were then bred together to establish the line of Crym tg/tg mice. 

All histologic and physiologic experiments used approximately three-month-old, 

male control and Crym tg mice that were anesthetized under isoflurane (2.5%). 

Euthanasia was by cervical dislocation under anesthesia. 

All procedures were approved by the Institutional Animal Care and Use  

Committee, University of Maryland School of Medicine. 

 

2.1.1. Back-Crossing and Genotyping 

Crym tg mice were backcrossed with control C57BL/6J mice. Non-littermate F1 

heterozygotes were then bred together to generate F2 mice. Tail snips of Crym tg, 

C57BL/6J, F1 heterozygotes, and F2 mice were then taken at 6 weeks of age or older. 

Genomic DNA was extracted from the tail snips by following the manufacturers protocol 

from the PureLink Genomic DNA Mini Kit (K182001; Invitrogen) modified only by 

substituting DirectPCR Lysis Reagent (Tail) (102-T; Viagen Biotech, Los Angeles, CA) 

in place of PureLink Genomic Digestion Buffer. Crym tg, F1 heterozygotes, and 

C57BL/6J mice were genotyped using a multiplexed probe-based assay from IDT for 

Crym and Tert. The Crym assay was designed such that it would produce the same 

amplicon from the native Crym gene as well as the inserted transgene. A synthetic Crym 

amplicon was used as an interplate control and Tert was used as the control for copy 

number. RT-qPCR was used to determine copy number and average normalized Cq for 

each mouse. The amplification protocol followed the manufacturer’s instructions (IDT). 
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Mice were genotyped to one of the three genotypes when the calculated copy number and 

average normalized Cq was closest to a known genotype (i.e. Crym tg, C57BL/6J, or F1 

heterozygotes). 

 

2.1.2. Sequencing the Transgene Insertion Site 

Genomic DNA obtained from Crym tg mice was digested with EcoRI. We 

designed and had synthesized a double stranded short oligonucleotide with overhanging 

sequences corresponding to an EcoRI digestion that we called Crym-Adaptor. Crym-

Adaptor was ligated to the digested genomic DNA. The resulting ligation fragments were 

amplified using a forward primer in the multiple cloning site of the transgene and a 

reverse primer in the Crym-Adaptor sequence. Nested primers were used to specifically 

amplify the sequence. The products of this last reaction were purified by gel purification 

and sequenced from both ends. The sequence was then evaluated with NCBI BLASTn. 

 

2.2. Staining of Longitudinal and Cross Sections for µ-Crystallin 

Mice were perfusion fixed with 2% paraformaldehyde in phosphate-buffered 

saline (PBS). TA and soleus muscles were collected, snap frozen in a liquid nitrogen 

slush, mounted in O.C.T. (Fisher Healthcare, Hampton, NH) and sectioned at 10-20 µm 

with a Reichert Jung cryostat (Leica, Buffalo Grove, IL). Sections were stained using the 

Mouse-On-Mouse (M.O.M.) Basic Kit (BMK-2202; Vector labs, Burlingame, CA). 

Sections were incubated for at least 1 h at room temperature in M.O.M. blocking reagent 

followed by a 10 min incubation in M.O.M. diluent. Sections were incubated overnight at 

4oC in mouse monoclonal anti-µ-crystallin antibody (GTX84654; GeneTex Inc., Irvine, 
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CA) diluted 1:100. Some sections were also incubated with rabbit anti-desmin (PA5-

16705; Thermo Fisher, Waltham, MA), also diluted 1:100. Sections were washed in PBS 

and then stained for 1 h at room temperature with Alexa Fluor 568 goat anti-mouse 

secondary antibody (A11031) and Alexa Fluor 488 goat anti-rabbit (A32731), both from 

Alexa Molecular Probes (Invitrogen, Carlsbad, CA), diluted 1:200. All antibodies were 

made up in M.O.M. diluent. Samples were washed with PBS, mounted in Vectashield + 

DAPI (H-1500; Vector Laboratory), and imaged with a Nikon W-1 spinning disc 

confocal microscope (Nikon USA, Melville, NY). We used identical laser power and 

exposure settings to compare cross sections of TA muscle, of soleus muscle, and of 

longitudinal sections of TA muscle, but we adjusted them for each set of comparisons to 

optimize image clarity.  

 

2.2.1. Fiber Type Staining 

We used a slightly modified version of Kammoun et al.’s fiber typing protocol 

(Kammoun et al. 2014). Primary murine monoclonal antibodies specific for the myosin 

isoforms Myh7 (type I; BA-D5, isotype IgG2b), Myh2 (type IIa; SC-71, isotype IgG1), 

and Myh4 (type IIb; BF-F3, isotype IgM) were from the Developmental Studies 

Hybridoma Bank, (Iowa City, IA). Alexa Fluor 647 conjugated wheat germ agglutinin 

(WGA) was used to stain the myofiber surface (W32466, Thermo Fisher). The 4 reagents 

were used on 10 µm thick cross sections of snap frozen soleus and TA muscles (n = 5). 

The following secondary antibodies were used: goat anti-mouse IgG2b Cross-Adsorbed 

Secondary Antibody Alexa Fluor 568 (A-21144, Thermo Fisher), goat anti-mouse IgG1 

Cross-Adsorbed Secondary Antibody Alexa Fluor 488 (A-21121, Thermo Fisher), and 
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goat anti-mouse IgM mu chain Alexa Fluor 405 (ab175662, Abcam). Slides were imaged 

on a Nikon W-1 spinning disc microscope. Laser power and exposure were identical for 

comparisons of sections of control and tg TA muscles, and for soleus muscles, but were 

different between these tissues. We used 5 Crym tg and 4 control mice to study soleus 

fiber type. Four stacked images were taken at approximately 2 µm intervals and stacked 

to generate a single image, which were flattened using Aguet et al.’s Model-Based 2.5-D 

Deconvolution for Extended Depth of Field algorithm (Aguet, Van De Ville, and Unser 

2008). We determined that a η0 = 0.2 and a η1 = 1.3 were optimal in our images to 

generate an in-focus image of the flattened z stacks. For soleus muscle sections we used 

Myosoft (Encarnacion-Rivera et al. 2020), a Fiji (Schindelin et al. 2012) macro, to 

categorize fibers by their myosin heavy chain composition and measure several traits 

(count, area, perimeter, circularity, minimal Feret’s diameter, roundness, and solidity). 

Statistical analysis used Real Statistics Resource Pack software (Release 6.8) (Zaiontz 

2020) as a plugin in Microsoft Excel with a = 0.05. Normality of the 7 measured metrics 

for each fiber type (I, IIa, IIb, IIx, I/IIa, I/IIb, IIa/IIb, and I/IIa/IIb) were determined with 

the Shapiro-Wilks and d'Agostino-Pearson tests, while scedasticity was determined with 

the mean, median, and trimmed method in Levene’s test. If a dataset failed any individual 

test for normality or homoscedasticity it was considered not normal and heteroscedastic. 

Measurements that were both normal and homoscedastic were tested for significance 

using Student’s t test, while measurements that were normal but heteroscedastic were 

tested for significance using either Welch’s t test or the Brown-Forsythe test. The 

Kruskal-Wallis test for significance was used on measurements that failed the tests for 
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normality but were homoscedastic. Either the Yuen-Welch or the Mann-Whitney U test 

were used on measurements that failed tests for both normality and homoscedasticity. 

 

2.2.2. Fat Staining 

Cryosections of 5 snap frozen soleus and TA muscles from control and Crym tg mice 

were stained with BODIPY (493/503) according to Spangenburg et al (Spangenburg et al. 

2011) and imaged with a Nikon spinning disk microscope (see above). Laser power and 

exposure settings were maintained for each section regardless of mouse strain, but these 

were altered between TA and soleus tissues. Accordingly, look up table values were also 

different from TA to soleus samples but the same within a tissue regardless of mouse 

strain.  

 

2.3. µ-Crystallin Staining of Isolated FDB Fibers 

FDB muscles were harvested bilaterally and digested in Dulbecco’s modified 

Eagle's medium with 4 mg/mL type II collagenase (Gibco, Thermo Fisher Scientific, 

Waltham, MA) for 3 h at 37 °C. Tissue was transferred to FDB medium (Dulbecco's 

modified Eagle's medium with 2% BSA, 1µl/mL gentamicin, and 1µl/ml fungizone). 

Single myofibers were mechanically separated by trituration and allowed to incubate 

overnight. Isolated fibers were plated down on coverslips coated with Geltrex 

(A1413201; Thermo Fisher Scientific) for 2 h. Coverslips were fixed in 2% 

paraformaldehyde at room temperature for 15 min. They were then permeabilized with 

0.25% TritonX-100 in PBS for 10 min and stained with antibody to µ-crystallin 

(H00001428-M03; Abnova, Taiwan), diluted 1:100, followed by Alexa Fluor 488, goat 
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anti-mouse secondary antibody (A11029; Alexa Molecular Probes, Invitrogen), diluted 

1:200, with the M.O.M. kit, as described above. Each incubation was for 1 h at room 

temperature. Samples were imaged on a Zeiss 510 Duo microscope (Carl Zeiss, 

Thornwood, NY). 

 

2.3.1. CNFs and Minimal Feret’s Diameter of TA Cross Sections 

Cross sections of TA muscles were used to measure centrally nucleated fibers 

(CNFs) and minimal Feret’s diameter (Briguet et al. 2004). Sections were stained as 

above but with rabbit anti-dystrophin (PAS-16734; Thermo Fisher Scientific), mounted 

in Vectashield + DAPI as above and imaged by confocal microscopy with a Zeiss 510 

Duo microscope (Carl Zeiss). DAPI labeling was evaluated with ImageJ (NIH, Bethesda, 

MD), for determination of centrally nucleated fibers. Measurements of minimal Feret’s 

diameter were obtained with Zeiss LSM Image Browser (Carl Zeiss). A total of 312 

myofibers from 5 Crym tg mice and 722 fibers from 5 control mice were analyzed.  

 

2.4. Measurements of Contractile Force 

Nerve-evoked contractile function of gastrocnemius, extensor digitorum longus, or soleus 

muscles in vivo was evaluated as described (Burks et al. 2011; Olojo et al. 2011). In brief, 

isofluorane- anesthetized mice were placed supine on a warming pad (37°C) of an Aurora 

1300A system with knee position fixed and paw secured to the foot-plate of the 300C-FP. 

Percutaneous nerve stimulation was with brief (100 µsec) pulses with current adjusted to 

achieve maximal isometric force. The force vs frequency relationship was determined 

with 250 msec trains of pulses between 1 and 150 Hz and normalized to muscle mass or 
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cross-sectional area (CSA). Fatigability was determined by delivering tetanic trains (250 

msec at 80 Hz) every 2 sec for 10 min for soleus or for 5 min for gastrocnemius. Data 

were analyzed with DMA-HT analysis software (Aurora Scientific, Ontario, Canada) and 

evaluated for statistical difference via the Holm-Šídák test with GraphPad Prism version 

8.2.0 for Mac (GraphPad Software, La Jolla, CA). 

 

2.5. Treadmill and ad libidum Running 

Mice were conditioned to the treadmill over 3 days, as follows. Mice were placed 

in the treadmill with no belt movement for 10 min. The next day they were made to walk 

at 5 m/min for 10 min; this was increased to 10 m/min the following day. For testing, 

mice were placed in the treadmill at a 7° incline. The speed was set at 10 m/min and was 

increased by 1.5 m/min every 2 min. Mice were considered exhausted when they were 

unable to run for 30 sec consecutively. Each mouse was run 3 times with a minimum of 2 

d rest between each run.  

Additional Crym tg and control mice were housed in cages equipped with running 

wheels for 7 d. The number of times the wheel spun per minute was recorded every 6 min 

and analyzed to determine total distance run in different time periods, day and night. 

 

2.6. Protein Extraction 

Tissues of interest (gastrocnemius, TA, soleus, diaphragm, heart, kidney, cerebral cortex 

and liver) were collected from 3-month old Crym tg and control mice, snap frozen in 

liquid nitrogen and stored at -80 °C. Protein was extracted in RIPA Buffer (R0278-
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50ML, Sigma-Aldrich), prepared with cOmplete Mini, EDTA-free protease inhibitor 

tablets (11836170001, Sigma-Aldrich; 10 mL of RIPA buffer to every protease inhibitor 

tablet). Tissue was weighed and 100 µL per 10 mg of tissue of RIPA/protease inhibitor 

solution was added along with two 5 mm steel beads (69989; Qiagen, Hilden, Germany). 

