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Abstract

Aim—Hereditary ataxias are characterized by a slowly progressive loss of gait, hand, speech, and
eye coordination and cerebellar atrophy. A subset of these, including hypogonadism, are inherited
as autosomal recessive traits involving coding mutations of genes involved in ubiquitination
including RNF216, OTUD4, and STUBI. Cerebellar CHIPopathy (MIM 615768) is a form of
autosomal recessive spinocerebellar ataxia (SCAR16) and when accompanied with hypogonadism,
clinically resembles the Gordon Holmes Syndrome (GHS). A causal missense mutation in the
gene that encodes the carboxy terminus of HSP-70 interacting protein (CHIP) protein was reported
for the first time in 2014. CHIP-/- mice were found to phenocopy the motor deficiencies and
some aspects of the hypogonadism observed in patients with STUBI mutations. However,
mechanisms responsible for these deficits are not known.

Methods—In a survey of skeletal muscle by transmission electron microscopy,

Results—CHIP-/- mice at 6 months of age were found to have morphological changes
consistent with increased sarcoplasmic reticulum compartments in quadriceps muscle and
gastrocnemius (toxic oligomers and tubular aggregates), but not in soleus.

Conclusion—Since CHIP has been implicated in ER stress in non-muscle cells, these findings
illustrate potential parallel roles of CHIP in the muscle sarcoplasmic reticulum, a hypothesis that
may be clinically relevant in a variety of common muscular and cardiac diseases.
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INTRODUCTION

Cerebellar CHIPopathy (MIM 615768) is a form of autosomal recessive spinocerebellar
ataxia (SCAR16) that when accompanied with hypogonadism clinically resembles the
Gordon Holmes Syndrome (GHS) (Holmes, 1908). This new entity was described for the
first time in 2014 as a result of exome sequencing S7UBI in two patients with ataxia
resembling GHS (Shi, et al., 2014). A specific mutation in the gene that encodes the carboxy
terminus of HSP-70 interacting protein (CHIP) protein was found in STUBI (c.737C>T,
p.T246M). We found that the loss of CHIP function in mice (CHIP-/-) phenocopies the
motor deficiencies and some aspects of the hypogonadism observed in patients with STUB1
mutations. Additionally, mice haploinsufficient for CHIP (CHIP+/-) exhibited significant
physical deficits in wire hang, inverted screen, wire maneuver, and open field tasks,
indicating CHIP-dependent behavioral deficits in brain and muscle (McLaughlin et al.,
2012). Numerous other clinical studies identifying STUB1 mutations in subjects with
cerebellar ataxia further confirmed our initial identification of a new disease (Bettencourt et
al., 2015; Casarejos et al., 2014; Cordoba et al., 2014; Depondt et al., 2014; Heimdal et al.,
2014; Ronnebaum et al., 2014; Shi et al., 2013; Synofzik et al., 2014).
Neuroelectrophysiological examination of the two sisters affected by the CHIP T246M
mutation identified a decreased amplitude motor-evoked potential in the bilateral lower
limbs (Shi et al., 2014), despite normal muscle tone, power, and deep tendon reflexes of the
four limbs (Shi et al., 2014). This led us to investigate the CHIP-/- musculature to identify
underlying mechanisms that might be involved. The rationale for this was based on the fact
that CHIP’s ubiquitin ligase activity was implicated in protein quality control and turnover
of multiple proteins found ubiquitously in cells throughout the body, including skeletal
muscle and sarcopenia (Altun et al., 2010). In Caenorhabditis elegans, a deletion mutant of
the CHIP homolog CHN-1 in the musculature prevented motility issues in animals with
mutations in dystrophin and MyoD, modeling Duchenne Muscular Dystrophy, indicating a
role for CHN-1 in muscle wasting and degeneration (Nyamsuren et al., 2007). In the present
study, we identify for the first time ultrastructural changes in representative CHIP-/-
skeletal muscle at 6 months of age that may be related to the previously described
phenotypic presentation.

MATERIALS AND METHODS

Animals

The CHIP-/- (and sibling CHIP+/+) mice were maintained on a mixed genetic background
of C57BL/6 and 129SvEv and harvested at 6 months of age (Dai et al., 2003; Min et al.,
2008; Willis et al., 2013). All animal husbandry and experiments were approved by the
institutional care and use committee (IACUC) for animal research at the University of North
Carolina at Chapel Hill.

Transmission electron microscopy

Tissues were perfused and fixed with 2% paraformaldehyde and 2.5% glutaraldehyde in 0.15
mol/L sodium phosphate buffer (pH 7.4) and postfixed with 1% osmium tetroxide/0.15
mol/L sodium phosphate buffer. Samples were dehydrated with increasing concentrations of
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ethanol, infiltrated and embedded in Polybed 812 epoxy resin (Polysciences, Warrington,
PA), and 70-nm ultrathin sections were cut with a diamond knife. Sections were mounted on
200-mesh copper grids and staining with 4% aqueous uranyl acetate and Reynolds lead
citrate. Sections were observed with a LEO EM910 transmission electron microscope
operating at 80 kV (LEO Electron Microscopy, Thornwood, NY) and photographed with a
Gatan-Orius SC1000 CCD Digital Camera and Digital Micrograph 3.11.0 (Gatan,
Pleasanton, CA).