Samples were placed in a TissueLyser LT (Qiagen) at 50 oscillations/sec for 3 min, 

briefly vortexed, put on ice for 2 min, followed by a second round of 50 oscillations/sec 

for 3 min in the TissueLyser. Samples were sonicated for 10 sec and subjected to 

centrifugation at 12,470 g for 30 min at 4 °C. The supernatant was transferred to a new 

microfuge tube and protein concentration was determined with Bio-Rad’s Protein Assay 

Dye Reagent Concentrate (Bradford Assay) (5000006, Bio-Rad).  

 

2.6.1. Immunoblotting Protocols 

Traditional Western blot: Muscle tissue was combined with an equal volume of 

sample homogenate and Laemmli sample buffer (Laemmli 1970), containing 5% 2-

mercaptoethanol, then further diluted in sample buffer to a final concentration of 1 

mg/mL. Samples of 10 µg of Crym tg TA homogenate and 40 µg of control TA 

homogenate were loaded onto 4-12% Bis-Tris gels (NuPAGE NP0321PK2, Thermo 

Fisher), electrophoresed for 1 h at 170 V, and transferred to nitrocellulose for 2 h at 22 V. 

Blots were blocked for 3 h in blocking solution (3% milk in TBS containing 0.1% 

Tween-20 and 10 mM azide). Monoclonal mouse anti-µ-crystallin (SC-376687, Santa 

Cruz Biotechnology, Inc., Dallas, TX) and monoclonal rabbit anti-lysyl-tRNA synthetase 

antibodies (#129080, Abcam, Cambridge, United Kingdom), used as a loading control, 

were diluted 1:1000 in blocking buffer and incubated overnight at room temperature. 
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Lysyl-tRNA synthetase, encoded by the Kars gene, was used as the protein loading 

control because the expression of its mRNA showed minimal variance among mice and 

across genotypes unlike many other common control proteins (Supplemental Document 

1). (At the time we did these studies, we did not have proteomic data.) After extensive 

washing, the membranes were incubated for 2 h with HRP conjugated goat anti-rabbit  or 

goat anti-mouse  secondary antibody diluted 1:10,000 in blocking solution. After 

extensive washing, chemiluminescence was visualized with the Super Signal West Femto 

Maximum Sensitivity Kit (#34095, Thermo Fisher) and imaged with a BioRad 

ChemiDoc XRS and image lab software (#1708265, BioRad). 

 

Capillary-based Western blot (Wes): Wes analysis was performed according to the 

manufacturer’s instructions for the 12-230 kDa protein separation module (#SM-W004; 

Protein Simple, San Jose, CA) to provide an automated alternative to the traditional 

Western Blot. Instrument settings were as follows; stacking and separation time, 30 min; 

separation voltage, 375 V; time for antibody blocking, 30 min; incubation with primary 

antibody time, 60 min; incubation with secondary antibody time, 30 min; 

luminol/peroxide chemiluminescence detection time, 15 min (HDR exposure). Protein 

extracted from whole tissue lysates (gastrocnemius, TA, soleus, diaphragm, heart, kidney, 

cerebral cortex, quadriceps, liver) from 3 male Crym tg and 3 control were prepared with 

2x Laemmli Sample Buffer (#1610737; Bio-Rad, Hercules, CA) to generate an overall 

sample protein concentration of 1.0 mg/mL for each sample generated. The primary 

antibody to µ-crystallin (see above) was diluted 1:25 in Protein Simple’s Antibody 

Diluent 2. A primary antibody to a control protein, aconitase-2 (ab129069; Abcam, 
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United Kingdom), was used at 1:200. We chose aconitase-2 as the protein loading control 

because this protein is abundantly expressed in many tissues, showed very little 

variability in expression in mice of the same genotype and between Crym tg and controls, 

as assayed by whole proteome LC.MS/MS (data not shown), and because the molecular 

mass of this protein is distinct from that of µ-crystallin. The primary and control 

antibodies were multiplexed. Samples were run as technical duplicates. Compass 

software (Compass for SW 4.0 Mac Beta; Protein Simple) was used to visualize the 

electropherograms and to analyze peaks of interest for area under the curve (AUC). The 

peak signal-to-noise ratio was set at > 10 automatically by the software. Due to slight 

capillary-to-capillary variations in molecular weight readout, identified peaks at a 

molecular weight of interest were allowed a 10% range in molecular weight (as 

automatically set by the Wes system). AUC was analyzed with individual t-tests per 

tissue following the Benjamini, Krieger and Yekutieli FDR approach at Q = 1%. 

 

2.6.2. RNA and cDNA Preparation 

Tissue from 3-month old Crym tg and control mice were removed, snap frozen in 

liquid nitrogen and stored at -80°C. 

RNA was extracted using the following protocol. Tissue was placed in a 2 mL 

tube with 1 mL of TRIzol Reagent (15596026; Thermo Fisher Scientific) and two 5 mm 

steel beads (69989; Qiagen, Hilden, Germany), loaded into a TissueLyser LT (Qiagen) 

and run at 50 oscillations/sec for 2 min. Samples were checked for complete 

homogenization after 2 min and, if incompletely homogenized, run again in 30 sec cycles 

with checks for complete homogenization after each cycle. Samples were vortexed 
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briefly, inverted to mix at room temperature for 5 min, and subjected to centrifugation at 

12,000 g for 10 min at 4 °C. Supernatant was removed into a new 1.5 mL RNase-free 

tube and 200 µL of chloroform was added. After vortexing for 15 sec, the sample 

remained at room temperature for 3 min. After a second centrifugation, at 12,000 g for 15 

min at 4 °C, the top (clear) layer was removed into a new 1.5 mL RNase free tube and 

500 µL of ice-cold isopropanol was added. Tubes were vortexed and inverted several 

times to mix, and then left at room temperature for 10 min. Centrifugation at 12,000 g for 

10 min at 4 °C generated a white pellet of RNA, which was washed with 1 mL of ice-

cold 75% ethanol and collected again by centrifugation (7,500 g for 5 min at 4 °C). After 

drying at room temperature , the pellet was dissolved in 25-35 µL of RNase-, DNase-free 

water at 60 °C for 10 min. RNA samples were stored at -80 °C until use. 

cDNA was generated with the QuantiTect Reverse Transcription Kit (205313; 

Qiagen). RT-qPCR was performed on a CFX Connect thermal cycler (Bio-Rad) using the 

cDNA and PrimeTime Gene Expression Master Mix (1055772; IDT, Coralville, IA) in 20 

µL reaction volumes in a BioRad CFX Connect thermal cycler following the 

manufacturer's protocol for the PrimeTime qPCR Probe Assays (IDT) except for the 

extension of the number of amplification cycles to 60. Primers are listed below. 

 

IDT PrimeTime RT-qPCR Probe-Based Assay. 

Crym: Forward: 5'-GAGATGTTCGGGTCTGTTCAT-3'. 

Probe: 5'-/FAM/TCATCACAG/ZEN/TCACCATGGCAACAGA/3IABkFQ/-3'. 

Reverse: 5'-GGCTTTACCCATTCACCAAATAA-3'. 

Nom1: Forward: 5'-TAAACCCAGAGTTCACTTCCTAC-3'. 
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Probe: 5'-/5HEX/TCGTCTTCA/ZEN/GTTTCCATCAACAGTGCA/3IABkFQ/-3'. 

Reverse: 5'-CCTTCTCGCAACATTCCCA-3'. 

Tert: Forward: 5'-CTCCTTTCCTCTAGGGCTATCT-3'. 

Probe: 5'-/HEX/TCTCTGTCT/ZEN/CCCTTACCCACAGCT/3IABkFQ/-3'. 

Reverse: 5'-AGTGCTGACATCTCATTCCTTC-3'. 

 

Relative tissue specific expression of Crym, standard deviations, and p values 

were calculated according to Taylor et al. (Taylor et al. 2019). Nom1 was used as the 

control gene to measure Crym expression by qPCR.  

 

2.7. Proteomic and Transcriptomic  Comparison of Skeletal Muscle of Crym tg and 

Control Mice 

Skeletal muscle samples were harvested from six 3-month-old, male, Crym tg and 

control littermate mice. All of the mice were perfused with cold PBS prior to muscle 

collection except for one of the 6 control samples. Samples, comprising half of the left 

TA muscle, divided longitudinally, were homogenized by bead beating (see above). 

Sample preparation for proteomics and nano ultra-performance liquid chromatography-

tandem mass spectrometry were performed as described (Kim et al. 2019). Spectra were 

searched against a UniProt mouse reference proteome using Sequest HT algorithm 

described by Eng et al. (Eng et al. 2008) and MS Amanda algorithm developed by Dorfer 

et al. (Dorfer et al. 2014). Search configuration, false discovery control and quantitation 

were as described (Kim et al. 2019). 
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RNA extraction and RNA-seq was performed by Genewiz (South Plainfield, NJ) on 20 

mg samples of TA muscles from 3-month-old mice from 3 Crym tg littermate and 3 

control littermate mice. Genewiz generated FASTQ files of the raw RNA-seq data, after 

removing transcripts that mapped to introns and transcripts that mapped to multiple 

genes. p-Values for comparisons of genes expressed in Crym tg and control mice were 

also from Genewiz. 

 

2.9. Ca2+ Transients 

The amplitude of Ca2+ transients was recorded as described (Lukyanenko, Muriel, 

and Bloch 2017). In brief, isolated FDB fibers were loaded with Rhod-2AM (Thermo 

Fisher Scientific, Waltham, MA). Trains of voltage-induced Ca2+ transients were induced 

by field stimulation (A-M Systems, Carlsborg, WA). Rhod-2 was visualized with the 

Zeiss 510 Duo confocal microscope (Carl Zeiss). Image J 1.31v (NIH) was used for 

image analysis. The values reported were measured as the difference between maximal 

fluorescence intensity (Fmax) and background fluorescence (Fo), normalized to Fo. 

Quantitative data are shown as mean ± SE. A Student’s t-test was used to compare the 

data with p < 0.05 considered statistically significant. 

 

2.9.1. Metabolic Chambers 

Data were from two different cohorts of 4 Crym tg and 4 C57BL/6J control mice 

housed in an Oxymax/CLAMS (Columbus Instruments, Columbus, OH) open circuit 

indirect calorimeter, in two separate experiments. Measurements for RER, Accumulated 

CO2, Delta CO2, CO2 Out, Heat, Delta O2, Feed Weight, Volume CO2, Accumulated O2, 
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Feed Accumulation, Z Total, Volume O2, O2 Out, X Total, X Ambulatory, Flow, O2 In, 

and CO2 In were taken directly or calculated every 18 min for approximately 92 h. Z 

Total and X Total refer to the total number of times an animal disrupted the infrared (IR) 

beam in the Z and X axis, respectively, while X Ambulatory refers to the number of times 

an animal disrupted at least two consecutive IR beams. Complete measurements were 

compiled and 24 h worth of measurements were analyzed, starting at the first dark cycle 

after a 24 h period of acclimation. Values were normalized to total body weight and 

analyzed separately for light and dark periods. Outliers were identified with the ROUT 

method (Motulsky and Brown 2006) at Q = 1%, with GraphPad Prism version 6.0e for 

Mac (GraphPad Software, La Jolla, CA). Averages were then calculated for all 

measurements except for Feed Weight, Feed Accumulation, Z Total, X Total, and X 

Ambulatory, for which the sums were determined. Each average or sum for each mouse 

was tested for significance, grouped as a genotype with an unpaired, parametric t-test 

with Welch’s Correction. 

 

2.9.2. Diet Studies 

Crym tg and control male and female mice at approximately 14 weeks old were 

placed on one of five diets (Supplemental Document 5). The number of mice on a 

particular diet varied from 5 to 16, due to the occasional death of a mouse, unrelated to 

the experiment, or to our inability to weigh them on a particular date. The diets were 

“normal” diet (2018SX, Envigo Madison, WI), high fat diet (D12492), low fat diet 

(D12450J), high simple carbohydrate diet (D15040205), or high complex carbohydrate 

diet (D12450K), all from Research Diets Inc. (New Brunswick, NJ) unless otherwise 
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specified. Mouse weight (anaesthetized with 2.5% isoflurane) and food weight were 

recorded every Monday, Wednesday, and Friday for approximately 60 d. Water was 

provided ad libitum. 