ATPase/NADH-TR/Cytochrome C oxidase (COX) staining of fresh frozen muscle sections

Fresh frozen skeletal muscle was flash frozen, stored at —80°C, then cut cross-sectionally
and stained for ATPase activity, NADH tetrazolium reductase (NADH-TR), and Cytochrome
C oxidase using standard methods (Pearse, 1972;Pestronk et al., 1992; Sheehan et al., 1987).

Slide scanning and image capture

Imaging of special stained slides were obtained using Aperio Scanscope and exportd using
Aperio Imagescope software (version 10.0.36.1805, Aperio Technologies, Inc., Vista, CA).

RESULTS

We surveyed soleus, quadriceps, and gastrocnemius muscle in CHIP-/- and sibling matched
wild-type mice using transmission electron microscopy (TEM) for ultrastructural alterations.
Compared to soleus muscle from age-matched wild-type siblings (Fig. 1A), CHIP-/- soleus
muscle did not have any notable alterations in sarcomere ultrastructure (Fig. 1B).
Additionally, interfibrillar mitochondria were intact, arranged in pairs (Fig. 1B), while
subsarcolemmal mitochondria were intact (Fig. 1C top panels) and only rarely
morphologically altered) in CHIP-/- mice (Fig. 1C lower panel, indicated by arrows).
Similarly, TEM analysis of quadriceps muscle from wild-type (Fig. 2A) or CHIP-/- (Fig.
2B) found intact sarcomere morphology with no obvious defects. While the paired
interfibrillar mitochondria could be found in quadriceps from both wild-type mice (Fig. 2A)
and CHIP-/- mice (Fig. 2B), we observed less subsarcolemmal mitochondria in CHIP-/-
quadriceps (Fig. 2C) compared to wildtype controls. Throughout the CHIP—/- quadriceps
muscle, accumulation of lamellar bodies structures with the characteristic whirling pattern
covering multiple sarcomere lengths (up to 15 sarcomeres) were observed (Fig. 2C,
indicated by *). Analysis of gastrocnemius muscle from wild-type mice and CHIP-/- mice
revealed similar intact sarcomere ultrastructure without morphological defects (Fig. 3A and
3B, respectively) and intact paired interfibrillar mitochondria (indicated by arrows in
lower panels of Fig. 3A and 3B). Again in the gastrocnemius muscle from CHIP-/- mice
we observed widespread multi-sarcomere accumulation of lamellar bodies (up to 15
sarcomeres long) within the expanded areas between myofibers throughout the muscle (Fig.
3C, indicated by *). These expanded areas demonstrated prominent tubular aggregates with
single-walled longitudinal sections primarily in the sections observed and cut to focus on the
sarcomere structure. Skeletal muscle fiber types differ in many ways, including the number
of mitochondria and metabolic capacities they have. Since our initial findings indicated that
the mitochondrial compartments in CHIP—/— muscle was affected and the fact that skeletal
muscle lamellar bodies (generally aggregated protein) can result from damaged
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mitochondria we next investigated CHIP—/— muscle fiber type in the gastrocnemius where
we observed these differences in mitochondria. The mouse gastrocnemius is a mixed fiber
type muscle containing both slow twitch (Type 1) and fast twitch (Type 1, primarily 11b)
fibers. We measured fiber type composition by first staining for ATPase content, found to be
higher in glycolytic (Type 1) fibers. As expected, wild-type gastrocnemius muscle had a
checkerboard pattern (Fig. 4A, left) with some fibers having low ATPase content (Type I)
ranging to fibers with very high ATPase content (Type I1b). Conversely we stained for
oxidative enzymes that are more abundant in more oxidative (Type 1) fibers. The staining for
cytochrome C oxidase (COX), a mitochondrial enzyme, showed a similar distribution of
dark COX positive fibers and fibers with little to no COX staining in wild-type
gastrocnemius muscle (Fig. 2B, left). A similar checkerboard pattern was observed in wild-
type gastrocnemius muscle when we stained for oxidative enzyme NADH-tetrazolium
reductase (NADH-TR), which detects a reductase present both in the mitochondria and SR,
again identifying the oxidative (dark stained) and non-oxidative (light stained) fibers seen in
gastrocnemius wild-type muscle (Fig. 4C, left). The staining pattern of these markers is
markedly different in CHIP—/- gastrocnemius muscle. Interestingly, in gastrocnemius
muscle from CHIP-/- mice, the majority of fibers had high levels of diffuse staining for
ATPase (Fig. 4A, right) as well as higher levels of diffuse COX content. Strikingly, staining
for NADH-TR revealed dark uniform staining in gastrocnemius from CHIP—/- mice (Fig.
4C, right) compared to the checkerboard pattern in wild-type gastrocnemius (Fig. 4C, left).
Together these data suggest that the fiber composition in the gastrocnemius in affected by
the loss of CHIP expression.