Mouse weights were normalized to their starting body weight. Using the Real 

Statistics Resource Pack software (Release 6.8) (Zaiontz 2020) to run the Mauchly and 

John-Nagao-Sugiura tests, we found that all of the groups violated at least one test for 

sphericity (α = 0.05). We therefore used GraphPad Prism 8.2.0 for Mac to apply the 

Greenhouse and Geisser epsilon correction factor to either a two-way repeated measures 

(RM) ANOVA or a mixed-effects model, specifically a compound symmetry covariance 

matrix fit with Restricted Maximum Likelihood (REML) if data were missing for certain 

dates (α = 0.05). When we observed significance with the two-way RM ANOVA or 

mixed-effects model (REML), we performed multiple post-hoc unpaired, two-tailed t 

tests assuming heteroscedasticity at α = 0.05 to determine which data points showed 

significant differences between Crym tg and control mice. 

 

2.9.3. T3, T4, TSH Levels 

Homogenates of TA muscles and serum from four Crym tg and four control mice 

were sent to the clinical diagnostic service at Vanderbilt University (Nashville, TN) for 

analysis of T3, T4 and TSH. 

 

2.9.4. Statistics 

T3, T4 and TSH levels were analyzed by a two-tailed t-test with Welch’s 

correction. The thyroid hormone mass (in ng/mL) was divided by total protein (in ng/mL) 
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and used to determine the percent of total thyroid hormone per total protein in a milliliter 

of serum or homogenized muscle. The negative log base 10 of the percent of total protein 

for each value was determined and used to calculate the average and standard deviation. 

 

2.9.5. Materials 

Unless otherwise stated, all biologics were from Sigma-Aldrich and all salts were 

from Thermo Fisher. 

 

3. Results 

We created a transgenic mouse in which murine Crym is expressed at high levels in 

skeletal muscle, comparable to those seen in some human muscle biopsies, and assessed 

the effects an abundance of µ-crystallin would have on muscle structure and function, 

and on metabolism. The Crym transgene was encoded in a plasmid under the control of 

the human slow troponin I enhancer and the human skeletal actin promoter with the 

polyadenylation sequence of bovine growth hormone mRNA (Supplemental Figure 1A). 

After oocyte injection, the plasmid inserted randomly into intron 12 of the Cntn6 gene on 

murine chromosome 6 (Supplemental Figure 1B), as determined by sequencing 

(Supplemental Figure 1C). The mice were bred to homozygosity and genotyping of the 

mice showed that there was a single insertion in the genome resulting in two copies of the 

Crym transgene in the diploid mouse genome (Supplemental Figure 2). Back-crossing 

Crym tg with control mice yielded the expected Mendelian inheritance pattern 

(Supplementary Table 1). Cntn6 was not significantly differentially expressed in control 
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and Crym tg mice and showed little to no expression as assayed by RNA-seq in both. 

This indicates that the gene was not disrupted by the transgene’s insertion. 

 

3.1. RT-qPCR, Western Blot, and Immunofluorescence 

RT-qPCR of several skeletal muscles showed moderate to large increases in Crym 

mRNA in male Crym tg mice compared to male controls (Figure 1A). Because many 

canonical control genes were significantly differentially expressed , we compared RNA-

seq and LC.MS/MS data (Supplemental Document 1 and 3 respectively) to identify gene 

products with the smallest coefficient of variation. We used RefFinder (Xie et al. 2012) to 

evaluate the most promising control genes among biological and technical replicates of 

various tissues (data not shown). We found that Nom1 was optimal, as it showed the most 

stability. Using Nom1 mRNA as a standard, we observed large increases in the Crym 

mRNA levels in skeletal muscles of the Crym tg mice, compared both to controls and to 

heart muscle and non-muscle tissues. Notably, different skeletal muscles in the tg mice 

differed significantly in their relative expression of Crym. We found no significant 

differences in Crym mRNA levels in non-skeletal muscle tissues in tg and controls 

(Figure 1A). 

 

Figure 1. Increased Crym mRNA and µ-crystallin protein levels in Crym tg vs. 

control mice. A. Crym expression in several skeletal muscles and other tissues were 

analyzed from 3 Crym tg and 3 control mice. All analyses were in technical triplicate, 

except for soleus and diaphragm. B. Western blot of µ-crystallin in Crym tg and control 

TA muscle extracts. Control mice had 40 µg of TA homogenate per lane, and Crym tg 
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lanes had 10 µg of TA homogenates per lane. We were unable to detect µ-crystallin 

reliably in controls in these blots. C. µ-Crystallin was quantitated with Protein Simple’s 

Wes instrument. Areas under the curve, generated from electropherograms of µ-crystallin 

expression, were normalized to aconitase-2 expression (n = 3, in technical duplicate) in 

several muscles and other tissues. Multiple individual t-tests using the Benjamini, Krieger 

and Yekutieli FDR approach at Q = 1% determined statistical significance (**** = 

p<0.0001). The results show that Crym tg skeletal muscle express high levels 

of Crym mRNA and protein compared to controls and to other tissues analyzed. 

 

 

 

Immunoblotting confirmed that µ-crystallin (Crym) was present in elevated to 

highly elevated amounts in transgenic skeletal muscles compared to controls (Figure 1B). 

We used capillary-based immunoblotting in a Wes apparatus (Figure 1C) to quantitate the 

differences, with aconitase 2 as a loading control, and determined that transgenic skeletal 

muscles contain 2.6 to 147.5-fold more µ-crystallin than controls, depending on the 

muscle. Remarkably, although all skeletal muscles we assayed showed increased levels 

of µ-crystallin, their relative amounts varied considerably (Figure 1C), consistent with 

our qRT-PCR results. These differences were highly significant (p<0.0001).  
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 We also examined the distribution of µ-crystallin in transgenic muscle. In cross-

sections of TA and flexor digitorum brevis (FDB) muscle, immunolabeling for µ-

crystallin was concentrated near the sarcolemma (Figure 2, arrows) but was also present 

in the myoplasm. Soleus cross sections did not show a similar concentration of µ-

crystallin near the sarcolemma compared to controls (Figure 2C, D), perhaps because 

they express lower amounts of the protein. Longitudinal sections of TA muscle and 

isolated FDB myofibers also showed high levels of µ-crystallin at or near the sarcolemma 

(Figure 2E, G, I), but in addition revealed a faint striated distribution in the myoplasm 

(Figure 2H, I), which in TA muscles colocalized with desmin at the level of the Z-disk 

(Figure 2H, arrowhead). We did not observe immunolabeling for µ-crystallin in the 

capillaries or connective tissue surrounding myofibers. These results as well as results 

from qPCR and Wes data (Figures 1A and 1C respectively) indicate that µ-crystallin is 

expressed at elevated levels in myofibers of the transgenic mice but not in other cell types 

in muscle or other tissues. 

 

Figure 2. Immunolabeling of µ-crystallin in control and Crym tg skeletal 

muscles. A-D, Cross (A-D), longitudinal sections (E-H), of Crym tg (A, C, E, G, H) and 

control (B, D, F) TA (A, B, E-H) and soleus muscles (C, D) were stained with anti-µ-

crystallin antibody and Alexa Fluor-568-conjugated secondary antibody. In G-H, 

longitudinal sections of Crym tg TA muscle (G, µ-crystallin only) were colabeled with 

anti-desmin and Alexa Fluor-488-conjugated secondary antibody (H, yellow color shows 

colabeled structures). I, J, Flexor digitorum brevis (FDB) myofibers in culture 

from Crym tg (I) and control mice (J) were labeled with anti-µ-crystallin antibody and 
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Alexa-Fluor 488-conjugated secondary antibody. The results show that µ-crystallin was 

detected at higher levels in tg muscles than in controls. In TA muscle and FDB myofibers 

it was enriched at the levels of the sarcolemma (arrows, A,E,G, I) and Z-disks, colabeled 

with desmin (arrowhead, H) or shown without desmin colabel (arrowhead, I). Inset 

panels (H-J) are brightened and magnified. Crym tg (I) and control (J) FDB images were 

brightened and magnified equivalently. A-F, scale bars = 20 µm; G, H, scale bars = 5 µm; 

I, J, scale bars = 10 µm. 

 

 

3.2. Hormone levels 

We compared the levels of different hormones involved in thyroid hormone 

signaling in Crym tg and control mice. We found significantly more T3 in the TA muscle 

(~190 fold more) of Crym tg mice and significantly less T4 in the serum (~1.2 fold less) 

compared to controls (p<0.001 and p<0.05, respectively). Thyroid stimulating hormone 

(TSH) was not significantly different in serum (Table 1) of Crym tg and control mice and, 

as expected, was not detected in muscle. Intramuscular T4 and serum T3 also did not 



 73  

differ significantly between Crym tg and controls. Thus, the large increase in µ-crystallin 

in murine skeletal muscle is associated with an even larger increase in muscle T3. 

 

Table 1. T3, T4, and TSH in TA muscle and serum in Crym tg and control 

mice. Hormone levels were determined by a clinical diagnostic laboratory. Muscle 

T3 was significantly higher in Crym tg compared to controls while serum T4 was 

significantly lower in Crym tg compared to controls. TSH was not significantly different 

in serum and was not detected in muscle (n = 4). Significance was calculated using a two-

tailed Student’s t-test with Welch’s Correction (α = 0.05). 
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T3 5.801

E-09 

8.252 1.940

E-09 

0.13

0 

4 1.115

E-06 

6.070 1.065

E-06 

0.34

1 

4 0.000

3 

T4 1.008

E-07 

5.294 1.084

E-07 

0.70

1 

4 2.392

E-08 

5.939 2.610

E-08 

0.67

0 

4 0.231

4 

TS

H 

N.D. N.D. N/A N/A 4 N.D. N.D. N/A N/A 4 N/A 
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Table 1 continued 
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2 
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7 

4 0.614
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3.2.1. Morphology and physiology 

When we performed different morphological and physiological assays of the 

structure and function of the transgenic mice, we found no significant differences 

between Crym tgs and controls. The fiber sizes, distribution of fiber sizes, fiber types by 

immunohistochemistry of myosin heavy chains, weights, and the frequency of centrally 

nucleated fibers (CNFs) were not significantly altered in the TA muscles of Crym tgs 

(Supplemental Figures 4, 5C, 9C-D). Specific isometric force of contraction, maximal 

rate of twitch force contraction/relaxation, grip strength, maximum treadmill running 

speed, and distance run were also indistinguishable between Crym tg and controls (Figure 

3A, B; Supplemental Figure 6; Supplemental Figure 10). Fatiguability in the Crym tg 

mice showed a trend towards being slower than in controls, but this did not rise to the 

level of significance (Figure 3B). At the single myofiber level, voltage-induced Ca2+ 

transients, maximal amplitudes of transients and transient decay rates, all measured with 

the Ca2+-sensitive fluorescent indicator, Rhod2, under conditions that measure changes in 

cytoplasmic and not mitochondrial Ca2+ (26), were identical in the two strains of mice 

(Figure 3C, F, G). Fat staining with BODIPY (493/503) was also the same (Supplemental 

Figure 7). However, we did find that Crym tg gastrocnemius muscles and mesenchymal 

fat pads weighed slightly more than their control counterparts (p<0.05; Supplemental 

Figure 3). By these measures, the overexpression of Crym and the resulting accumulation 

of T3 in myofibers has minimal effects on the structure or function of murine skeletal 

muscle. 
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Figure 3. Contractile properties of Crym tg muscle. Force frequency curves (A, B, D, 

E, H) of gastrocnemius (A, B), soleus (D, E), and extensor digitorum longus (Freake and 

Oppenheimer) (H). Force was normalized to gastrocnemius muscle weight (A) or to 

soleus or EDL cross-sectional area (D, H). For fatigue, force was normalized to peak 

force (B, E). Ca2+ transients in isolated myofibers (C, F, G). C. Representative 

Ca2+ transient evoked by a voltage pulse, visualized with Rhod2. Blue, control; 

red, Crym tg. F. Maximal amplitudes of the Ca2+ transients. (n = 100). G. Mean time 

constants for the decay of the transients (n = 100). Statistics utilized the Student’s t-test 

for Ca2+ measurements (F, G) or the Holm-Šídák test on the gastrocnemius (n = 5; A, B), 

soleus (control n = 4, Crym tg n = 5; D, E), or EDL (control n = 6, Crym tg n = 5; H) at α 

= 0.05. All error bars show standard error. The results show no statistically significant 

differences in any of these measurements. 
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3.2.2. Fiber Types 

We applied a machine learning approach to obtain more quantitative information about 

the soleus muscles in the Crym tg mouse. We did not find any significant differences in 

the fiber type populations or total number of fibers of Crym tg soleus muscles (782±219 

fibers) compared to controls (933±442). Furthermore, our results obtained by determining 

fiber type visually closely matched the results we determined computationally 

(Supplemental Figures 4C, 5C, 9A-B; Supplemental Document 4). We did discover 

significant differences in a few metrics, however. In particular, the minimal Feret’s 

diameter of Crym tg Type I, I/IIb, I/IIb/IIa, IIa, IIa/IIb, IIb, and all fiber types in 

aggregate were significantly smaller than control fibers of the same types while Type 

I/IIa and IIx fibers were not significantly altered in minimal Feret’s diameter. Crym tg 
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Type I, IIb, and IIa/IIb fibers were significantly more circular than controls, whereas 

Type I/IIb, IIx, and all fiber types in the Crym tg in aggregate were less circular than 

controls (Supplemental Document 4 ). Using visual evaluation only, we did not observe 

any significant differences in myosin-specific fiber type labeling in TA or gastrocnemius 

muscle cross sections between Crym tg mice and controls (Supplemental Figures 5 and 9; 

the sizes of these muscles were too large to analyze by machine learning with our 

equipment). Our results indicate that, although the fiber types in Crym tg and control 

soleus muscles are indistinguishable, several properties differ significantly between the 

two genotypes. 

 

3.3. Metabolism 

As T3 can have a profound effect on metabolism, we subjected Crym tg and 

control mice to metabolic studies in Comprehensive Lab Monitoring System (CLAMS) 

cages. We determined 18 metabolic traits and found that 6 and 4 traits (Supplemental 

Table 2) were significantly different between Crym tg and control mice during the light 

and dark cycles, respectively. The respiratory exchange ratio (RER), a measure of the 

oxidative preference for carbohydrates vs fats, was significantly different during both the 

light and dark cycles, with essentially no change in the overall energy expenditure (Table 

2). Table 2 shows the mean RER of the Crym tg and control mice, compared to 

standardized values (Lusk 1924). The results show that the oxidative metabolism in the 

transgenic mice has partially shifted away from the use of carbohydrates as an energy 

source and towards fats. The difference from controls is 13.7%. Other traits that also 

differed significantly between Crym tg and control mice in both light and dark periods 
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were Delta CO2, and Accumulated CO2 (Supplemental Table 2). Thus, overexpression of 

Crym in skeletal muscle has a significant effect on murine preference for fat as a fuel 

source for energy metabolism. 

 

Table 2. Mean RER and corresponding carbohydrate and fat usage. Mean RER was 

determined by averaging calculated RER values for each genotype (n = 8). The closest 

standard RER value (taken from Lusk, G (41)) was determined and carbohydrate vs fat 

utilization as energy sources from the standard RER value are listed. 

 

   
Percentage of total 

oxygen consumed 

by: 

Percentage of total 

heat produced by: 

Calories per liter 

of O2 

 
Mean 

RER 

Closest 

Standard 

RER 

Value 

Carbohydrate Fat Carbohydrate Fat Number Log10 

Control 0.916 0.92 72.7 27.3 74.1 25.9 4.948 0.69447 

Crym tg 0.879 0.88 59 41 60.8 39.2 4.899 0.69012 

 

3.3.1. Diet Study 

As the Crym tg mice prefer fats to carbohydrates as an energy source, we fed Crym tg and 

control mice high fat, low fat, high simple carbohydrate, high complex carbohydrate and 
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normal control diets and measured their weight gain over a period of 2 months. We 

observed significant increases in normalized body weight of female Crym tg mice on the 

high simple carbohydrate and high fat diets, compared to controls. Female Crym tg mice 

on the other diets and male Crym tg mice on all 5 of the diets did not gain significantly 

more or less weight than controls (Figure 4). 

 

Figure 4. Weight gain of Crym tg and control mice on various diets. Crym tg and 

control mice were placed on different diets and weighed over the course of 60 days. 

Female (A-D) and male (F-I) Crym tg and control mice were placed on diet containing 

high fat (A, F), low fat (B, G), high simple carbohydrates (C, H), high complex 

carbohydrates (D, I), or on a normal diet (E, J) for 60 days. Mice were weighed three 

times a week and the percent weight increase from their starting weight was determined. 

Female Crym tg mice on high fat or high simple carbohydrate diets gained weight 

significantly more rapidly than controls. We did not observe any other significant results 

using a two-way repeated measures ANOVA or mixed-effects model (* = p<0.05, ** = 

p<0.001, n = 5-16; see Supplemental Document 5 also). 
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3.3.2. Global gene expression (RNA-seq) 

The expression of a large number of genes can be affected by T3 (Supplemental 

Document 2), which is thought to act largely through thyroid responsive elements 

(TREs). As T3 is present in much higher levels in Crym tg mice, we had RNA-seq 

performed on TA muscle samples from 3 Crym tg and 3 control mice and measured more 

than 13,000 transcripts from approximately 8.4x108 reads. All samples had an average Q 

score >37 with approximately 87% of bases having a Q score greater than 30. After 

removing transcripts that aligned to introns or that mapped to multiple genes, and after 

Benjamini-Hochberg False Discovery Rate (FDR) correction, we found that 566 genes 

were significantly different between Crym tg and controls at α = 0.05 (Supplemental 

Document 1). Gene ontology (GO) analysis revealed a relative decrease in the expression 

of genes encoding proteins involved in glycolysis and glycogen metabolism and in fast 

contractile speeds, and an increase in the expression of genes associated with oxidative 

metabolism and slower contraction (Tables 3, Supplemental Table 6). STRING network 

analysis also showed clusters of genes involved in ubiquitination, filament associated 

genes, and the innate immune system (Supplemental Figure 8). After Benjamini-

Hochberg FDR correction, DAVID chromosome annotation showed significantly more (p 

= 5.7E-7) differentially expressed transcripts arising from chromosome 6 than would be 

expected. Notably, only 7 of the 566 DEGs contained putative TREs (Supplemental 

Table 3). 

 

Table 3. Changes in gene expression related to glycolytic and oxidative pathways 

and fiber type. Genes related to the glycolytic and oxidative metabolic pathways were 
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determined by assessing root ontological terms for DEGs (n = 566) processed using 

PANTHER. Enrichment of ontological terms was determined by p<0.05 after Bonferroni 

correction of Fisher’s exact p-values. Fiber contraction speed genes were determined by 

cross referencing a putative fiber type-specific list of genes (18). Genes that shared both 

glycolytic and β-oxidative ontologies were removed from the analysis. The results show 

that Crym tg muscle exhibit changes in gene expression consistent with a shift to a slower 

contractile, more oxidative state. 

Glycolytic Pathway 

Genes 

Oxidative Pathway 

Genes 

Fast Contractile 

Genes 

Slow Contractile 

Genes 

# 

increase

d 

# 

decrease

d 

# 

increase

d 

# 

decrease

d 

# 

increase

d 

# 

decrease

d 

# 

increase

d 

# 

decrease

d 

5 11 29 20 10 43 54 8 

 

In addition to its ability to bind T3, µ-crystallin is a ketimine reductase, with its 

activity inhibited by T3 binding (Hallen et al. 2011). Although this activity is likely 

inhibited by the high intracellular levels of T3 in Crym tg muscle, five genes involved in 

lysine degradation (a pathway including substrates that µ-crystallin acts on in its capacity 

as a ketimine reductase), showed significant changes in expression in the Crym tg muscle 

compared to controls, with Aldh2, Ogdh and Dlst increasing in expression and Sccpdh 

and Setd7 decreasing in expression. 
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3.3.3. Global protein expression (LC.MS/MS) 

Proteomic analysis used liquid chromatography-tandem mass spectrometry 

(LC.MS/MS) followed by bioinformatic assessment (Supplemental Document 3). GO 

analysis was performed on the 85 significantly differentially expressed proteins using the 

PANTHER Classification System which resulted in 7 statistically significant ontological 

classes. Four of the terms related to muscle while one was for oxidation-reduction 

process (Table 4). Eleven proteins that were significantly differentially expressed in 

Crym tg mice compared to controls were associated with the “oxidation-reduction 

process” gene ontology. Five of those proteins increased in expression in Crym tg mice 

compared to controls while 6 decreased (Supplemental Table 5). Although the gene 

products revealed by LC.MS/MS and RNA-seq showed minimal overlap, the significant 

ontological terms in the proteomic study were similar to those found in the transcriptomic 

study. 

 

Table 4. Significant biological GO terms. Ontological terms were derived from a list of 

85 differentially expressed proteins via LC.MS/MS proteomics comparing Crym tg mice 

to controls. The results are consistent with the Crym tg skeletal muscle undergoing a shift 

towards a slower contractile, more oxidative state. 
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Term Count p-value Fold Enrichment 

oxidation-reduction process 11 3.700E-04 3.976 

cardiac muscle contraction 4 9.580E-04 20.363 

cardiac myofibril assembly 3 1.034E-03 61.088 

detection of muscle stretch 2 1.605E-02 122.176 

protein refolding 2 3.576E-02 54.300 

cardiac muscle hypertrophy 2 3.576E-02 54.300 

regulation of mitotic spindle assembly 2 4.740E-02 40.725 

 

4. Discussion 

As imbalances in T3, such as hypothyroidism or hyperthyroidism, can result in a 

variety of maladies, thyroid hormone levels are carefully controlled under normal 

conditions. Regulation of thyroid hormone levels are affected by the feedback loop of 

thyrotropin releasing hormone (TRH), TSH, T4, somatostatin (Pirahanchi and Jialal 2019; 

Siler et al. 1974), monocarboxylate thyroid hormone transporters (especially MCT8/10) 

(van Mullem et al. 2016), and deiodinases (DIO1-3) that convert T4 transported into the 

cell into T3 and other metabolites (Bianco and Kim 2006). µ-Crystallin binds T3 

(Hashizume, Miyamoto, Ichikawa, Yamauchi, Sakurai, et al. 1989; Tata 1958) and its 

absence has been shown to increase efflux of T3 from the cell significantly (Suzuki et al. 

2007). This information, paired with the fact that CRYM levels can vary greatly in human 

muscle (Klooster et al. 2009), raises the question: what effects does µ-crystallin have in 
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those individuals where it is highly expressed? To address this, we generated a skeletal 

muscle specific transgenic mouse, Crym tg, in which Crym mRNA and protein are 

expressed in skeletal muscle at high levels comparable to those seen in some humans 

(Homma et al. 2012; Klooster et al. 2009; Reed et al. 2007). We find that when Crym is 

overexpressed, metabolism shifts away from carbohydrate use toward fat use, with 

concomitant shifts in the expression of genes from glycolysis toward β-oxidation and 

from fast contractile toward slow contractile gene products. 

Expression of CRYM in human skeletal muscle from 430 individuals in the GTEx 

database show about 20% of individuals expressing CRYM at relatively high levels while 

the majority of people express little to no CRYM. RT-qPCR and Western blot data 

[(Klooster et al. 2009); see also (Homma et al. 2012)] show a similar percentage of 

individuals expressing high levels of CRYM, 30-40 times higher than low expressers. 

Though a marked variability in CRYM expression has been observed, to the best of our 

knowledge no data so far correlates human CRYM expression to energy expenditure, 

locomotive ability, or body composition. We have confirmed this in our own laboratory 

(Reed et al., unpublished). Crym tg mice produce approximately 94-fold more Crym 

mRNA as assayed by RT-qPCR and ~28 times more µ-crystallin protein in their TA 

muscles compared to control C57BL/6J mice. Thus, the Crym tg mouse model 

reproduces key features of human high expressers, producing Crym at levels that vastly 

outstrip control mice or human low expressers. 

The enhancer from the TNNI1 gene that we used to increase expression of the 

Crym transgene is a slow skeletal muscle specific gene (Sheng and Jin 2016) while the 

promoter, taken from the human skeletal actin gene (ACTA1), shows expression in both 
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fast and slow type fibers (Ciciliot et al. 2013). To our knowledge, muscle-specific 

differences in gene expression driven by the skeletal actin promoter have not been 

documented, though it is regulated by a number of factors, including adrenergic signaling 

(Bishopric and Kedes 1991). Indeed, thyroid hormone itself can reduce skeletal actin 

expression, but only when it is introduced exogenously at levels several orders of 

magnitude greater than those reached in either control or Crym tg TA muscles (Collie and 

Muscat 1992; Gustafson, Markham, and Morkin 1986). Studies of skeletal actin protein 

do not show differences in expression that depend on the muscle or fiber type 

composition, however (Giger et al. 2009; Pette and Staron 1997), suggesting that 

differences in the activity of the actin promoter may not account for our results. Less is 

known about the activity of the TNNI1 enhancer element, but, paradoxically, soleus and 

diaphragm, which are more slowly contracting in mice than other skeletal muscles (Luff 

1981) have lower levels of Crym expression at the mRNA and protein level compared to 

other skeletal muscles in Crym tg mice, although they are elevated compared to controls. 

Thus, although unexpected, our results clearly show that the same promoter/enhancer pair 

can drive different levels of transgene expression in different muscle groups. 

As expected from the high levels of Crym expressed in the muscles of the 

transgenic 

mice, we observed a large accumulation of intracellular T3 (~190-fold) in the TA muscle 

compared to controls. µ-Crystallin promotes accumulation of T3 in the cytoplasm in part 

by sequestering the hormone. Levels of total T3 in control mouse serum are unchanged in 

the transgenic mouse. At these levels, µ-crystallin in the muscle should be close to 

saturated with bound T3. The same should be true for the C57BL/6J control muscle. 
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Although we cannot explain the 5-fold higher enrichment in the T3 level compared to µ-

crystallin protein (the stoichiometry of binding is 1:1 (Hallen and Cooper 2017)), we 

propose that µ-crystallin may promote the influx and slow the efflux of thyroid hormones 

by interacting directly with the T3 transporters at the cell surface (Friesema et al. 2008; 

Mori et al. 2002). This would be consistent with our finding µ-crystallin at the 

sarcolemma of Crym tg muscle (Figure 2A, E, G, I). 

It is also not clear why serum T4 is decreased in Crym tg mice compared to 

controls. TSH 

levels are unchanged between Crym tg and control mice, so T4 production should be 

unimpaired. Lower serum T4 may result from its increased intramuscular conversion into 

T3 and its intracellular storage once it is bound to µ-crystallin in the myoplasm. Thus, the 

higher levels of µ-crystallin are likely to create a “sink” for T3 within the cell that is filled 

by mass action of T4 transported from the serum into the myoplasm, followed by its 

intracellular deiodination. Additional studies will be needed to determine why T4 

decreases in the serum, why T3 accumulates to such high levels in the muscles of the 

transgenic mice, and whether the levels of intracellular T3 accumulation vary with the 

levels of expression of µ-crystallin in different muscles. 

 We did not see any significant differences in the numbers of any fiber type 

or in the total number of fibers when we compared soleus muscles of Crym tg mice to 

controls. Similarly, we also saw no differences in fiber type between control and Crym tg 

TA and gastrocnemius muscles. Staining for myosin heavy chains is only one metric used 

to quantify fiber type as slow twitch or fast twitch, however. Future studies using ATPase 

staining (Brooke and Kaiser 1970), succinic dehydrogenase staining (Bancroft and 
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Gamble 2008), or a-glycerophosphate dehydrogenase staining (Dubowitz, Sewry, and 

Oldfors 2013) may present a more complete picture of any, potentially subtle, fiber type 

changes that occur due to the overexpression of µ-crystallin in skeletal muscle. Despite 

this superficial similarity, we did find differences in the minimal Feret’s diameter and the 

circularity of particular fiber types, among other significantly different morphological 

characteristics, although we cannot ascribe any physiological significance to these 

differences. Because we see a shift towards β-oxidation as determined by RER, and slow 

twitch fibers preferentially utilize β-oxidation compared to fast twitch fibers (Kalmar, 

Blanco, and Greensmith 2012) while also having a smaller size (Schiaffino and Reggiani 

2011), soleus myofibers may be shifting towards a slower twitch phenotype. Remarkably, 

notwithstanding the large changes in the levels of thyroid hormones that we have 

measured, we see very few other changes in the structure or function of the hindlimb 

muscles in mice. Like the fiber types, central nucleation and fat deposition are essentially 

unchanged. Physiologically, overall muscle function and the function of individual 

muscles and muscle fibers are indistinguishable between transgenic and control samples. 

Thus µ-crystallin’s effects on muscle structure and function are not readily apparent, 

despite its massive effect on the distribution of T3. This is consistent with our observation 

that most changes in gene expression that we measure in transgenic muscle are quite 

modest – usually less than 50% higher or lower than controls. Whether the similarities 

between control and tg muscle are sustained when mice are stressed by changes in diet, or 

by injury or disease, must still be determined.  

Because T3 has profound effects on metabolism, we also studied the Crym tg mice 

in metabolic cages. We found that, under normal resting conditions, RER, a measure of 
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preference for sources of metabolic energy, was significantly different between the Crym 

tg mice and controls. The difference in RER corresponds to a 13.7% increase in 

utilization of fat as an energy source over carbohydrates in Crym tg mice compared to 

controls. 

Consistent with the changes we observed in RER, GO analysis of RNA-seq data 

on Crym tg and controls showed an increase in expression of genes associated with b-

oxidation and a decrease in genes associated with glycolysis. As the murine TA muscle is 

comprised almost entirely of fast twitch fibers, which are primarily glycolytic (Kalmar, 

Blanco, and Greensmith 2012), we compared our 566 significantly differentially 

expressed genes to a list of 1343 fast and slow fiber type genes generated by Drexler et 

al. (Drexler et al. 2012). We found that 106 or ~19% of the genes altered in expression in 

the Crym tg mice encode contractile or other proteins related to fiber type (Table 3), and 

that the expression of genes associated with fast fiber types significantly decreased while 

that of genes associated with slow fiber types significantly increased (Table 3). By 

contrast, proteomic studies results revealed 26 significantly differentially expressed, fiber 

type-specific proteins, of which 7 shifted towards a slower phenotype while 19 shifted 

towards a faster phenotype (Table 5). As reported (Fitts et al. 1984), high levels of TH 

have little effect on fast twitch muscles but cause slow twitch muscles to exhibit faster 

twitch characteristics. Because mice have very few slow twitch fibers and the Crym tg 

mouse is subject to far less than the thyrotoxic levels of TH used in previous rodent 

studies, it is perhaps not surprising that we see minimal effects of Crym overexpression. 

However, we have shown for the first time that high levels of T3 in myocytes may cause 

curious transcriptional/translational shifts in which slow fiber type genes increase in 
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expression while fast fiber type proteins increase in expression. Future studies evaluating 

the regulatory steps concerning transcription and translation may determine how TH can 

decrease the mRNA content of genes expressed primarily in fast fiber types but increase 

the protein levels of fast fiber type proteins, and vice versa. Coupled with the shift 

towards a preference for fat utilization and increased expression of genes involved in b-

oxidative metabolism, 11 proteins related to the metabolic oxidation-reduction process, 

and decreased expression of genes involved in carbohydrate metabolism, it seems likely 

that the accumulation of T3 in muscle is associated with a shift towards a slower twitch, 

more β-oxidative phenotype.  

 

Table 5. Proteins differentially expressed in Crym tg mice compared to controls by 

LC.MS/MS associated with muscle twitch speed. A total of 26 of the 85 differentially 

expressed proteins identified via LC.MS/MS proteomics are associated with fast or slow 

twitch speeds. The fourth column from the left lists the fiber types these proteins are 

normally associated with. The fifth column indicates the nature of the shift we observed 

in the Crym tg. The results show changes indicating changes in proteins associated with 

both slow and fast twitch fibers. 

 
 
 
 
 



 93  

Gene Abundance Ratio: 

(Crym tg)/(Control) 

padj Type of 

Gene 

Shifted 

Towards 

Ptgr2 0.001 5.06E-16 slow fast 

Bdh1 0.314 5.06E-16 slow fast 

Rab14 0.352 5.06E-16 slow fast 

Ankrd2 0.388 3.09E-12 slow fast 

Paics 0.427 1.69E-07 fast slow 

Csrp3 0.435 5.06E-16 slow fast 

Tmem65 0.563 5.03E-04 slow fast 

Cryab 0.576 3.48E-07 slow fast 

Dnaja4 0.605 2.78E-03 slow fast 

Gbe1 0.639 1.10E-04 slow fast 

Fhl1 0.672 1.10E-03 slow fast 

Palmd 0.676 1.36E-03 slow fast 

Sdhc 0.705 6.11E-03 slow fast 

Hspb6 0.711 8.19E-03 slow fast 

Hspb1 0.732 1.96E-02 slow fast 
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Table 5 continued 
 
Pfn1 0.747 3.07E-02 slow fast 

Gstm2 1.351 1.08E-02 fast fast 

Casq2 1.363 8.62E-03 slow slow 

Myh7b 1.381 5.68E-03 slow slow 

Idh2 1.389 4.59E-03 slow slow 

Selenbp2 1.403 3.13E-03 slow slow 

Kera 1.445 1.12E-03 fast fast 

Fbp2 1.724 9.86E-08 fast fast 

Myl2 2.672 5.06E-16 slow slow 

Gpt 1000 5.06E-16 slow slow 

Lta4h 1000 5.06E-16 fast fast 

 

Earlier studies used thyrotoxic doses of T3 and T4 in rats to alter skeletal muscles. 

These doses induced a shift in slow twitch soleus muscle from slow to faster 

characteristics, but without accompanying changes in contractile velocity. They had no 

effect on fast twitch extensor digitorum longus  muscles (Fitts et al. 1984). Consistent 

with our observations, these results suggest that the contractile properties of muscle may 

not always correspond to its histochemical and biochemical properties, at least when 

thyroid hormones are elevated. The levels reached in Crym tg muscle are considerably 
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below thyrotoxic levels, however. A later study examined the properties of muscle in 

mice lacking thyroid hormone receptors and, again, found changes in soleus but not EDL 

(Johansson et al. 2003). In this case, however, soleus muscles in the knockouts showed 

even slower twitch characteristics than in controls, consistent with changes seen in 

hypothyroid mice. These results suggest that any elevation in T3 related to transgenic 

expression of Crym is more likely to appear in slow twitch than in fast twitch muscles. 

Given the fact that only ~60% of murine soleus muscles are slow and the effects of Crym 

overexpression are subtler than either thyrotoxicosis or the complete ablation of the 

thyroid hormone receptor, significant differences in the physiological properties of Crym 

tg muscles might not be expected. This is congruent with our observation that the 

changes in gene expression of the myosin heavy and light chains in TA muscle are 

relatively small and inconsistent (Supplemental Table 4). While we do not see any 

changes in fiber type as measured by myosin heavy chain presence in soleus muscle, we 

do see smaller Type I/IIb and IIa fibers consistent with a shift towards a slower muscle 

twitch phenotype. 

We saw significantly greater rates of increase in body weight of female Crym tg 

compared to control mice on high fat or high simple carbohydrate diets (Figure 4A, C). 

There may be a sexually dimorphic effect that higher levels of µ-crystallin has on 

metabolism because we did not observe a similar significant increase in body weight of 

Crym tg males on these diets (Figure 4F-J). Indeed Chen et al. found that mice with two 

X chromosomes had “accelerated weight gain on a high fat diet” and up to a 2-fold 

increase in adiposity compared to XY mice (Chen et al. 2012) showing a clear sexual 
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dimorphism for fat storage. Thus, µ-crystallin may affect metabolism in a sexually 

dimorphic way. 

The changes that we have observed are novel. To the best of our knowledge, the 

only comprehensive studies of thyroid hormone-dependent gene expression in mice to 

date were performed in liver tissue, though an older study has been reported on skeletal 

muscle in men (Clément et al. 2002). There are 5,129 significantly differentially 

expressed genes shared across three whole genome microarrays comparing hyperthyroid 

mouse liver to euthyroid or hypothyroid mouse liver (GEO DataSets ID: 200068803, 

200065947, 200021307). Of the 566 significant DEGs we identified by RNA-seq, 211 

showed changes in these studies of liver. 107 were significantly increased in expression 

while 104 were significantly decreased in expression (Supplemental Document 2). 

Notably, however, only a small subset of these DEGs are known to contain TREs 

(Supplemental Table 3). Despite the fact that T3 is highly elevated in the TA muscles of 

Crym tg mice, the changes in mRNA and protein levels are modest. This is in keeping 

with earlier studies of the relatively modest effects of more extreme changes in thyroid 

hormone signaling in rodent muscle (Fitts et al. 1984; Johansson et al. 2003).  

The shift in gene expression and metabolism in Crym tg mice may also be 

relevant to human physiology and perhaps to the pathophysiology of FSHD. CRYM 

levels in human muscles vary widely (Klooster et al. 2009), but no distinctive 

physiological differences have been linked to this variability. Such differences may 

appear in muscle stressed by disease, however. In particular, CRYM is likely to be linked 

directly or indirectly to FSHD (Reed et al. 2007; Vanderplanck et al. 2011). DUX4 

expressed in FSHD muscle increases CRYM expression (Vanderplanck et al. 2011), and 
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µ-crystallin in mice promotes a shift in RER and gene expression consistent with a shift 

toward a slower fiber type, which if pronounced enough would generate less force upon 

contraction. Notably, force generated by fast twitch muscle fibers is significantly reduced 

in FSHD (Lassche et al. 2013). Although Crym tg mice do not show a decrease in force, 

the changes we document in TA muscle could be associated with such a decrease if it 

manifests over decades, the time course of the disease in man.  

In summary, we found that the expression of high levels of µ-crystallin in murine 

skeletal muscle greatly increases T3 levels in muscle, shifts metabolism to favor the use 

of fat over carbohydrates as an energy source, and enhances the expression of genes 

typical of slow skeletal muscle. Remarkably, the morphological and physiological 

characteristics of the muscle are not significantly altered. We therefore propose that the 

higher levels of µ-crystallin seen in some humans regulate gene expression and 

metabolism in similar, subtle ways. We speculate that individuals showing high levels of 

µ-crystallin expression in muscle will be more resistant to diabetes and obesity, and that 

mechanisms that up-regulate µ-crystallin will be beneficial in treating these conditions. 
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Discussion and Conclusion 

µ-Crystallin plays an important physiological role, as is demonstrated by the effects of 

overexpressing, ablating, or mutating the protein. Three mutations in human CRYM are 

responsible for non-syndromic deafness, while overexpressing or ablating mouse µ-

crystallin causes changes in metabolism and alters the fiber sizes of soleus and tibialis 

anterior muscle fibers respectively. µ-Crystallin is also strictly spatiotemproally 

restricted, especially in the brain, where it is frequently used as a marker for layer V 

neurons in the cerebral cortex.  Given this strict spatiotemporal restriction of expression it 

is curious that there is a wide range of expression in human skeletal muscle. Most 

individuals express low levels of CRYM, whereas some people (~15% of the population) 

express significantly higher levels. Understanding the function of µ-crystallin is 

beneficial to understanding how mutations in the gene cause disease and what the 

implications of expressing high or low levels of the protein are. I have performed a series 

of experiments in a mouse model in which Crym is specifically overexpressed in skeletal 

muscle, the Crym tg, in order to answer these questions and advance our understanding of 

this potentially important gene. 

 My studies are the first to characterize a mouse model of overexpressing µ-

crystallin. In Crym tg mice we observe shifts in the transcriptome and the fiber size of 

soleus muscle fibers concomitant with a shift towards a more oxidative, slow twitch 

phenotype. In addition, female Crym tg mice gain weight faster than control mice on high 

fat or high simple carbohydrate diets. These results along with previous research on µ-

crystallin implicate the protein in the modulation of metabolism. 
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 Although many aspects of µ-crystallin have been elucidated, questions still remain 

as to its functions, including its ability to bind T3 and NADPH, and its activity as a 

ketimine reductase. Future studies may explore the cause of the varied expression of 

CRYM in human muscle. A population specific SNP near the promoter of CRYM may 

affect the binding of transcription factors and subsequent expression of the gene. Other 

studies may explore why CRYM is so regionally restricted in areas of the brain and 

kidney. Finally, because µ-crystallin can alter metabolism, CRYM may find utility as a 

therapeutic in certain metabolic disorders such as obesity and diabetes. 
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Chapter 3: CRISPR-Cas12a in Dysferlin Null Mice 

 

Introduction 

 

Dysferlin (gene DYSF in humans) has been reported to promote repair of the plasma 

membrane after myofiber injury (Bansal et al. 2003; Bittel et al. 2020). Others have 

reported that its primary role may be in regulating Ca2+ release at the triad junction of 

skeletal muscle (Kerr, Ward, and Bloch 2014; Kerr et al. 2013; Lukyanenko, Muriel, and 

Bloch 2017). Mutations in DYSF can cause several myopathies: Miyoshi muscular 

dystrophy-1 (Liu et al. 1998), distal myopathy with anterior tibial onset (Illa et al. 2001), 

and limb-girdle muscular dystrophy type 2B (Bashir et al. 1998). 

 In A/J mice a 5-6 kb ETn retrotransposon incorporated into intron 4 of mouse 

Dysf, ablating expression of the dysferlin protein (Ho et al. 2004). A/J mice are useful for 

studying dysferlinopathies, but healthy mice that express normal levels of dysferlin must 

be used as controls in experiments studying A/J mice, and such controls are not readily 

available. (The A/JCr mouse, maintained at NCI Frederick, diverged from the A/J strain 

more than 30 years ago). An A/J mouse model in which the inhibitory ETn 

retrotransposon could be removed conditionally would be ideal because one leg could be 

maintained as dysferlin null while the other could be rescued and allowed to produce 

dysferlin, as in healthy mice. In order to design such a mouse, I designed primers to 

sequence across the retrotransposon.  

Ho et al. were unable to PCR amplify across the retrotransposon insertion in the 

Dysf gene of A/J mice, likely owing to the fact that insertion is relatively long (Ho et al. 
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2004), 5-6 kb, has low complexity (Vlangos et al. 2013), and is repetitive (Maksakova 

and Mager 2005). These factors make it very difficult for DNA polymerase to amplify 

the region with high fidelity. I surmounted this problem by optimizing the DNA 

polymerase and reagents used in the PCR reaction. In order to cut out the ETn 

retrotransposon in the A/J mice, I leveraged the unique properties of CRISPR-Cas12a. 

Cas12a is a site-directed RNA and DNA cleaving enzyme (Fonfara et al. 2016; Zetsche et 

al. 2015). The protospacer-adjacent motif (PAM) sequence of Cas12a is T-rich, as 

opposed to the G-rich PAMs of most other Cas nucleotide cleaving enzymes such as 

Cas9 (Zetsche et al. 2015). Because Cas12a can cleave both DNA and RNA, I generated 

a plasmid that encoding the Cas12a enzyme as well as a strand of RNA that was cleaved 

multiple times by Cas12a generating multiple gRNAs, enabling multiplexed genome 

editing using only a single plasmid. 

With the correct PCR master mix reagents and DNA polymerase, I was able to 

amplify the ETn retrotransposon to measure if genome editing with CRISPR-Cas12a was 

successful. Through methodical experimentation I determined the best polymerase, PCR 

master mix reagents, and optimal DNA targeting crRNAs. These experiments are 

important steps towards generating a retrotransposon excising system for the A/J 

dysferlinopathy mouse model. 

 

Methods 

 

CRISPR-Cas12a Plasmid 
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Six gRNA sequences, used to direct Cas12a to a cut site, were determined by selecting 

for the gRNA sequences with the highest activity score and lowest off-target score in 

DESKGEN (www.deskgen.com), the highest CINDEL score in CINDEL 

(www.big.hanyang.ac.kr/cindel/), the lowest number of off targets in GuideScan 

(www.guidescan.com/), and the highest off-target score in Benchling 

(www.benchling.com). The six selected gRNAs are listed below. The six gRNAs, along 

with direct repeat sequences, which are used to direct Cas12a to cut RNA and which were 

located before the first gRNA and in between every gRNA (Figure 5), were compiled and 

split amongst 4 single stranded DNA (ssDNA) oligonucleotides and ordered from IDT 

(Coralville, IA). Briefly, 40 µL of 1X T4 DNA Ligase Reaction Buffer (B0202S, New 

England Biolabs) was added to 4 nanomoles of each lyophilized oligonucleotide. 4 µL of 

each oligonucleotide were combined into a single tube with 5 µL of T4 Polynucleotide 

Kinase at 10,000 units/mL (M0201S, New England Biolabs) and 19 µL of 1X T4 DNA 

Ligase Reaction Buffer and mixed. The tube was placed in a thermal cycler set to 37 °C 

for 30 min, 95 °C for 5 min followed by a −5 °C/min ramp down to 25 °C. The resultant 

“sticky ended” assembled gRNA and direct repeat oligonucleotide was purified using a 

PureLink PCR Purification Kit (K310001, Invitrogen). The recipient pY30 plasmid 

(Plasmid #84745, Addgene, Watertown, MA) was linearized using BsmBI restriction 

enzyme (R0580, New England Biolabs) following the manufacturers protocol. The insert 

was then ligated into the vector by combining in a tube 10 µL of T7 DNA Ligase 

Reaction Buffer 2X, 1 µL T7 DNA Ligase at 3,000,000 units/mL (M0318S, New 

England Biolabs), vector and insert DNA in a 1:3 molar ratio, and water to 20 µL, then 

incubated at room temperature for 30 mins to generate the assembled plasmid (Figure A). 
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Figure 5. Maps of multiplexed CRISPR-Cas12a plasmid. A. Antibiotic resistance 

genes used for selection as well as their commensurate promoters and bacterial origin of 

replication sequences are included in order to propagate the plasmid in bacteria. B. 

gRNAs and direct repeats were ligated into the plasmid to generate individual gRNAs 

used to edit the DNA sequence surrounding the retrotransposon in the A/J Dysf gene. 

Cas12a is referred to as AsCpf1 in this schematic. A U6 promoter is used to drive 

expression of the multiplexed gRNAs while a CMV enhancer and CMV/T7 promoter 

drive expression of Cas12a. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 118  

Figure 5 

A.
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B.

 

CRISPR-Cas12a gRNAs: 

123 I4 3: TCAGAGTCTTTTATCACAGCACC 

16 E4 5: GAAGCTGGCAGAGAGGCTGG 

59 I4 3: ACCTTCACACACACACACACACA 

17 E4 5: TGAAGCTGGCAGAGAGGCTG 

74 I4 3: CGTGATGCTGGGATTGAACCCAG 

14 E4 5: CAGAGAGGCTGGGGGTGGCA 

 

Direct Repeat: 

AATTTCTACTCTTGTAGAT 

 

Electroporation of Murine Soleus Muscle 

2 male C57BL6/J mice were electroporated, as described (DiFranco et al. 2011), after 

being injected in their soleus muscles with the multiplexed gRNA pY30 plasmid and 1 
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male C57BL6/J mouse was electroporated after being injected in its soleus muscles with 

the untargeted pY30 plasmid to act as a control. 

 A male A/J mouse was also electroporated with the Dysf gRNA targeted pY30 

plasmid following the same described protocol. 

 

Genomic DNA Extraction and PCR Amplification 

A male Crym tg mouse (notated as “C”) and two male C57BL/6J mice (notated as “4” 

and “6”) were tail snipped. Genomic DNA (gDNA) was extracted from mouse tail snips 

using a PureLink Genomic DNA Mini Kit (K182002, Invitrogen, Carlsbad, CA) with a 

protocol modified only by substituting DirectPCR Lysis Reagent (Tail) (102-T, Viagen 

Biotech, Los Angeles, CA) in place of PureLink® Genomic Digestion Buffer.   

Four polymerases were tested for their ability to amplify long sections of low 

complexity, GC-rich, repetitive DNA. GoTaq Green Master Mix (M712, Promgea, 

Madison, WI), LongAmp Taq 2X Master Mix (M0287, New England Biolabs, Ipswich, 

MA), Q5 Hot Start High-Fidelity 2X Master Mix (M0494, New England Biolabs), and 

Platinum SuperFi PCR Master Mix (12358010, Thermo Fisher Scientific, Waltham, MA) 

were used to amplify an approximately 5 kb length of genomic DNA spanning the distal 

end of intron 3 in the mouse Dysf gene until the distal end of intron 4 (Dysf_F and 

Dysf_R primers). In order to increase the specificity of the amplification, nested primers 

were used for some reactions (indicated by the first letter starting with an “N”). Nested 

PCR amplifications were done first with the nested primers listed below following the 

manufacturers protocol for the master mixes with the modification of the temperature of 

the annealing step (see below) and then a 0.5 μL	aliquot	of	the	first	round	reaction	was	
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used	as	the	input	DNA	for	the	second	round	of	amplification	with	the	non-nested	

primers	listed	below	at	the	below	annealing	temperatures. 

 

Nested_Dysf_F: TAGGACCCACAGAACAGGACT 

Nested_Dysf_R: CCCACCCCAGATCCAAACAA 

Dysf_F: CGGTGACAAGTGTGGTCTCA 

Dysf_R: CCTTAAGCGTTCCTGGGAGT 

 

Annealing Temperatures: 

Nested_Dysf:  GoTaq Green Master Mix: 60.5 °C 

  LongAmp Taq 2X Master Mix: 58.0 °C 

  Q5 Hot Start High-Fidelity 2X Master Mix: 68.0 °C 

  Platinum SuperFi PCR Master Mix: 65.3 °C 

 

Dysf:    GoTaq Green Master Mix: 59.0 °C 

  LongAmp Taq 2X Master Mix: 59.0 °C 

  Q5 Hot Start High-Fidelity 2X Master Mix: 68.0 °C 

  Platinum SuperFi PCR Master Mix: 64.7 °C 

 

PCR products were run on a 1.5% agarose gel with ethidium bromide at approximately 

150 volts until the ethidium bromide band reached one quarter of the way up from the 

bottom of the gel. Gels were imaged on a UV transilluminator (Figure 6). 
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 The best polymerase was Platinum SuperFi which produced specific bands 

without any smearing in the gel blot. It was used with a modified master mix of Dr. Peter 

Jones’ “Death Mix.” Briefly, 12.5 µL of Platinum SuperFi Master Mix, 5 µL of GC 

Enhancer, 1.87 µL of 13.4 mM dithiothreitol, 0.5 µL of 5 mM 7-deaza-dGTP, 20 ng of 

gDNA, 1.25 µL of 10 µM forward primer, 1.25 µL of 10 µM reverse primer, and water to 

25 µL were mixed together and used in each reaction. The thermal cycling conditions 

followed the polymerase master mix manufacturers “Long PCR” protocol. 
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Figure 6

 

Figure 6. Various polymerases were tested for their ability to amplify a long, 

repetitive, low complexity retrotransposon in the A/J Dysf gene. GoTaq Green, 
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LongAmp, Q5, and Platinum SuperFi polymerase were evaluated in nested (N) and non-

nested PCR reactions using genomic DNA from 1 male Crym tg mouse (C) and 2 male 

C57BL/6J mice (4 and 6) for their ability to amplify an approximately 5 kb section of 

DNA in the murine Dysf gene. Platinum SuperFi polymerase amplified the desired 

section of DNA with the fewest off-target amplicons. Its nested PCR reactions resulted in 

a greater abundance of amplicon. 

 
Genome Editing of Retrotransposon in the Dysf Gene of A/J Mice 

Soleus muscle was harvested 3 weeks after electroporating an A/J mouse with the 

assembled Dysf targeting pY30 plasmid and another A/J mouse with the unmodified 

pY30 plasmid. Genomic DNA was extracted and purified as previously described and the 

large region surrounding the ETn retrotransposon in A/J mice was amplified using the 

nested PCR protocol and the modified Death Mix with Platinum SuperFi polymerase. 

The control genomic DNA was amplified using the same conditions in the first lane but 

was also amplified by modifying the annealing temperature of the Dysf primers from 

64.7 °C to 61.2 °C (Figure 7B). The resultant amplicons were electrophoresed on a gel 

also as previously described (Figure 7). Selected bands from the CRISPR edited A/J 

genomic DNA were gel purified using a GeneJET Gel Extraction kit (K0691, Thermo 

Fisher Scientific, Waltham, MA) and then sequenced using the Dysf_F and Dysf_R 

primers through the University of Maryland, Baltimore Genomics Core Facility. 

 

Figure 7. Dysf amplicons after electroporation of A/J FDB with a Dysf CRISPR 

based genome editing plasmid or control CRISPR plasmid. A. The most prevalent 

band at ~5.2 kb corresponds to the amplicon band size of uncut Dysf while the sequence 
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of the ~1700 bp and ~500 bp bands correspond to sequences surrounding the inserted 

retrotransposon in the Dysf gene of A/J mice. Several other uncharacterized bands are 

present possibly from the generation of other indels. B. Several different ladders were 

used as indicated in lanes 1, 4, and 5 as well as two annealing temperatures for the Dysf 

primers, 64.7 °C in lane 2 and 61.2 °C in lane 3. No additional bands were observed. 
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Figure 7 
 

A. 
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B. 

 

 

Results 

 

Multiple bands were observed in the DNA gel after amplification of the ETn insertion 

site in Dysf. The two bands present in the highest concentration, excluding uncut DNA at 

5,266 bp long, were at ~1700 bp and ~500 bp. Alignment of the DNA sequence from the 
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~1700 bp band with the mouse reference genome (GRCm38/mm10) indicated that 

approximately 4 kb of DNA was deleted including exon 4 and a portion of intron 4. The 

500 bp band aligned to DNA in the mouse reference genome indicating an even larger 

deletion of approximately 4.7 kb, also spanning exon 4 and portions of intron 3 and 4. 

Only the original unedited ~5.2 kb retrotransposon insertion was present in the genomic 

DNA of the A/J mouse electroporated with the pY30 plasmid lacking gRNAs (Figure 

7B). 

 

Discussion 

 

At the time of these experiments multiplex genome editing using CRISPR-Cas12a had 

only been demonstrated for three months prior (Zetsche et al. 2017). The nature of using 

a new technology along with targeting its use to a complex region of the genome 

necessitated the multiple iterative “mini-experiments” such as optimizing the PCR 

polymerase and reaction conditions. However, after these optimizations genome editing 

via CRISPR-Cas12a was successful in some myonuclei. 

 To my knowledge no one has been able to amplify the ETn retrotransposon 

inserted into the Dysf gene in A/J mice, though at least one lab has tried (Ho et al. 2004). 

The length, complexity, and repetitiveness of the region makes it difficult to PCR 

amplify. Through extensive experimentation I determined an optimal PCR master mix 

and DNA polymerase to use for amplifying this difficult DNA in the genome in A/J mice.  

The multiple bands seen in Figure 7 are likely a product of several factors. First 

the brightest band at ~5.2 kb is the size of DNA in A/J mice that hasn’t been cut. 
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Although I aimed to electroporate every nucleus in the soleus of the mouse, inevitably 

not every nucleus received a copy of the Dysf targeting plasmid or for other efficiency 

reasons DNA cleavage in some myonuclei did not occur. No DNA template was provided 

to be inserted during DNA repair through homologous recombination so it’s also possible 

that cleavage occurred in the Dysf gene and the cleaved fragment was then re-ligated 

back into the genome. The fragments of varying sizes are likely indels that occurred after 

the cleavage and repair of the cleaved DNA. I successfully removed the disruptive ETn 

retrotransposon because the sequences of the 500 bp and 1700 bp bands corresponded to 

regions surrounding the ETn retrotransposon insertion site. Future studies may select an 

optimal gRNA and use a DNA template to restore the WT Dysf sequence. 

There are many programs that can be used bioinformatically to inform researchers 

of the best gRNAs to use with Cas12a to cut DNA but these programs all operate on 

predictions. The only way to definitively know that a gRNA will cut DNA is to test it in 

vitro/in vivo. This can be a laborious process testing many individual gRNAs for efficacy. 

I surmounted this issue by performing gene editing in multiplex with 6 bioinformatically 

optimal gRNAs targeted to a region surrounding the ETn retrotransposon insertion site in 

the Dysf gene of A/J mice. After PCR amplifying the region and examining the resultant 

DNA bands on an electrophoretic gel, the brightest bands can be isolated. These bands of 

DNA indicate the most abundant DNA sequences present in the genome edited mouse 

muscle, and by proxy, the best performing gRNA sequences. Further isolation and 

sequencing of the abundant amplicons purified from the DNA gel can be used to 

backtrack to the gRNAs that likely caused the cut. Because the region to be excised by 

CRISPR-Cas12a, the ETn retrotransposon in the Dysf gene of A/J mice, was particularly 
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challenging to amplify, I had to develop additional protocols and reagent mixtures. A 

nested PCR using the experimentally determined most efficacious polymerase, and an 

optimized PCR master mix was required to amplify across the region. This was done in 

order to generate indel amplicons generated by the CRISPR genome editing, and 

consequently the gRNAs that are optimal for removing the ETn retrotransposon in the 

Dysf gene of A/J mice. To the best of my knowledge, this was the first time the ETn 

retrotransposon in the Dysf gene of A/J mice has been amplified and the first time 

multiplexed CRISPR-Cas12a was performed in myocytes. These techniques pave the 

way for other researchers to quickly evaluate a selection of gRNAs for functional 

efficacy in targeting DNA and for amplifying long, repetitive, low-complexity sections of 

DNA. 
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Chapter 4: Sonoporation of Murine Muscle 

 

Introduction 

 

Sonoporation is a method used for introducing foreign elements such as DNA into 

a cell by altering the cell membrane permeability via the use of sound (Fechheimer et al. 

1987; Fechheimer et al. 1986). Many methods exist to introduce exogenous DNA into a 

cell, such as viruses, electroporation, and microparticle injection, to name only a few 

(Keown, Campbell, and Kucherlapati 1990). These methods have a variety of pros and 

cons. Most common forms of viral transduction are limited by the size of the plasmid the 

viral hosts can carry (Latchman 2001) and by host immune responses against the viral 

vector (Shirley et al. 2020), while the biolistic technology required for microparticle 

injection is specialized and the procedure is invasive (Johnston and Tang 1993). 

Microinjection is a low-throughput technology (Capecchi 1980) and electroporation can 

cause physiological changes to myofibers even after a year post-electroporation (Roche et 

al. 2011). Sonoporation can accommodate macromolecules and large plasmids, is non-

immunogenic, non-invasive, spatiotemporally controlled, and is readily accessible 

(Miller, Pislaru, and Greenleaf 2002). 

I was interested in introducing a large plasmid in vivo in murine muscle. I selected 

sonoporation as the method to do so. The plasmid, described in the previous chapter, is a 

CRISPR-Cas12a system used to conditionally rescue A/J mice from their dysferlinopathy 

in certain muscles, leaving muscles in other regions of the body dysferlinopathic. Using 

such a system I planned on studying the effects of potential treatments for 
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dysferlinopathic mice, inhibiting or rescuing the mouse’s production of dysferlin in hind 

limb muscles of one or both legs, before and after administration of the plasmid via 

sonoporation. 

For sonoporation, I used plasmid reporters conjugated to size-isolated 

microbubbles. Microbubbles are small bubbles of various gases and coatings. They are 

FDA-approved for use in humans to improve contrast on ultrasound images and may be 

administered intravenously (Chong, Papadopoulou, and Dayton 2018). Ultrasonic 

irradiation of microbubbles can cause the expansion and compression of the microbubble, 

eventually causing bursting. This push and pull of the bubble near cell surfaces can cause 

the formation of pores to open in the cell membrane. Microstreaming, that is the rapid 

flow of fluids, may also occur when the microbubble bursts, with speeds reaching 700 

m/s. These microjets may effectively inject the plasmid into nearby cells (Fan, Kumon, 

and Deng 2014; Hernot and Klibanov 2008). The use of microbubble-assisted 

sonoporation in murine skeletal muscle has been shown to significantly increase the 

transfection efficiency compared to intramuscular injection (Burke et al. 2012). 

I worked with Dr. Victor Frenkel and Dr. Pavlos Anastasiadis to design and 

implement a pilot experiment to explore the feasibility of microbubble-facilitated gene 

transfer via sonoporation. I sought to answer the question of whether murine hindlimb 

muscles could be transfected with a plasmid using sonoporation. Because other forms of 

transduction or transfection have a variety of downsides to their use, sonoporation, if 

efficacious for the delivery of exogenous DNA into cells, would represent a great benefit 

due to the ease of use, low cost, and potentially high efficacy of introducing foreign DNA 
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into animal models of disease, and perhaps in the future even for the application of gene 

therapies in humans. 

 

Methods 

 

Cationic microbubbles, 4-5 µm in diameter (SIMB4-5, Advanced Microbubbles, Newark, 

CA) were conjugated with two different plasmids: a Venus-Dysferlin plasmid 

(Lukyanenko, Muriel, and Bloch 2017) and E2-Crimson plasmid (Strack et al. 2009) 

kindly gifted to me by Dr. Alexandros Poulopoulos. Plasmid DNA was loaded onto the 

microbubbles (MB) by mixing 40 µg of plasmid suspended in water with the 

microbubbles. The microbubble-plasmid solution was allowed to incubate on ice for 20-

40 mins. The solution was spun in a centrifuge at 200-500g for 5-10 mins and the bottom 

aqueous infranatant was removed and discarded. Sterile phosphate-buffered saline (PBS) 

was mixed with the mixture such that the microbubble-DNA conjugate composed 25% of 

the volume, yielding 6.25x106 MB/mL. Male (6) and female (4) C57BL6/J mice, three 

months of age, were anaesthetized with isoflurane and their legs were depilated with 

Nair. A 1 F mouse tail vein catheter (MTV-01, SAI Infusion Technologies, Lake Villa, 

IL) was inserted into the tail vein of each mouse. A volume of tap water large enough to 

cover the body of the mice was degassed under vacuum for 3 hours and then heated via 

microwave to 37 °C to act as a medium between the ultrasonic transducer and the mouse 

muscle, as well as to keep the mice warm. The ultrasonic transducer was placed 4 

centimeters above the right tibialis anterior (TA) muscle. A 300 µL aliquot of PBS-

Venus-Dysferlin-cDNA-microbubble solution was injected into the tail veins of 3 of the 
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male mice and 4 female mice while an equivalent volume of PBS was injected into the 

tail vein of 3 of the male mice. The mice were then sonoporated with a 1 MHz unfocused 

transducer. A pulse, consisting of 5 sets of 300 consecutive 1 MHz sinusoids of 1V or 0.4 

V peak-to-peak amplitude separated by 100 ms, was applied every 10 seconds for 5 mins. 

Mice were removed from the water bath, dried and allowed to recover under a heat lamp. 

Mice were imaged using an IVIS Spectrum In Vivo Imaging System (124262, 

PerkinElmer, Waltham, PA) at 4 days post-sonoporation. Imaging was performed at an 

excitation wavelength of 535 nm and recorded at an emission wavelength of 560 nm 

(Figure 8). One female mouse labeled “Female CRISPR” in Figure 8 was imaged as part 

of a separate, unrelated experiment. Mice were euthanized at 9 days post-sonoporation 

and left and right TA muscles were collected, snap frozen, sectioned, and placed on 

microscope slides, as described (Kinney et al. 2020). Sections were 

immunohistochemically stained with rabbit-anti-dystrophin (PAS-16734; Thermo Fisher 

Scientific) to label the plasma membrane as well as anti-Venus (SAB4301138; Millipore 

Sigma, Burlington, MA), both diluted 1:100 in Mouse-On-Mouse (M.O.M.) diluent 

(BMK-2202; Vector labs, Burlingame, CA) and mounted in Vectashield + DAPI (H-

1500; Vector Laboratory). Sections were imaged by confocal microscopy with a Zeiss 

510 Duo microscope (Carl Zeiss, Oberkochen, Germany). 

 

Results 

 

Little to no fluorescence was visible in the hindlimbs of experimental mice that had been 

sonoporated with the Venus-Dysferlin plasmid at day 4. Control mice appear to have a 
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similar level of fluorescence compared to experimental mice. High levels of 

autofluorescence are visible in some mice, with no significant differences in Venus 

fluorescence apparent in mice given the Venus-Dysferlin plasmid compared to controls 

(Figure 8). 

Figure 8. Representative heat map in vivo imaging of E2-Crimson, a far red shifted 

fluorophore, in the right TA of mice, expressed from a sonoporated plasmid. A 

representative IVIS Spectrum image of male and female mice at 4 and 9 days after 

sonoporation is shown. Mice designated as “Experimental” were sonoporated with a 

reporter plasmid (E2-Crimson) while mice designated as “Control” were sonoporated 

with PBS. A female “CRISPR” mouse that is unrelated is shown as well. Mice were 

imaged on Day 4 and 9 at an excitation wavelength of 535 nm and at an emission 

wavelength of 560 nm on Day 4 and 520 nm on Day 9. No significant fluorescent signal 

was observed from any mice at any time point though an abundance of background signal 

was observed. 
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Discussion 

 

In order to examine a potentially less invasive, less immunogenic method for transfecting 

mice with large plasmids, I experimented with sonoporation. Unfortunately, this method 

did not yield the results I expected: little to no transfection occurred, as evidenced by the 

low level of fluorescence observed in the hind limbs of mice post-sonoporation. 

 Efficient transfection of skeletal muscle via ultrasonic sonoporation have been 

previously shown (Burke et al. 2012), it’s possible that the inefficient transfection I 

observed was due to the difference in methods. Clearance of the microbubbles by the 

liver could also be another possible reason for why no transfection occurred. 

Microbubbles are rapidly cleared from the blood when injected peripherally. 

Accordingly, some researchers inject the microbubbles intraportally in the hepatic vein 

(Shen et al. 2008). Still another possible reason is user error. The procedures are 

relatively complex with proper positioning of the transducer and mouse being crucial to 

successfully transmitting the ultrasound waves. Injection of the mouse tail vein is also a 

difficult skill to master. Finally, any number of earlier, more basic steps such as 

conjugation of the plasmid to the microbubbles or purification of the plasmid for example 

may have gone awry due to human error. 

 Future studies may first attempt replicating past successful transfections. 

Intraportal injection may also increase transfection efficiency. If successful, sonoporation 

would represent a non-invasive, non-immunogenic, size unlimited method for 

transfecting foreign DNA into skeletal muscle. 
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Chapter 5: Discussion 

 

Effects of Increased µ-Crystallin Expression in Murine Skeletal Muscle 

 

µ-Crystallin is a potent thyroid hormone binding protein (Kinney and Bloch 2021). 

Thyroid hormone receptors bind T3 only 5 times more strongly than µ-crystallin does 

(Kinney et al. 2020). Thyroid hormones influence a wide variety of physiological 

processes from metabolism (Larsen, Silva, and Kaplan 1981) to thermogenesis (Freake 

and Oppenheimer 1995). Because thyroid hormones have such robust and wide-ranging 

effects on the body, the variance in healthy thyroid hormone levels is small (Hollowell et 

al. 2002). Hypo- or hyperthyroidism can result from a lack or surplus of thyroid hormone, 

leading to a variety of maladies (Taylor et al. 2018). In contrast to the tightly controlled 

thyroid hormone levels, CRYM mRNA and protein levels have been shown to vary 

significantly, up to 30-40 fold in skeletal muscle (Kinney et al. 2020). Given the tight 

control over thyroid hormone levels in the body and the disease-causing consequences of 

deviating from healthy levels, coupled with the high binding affinity of µ-crystallin for 

thyroid hormones, I wondered what effects µ-crystallin might have on individuals who 

express high levels of the protein in their muscle. To answer that question, I utilized a 

transgenic mouse, the Crym tg mouse, genetically engineered to overexpress µ-crystallin 

specifically in its skeletal muscles. 

 Crym tg mice on average express Crym mRNA and protein in skeletal muscle at 

levels at least 27.5 and 2.6 times those observed in control mice respectively. 

Concurrently, we also observed 192.2 fold greater intramuscular levels (in TA) of T3 and 
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1.2 fold less serum T4 in Crym tg mice compared to controls. In order to determine what 

effects this large increase in µ-crystallin and T3 is having on the mice we performed 

various physiologic, morphologic, and cellular measurements on the Crym tg mice. 

 We found that Crym tg mice are very similar to their control counterparts. 

Importantly, however, Crym tg mice shift their metabolism towards a preference for fats 

as an energy source. This discovery, initially observed through the use of metabolic 

cages, was replicated in various other experiments including RNA-seq and LC.MS/MS 

proteomics, fiber type analysis, and diet studies. Individually, the results I observed in 

many of these studies showed small, but significant, changes compared to control mice. 

Overall, however, we observed a 13.7% increase in preference for fat over carbohydrates 

in Crym tg mice compared to controls. This is a large alteration in energy expenditure and 

supports µ-crystallin’s function as a binding protein of the strong metabolic regulators, T3 

and T4. These results help to resolve the role that CRYM plays in muscle, particularly for 

individuals who express high levels of the protein. Future studies may explore the exact 

mechanism by which µ-crystallin drives an increased preference for fat utilization, what 

factors determine the level of expression of CRYM, and whether various health metrics, 

particularly body composition, is correlated with CRYM expression. 

 Increased levels of CRYM in people may cause them to burn more fat and may 

play a role protecting them from obesity and related metabolic disorders. By increasing 

the amount of fat utilized as an energy source in people their body composition may be 

altered to become leaner and their BMI may decrease. This decrease in fat content among 

individuals who are overweight or obese would improve their overall health leading to an 

improvement in their quality of life as well as a potentially longer lifespan. Modulation of 
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CRYM may play an important role in the fat content of people and consequently, their 

health, quality of life, and lifespan. 

 

Generation of a Multiplexed gRNA CRISPR-Cas12a Cassette 

 

In addition to working with Crym tg mice, I also tried to generate a CRISPR based 

system to excise a retrotransposon that disrupts the Dysf gene of A/J mice. This insertion 

prevents the production of dysferlin and consequently causes a murine dysferlinopathy. A 

system for easily removing the pathogenic retrotransposon sequence would enhance the 

utility of the A/J mouse model system by allowing experiments to occur on the same 

mouse, in vivo, in the presence or absence of endogenous dysferlin. The system I 

designed functioned as a trial cassette for putative gRNAs. Bioinformatically informed 

gRNA selection is infamously inexact. By using a cassette with many potential gRNAs I 

could test several gRNAs for efficacy, instead of one by one. This system would be of 

great utility towards determining the optimal gRNAs to rescue A/J mice, as well as to the 

wider scientific field of genomic engineering. 

 I successfully generated a single, large plasmid containing the coding sequence 

for the Cas12a genome editing protein and a contiguous gRNA oligonucleotide that 

targeted regions surrounding the retrotransposon insertion site in the Dysf gene of A/J 

mice. In the course of designing this CRISPR cassette I encountered unexpected 

challenges in amplifying the genomic region of the lesion in the Dysf gene of A/J mice. 

This difficult-to-amplify region required a specific mixture of PCR reagents, determined 

through informed trial and error, to amplify the long genomic DNA. After determining 
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the correct mixture of PCR reagents, I used electroporation to insert the CRISPR-Cas12a 

and putative gRNAs into the mouse. I observed indels surrounding the Dysf 

retrotransposon insertion site only in mice that were electroporated with the plasmid 

containing Dysf targeting gRNAs. Future experiments with this plasmid may involve 

optimizing the efficacy of genome editing in vitro. 

 

Sonoporation of Murine Skeletal Muscle 

 

It’s possible to decrease the size of the aforementioned genome editing plasmid by 

removing bacterial sequences and determining the minimal functional sequence for the 

various components contained in the plasmid, but there is a limit to how small such a 

plasmid can be and still remain effective. Plasmid size is important because many in vivo 

genome editing applications require the use of viruses that can only contain a certain 

amount of extraneous DNA. In order to surmount the problems presented by a limited 

viral vector loading size, I explored using sonoporation to introduce large exogenous 

plasmids into mice, such as the CRISPR cassette I designed. 

 Plasmids conjugated to microbubbles injected intravenously can be sonoporated 

into muscle and other tissue using ultrasound. Microbubbles are effectively size unlimited 

vectors for transmitting foreign DNA into cells. Multiple plasmids will bind onto a 

comparatively large cationic microbubble. These microbubbles are then injected 

intravenously and ultrasound is applied to the desired organ to transfect. The rapid 

expansion and contraction of the bubble in the blood stream causes the microbubble to 

burst, “shooting” the plasmid into nearby cells. 
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 Before attempting to use a much larger and more complex plasmid such as the 

CRISPR cassette I generated, I tried using the system with a simple plasmid expressing 

the far red shifted fluorescent marker E2-Crimson. The light from far red shifted 

fluorophores doesn’t dissipate as readily as the emissions of other shorter wavelength 

fluorophores do when passing through tissue (Strack et al. 2009). With the kind help of 

Dr. Victor Frenkel and his lab, I sonoporated mice with a reporter plasmid expressing E2-

Crimson. Unfortunately, I did not observe fluorescence in the hind limbs of sonoporated 

mice. This may have been due to a variety of factors ranging from a difference in 

protocols, compared to sonoporation that has been previously shown in skeletal muscle, 

to human error in the preparation of the plasmid or injection/sonoporation of the mice. 

Because plasmid size should not be a limiting factor in tissue transfections, sonoporation 

remains an interesting method for use in vivo and in vitro. Future studies may explore the 

best techniques for performing sonoporation in muscle and the best formulation of 

microbubble vectors for large plasmids, as there are many different sizes and 

compositions of microbubbles. 

 

Conclusions 

 

Increased expression of µ-crystallin in murine skeletal muscle results in a shift in 

metabolism from glycolysis of carbohydrates towards the β-oxidation of fat. These results 

may be important towards management of obesity, diabetes, and other metabolically 

related disorders. CRISPR-Cas12a is an effective system for conducting multiplexed 

screens of gRNAs for optimal targeting efficiency. Simplifying the use of CRISPR-
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Cas12a enhances the ability of researchers to quickly and easily determine an optimal 

gRNA for a variety of CRISPR based applications like genome editing or epigenomic 

therapeutics. Finally, sonoporation offers an attractive approach to transfecting specific 

organs after a minimally invasive intravenous injection of microbubble-conjugated DNA, 

though the exact methods for doing this with murine skeletal muscle will require 

refinement. 
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