DISCUSSION

CHIP is highly expressed in skeletal muscle, heart, pancreas, brain and placenta, with
detection seen in kidney, liver, and lung (Ballinger et al., 1999; Hatakeyama et al., 2001). In
a recent survey, CHIP RNA and/or Protein were present in 53 or 83 analyzed normal tissue
cell types (http://www.proteinatlas.org/ENSG00000103266-STUB1/tissue). The phenotype
of the CHIP—/- mouse described here (C57BL/6/129S background) is characterized by age-
dependent atrophy in tissues throughout the body, including testis, thymus, gastrocnemius,
quadriceps, and heart (Min et al., 2008). Significant atrophy was detected by 3 months of
age in gastrocnemius and quadriceps, while significant atrophy occurred in all five organs by
12 months (JN Min, RA Whaley, NE Sharpless, P Lockyer, AL Portbury and C Patterson,
2008). These mice had an accelerated aging phenotype and altered protein quality control,
indicated by significant alterations in life span (decreased), toxic oligomers (increased),
proteasome activity (decreased), and indices of oxidative stress (increased) (Min et al.,
2008). In the context of prior studies that identified CHIP’s role in regulating protein folding
in neurodegenerative diseases (Dickey et al., 2006; Miller et al., 2005), the presence of toxic
oligomers illustrates the importance of CHIP in directly regulating the pathological
mechanisms involved in common neurodegenerative diseases including Alzheimer’s disease
(Min et al., 2008). CHIP was initially named the carboxyl terminus of HSC70-interacting
protein (CHIP) for its critical interaction with the chaperone HSC70 (Jiang et al., 2001) as
well as HSP70 and HSP90 chaperones. These interactions play a role in protein triage
decisions, first supporting refolding via chaperones, then targeting for degradation via its
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ubiquitin ligase activity if and when refolding is not possible (Connell et al., 2001). In
addition to the aforementioned chaperones, CHIP interacts with multiple proteins critical to
the maintenance of muscle cells, including C-Raf, Parkin ligase, DNAJB1, and RUNX2
(Ballinger et al., 1999; Dogan et al., 2008; Kharchenko et al., 1975; Li et al., 2008). The
tubular aggregates described here in CHIP—/- skeletal muscle, but not wildtype controls,
were previously proposed to form in aging skeletal muscle fibers, originating from the
sarcoplasmic reticulum (Chevessier et al., 2005; Engel et al., 1970; Muller et al., 2001). The
aggregates were hypothesized to form from the swelling of the sarcoplasmic reticulum
cisternae extending into longitudinally oriented tubules (Boncompagni, et al., 2012).
Multiple proteins were identified as components of the aggregates, including proteins
involved in the uptake and storage of Ca2* such as STIM1, SERCAL, Fast CSQ, Triadin 95
and 51 kDa, RYRZ1, Sarcolumenin (Bohm et al., 2013; Chevessier et al., 2005). Cytoskeletal
markers of Spectrin, Dystrophin, and Desmin were also identified in these aggregates
(Chevessier et al., 2004). In tubular aggregate myopathies, where these tubular aggregates
are predominant, the swelling of the SR results from excess cytosolic Ca2* or intraluminal
Ca%* in one study of myoblasts from a patient with tubular aggregate myopathy (TAM). It
was also reported that excessive STIM1 oligomerization could trigger aggregate formation
(Bohm et al., 2014). Previous studies have implicated CHIP in the role of ER stress, being a
required ubiquitin ligase mediating IREL/TRAF2/INK activation (Zhu, et al., 2014) and
involved in tauopathy-induced (Sakagami, et al., 2013) and beta-amyloid precursor protein
(Abeta)-induced ER stress in neurodegenerative disease models (Kumar et al., 2007).
Additionally, CHIP interactions with HSP70 and Parkin were linked to ER stress in Parkin-
mediated Parkinson’s disease (Imai et al., 2002). The findings in the present report may
illustrate previously unreported parallel roles in the muscle sarcoplasmic reticulum, which is
stressed during aging related to cellular senescence. Tubular aggregates are observed in
neuromuscular disorders, including occasionally in Duchenne Muscular Dystrophy and are a
common finding in cases of periodic paralysis where they are often confined to type 2 fibers
and in some forms of inherited myasthenia gravis (Sieb et al., 1996). Antibodies to emerin,
heat shock proteins, and dysferlin were reported to localize to the tubular aggregates (Manta
et al., 2004). Tubular aggregates are found in a variety of conditions and associated with
multiple pathological insults. Immunohistochemical analysis of tubular aggregates identified
cytoskeletal proteins and the 72 kDa heat shock protein in a case of tubular aggregate
myopathy and in a case of hypokalemic periodic paralysis with tubular aggregates (Martin et
al., 1991). This may indicate that heat shock proteins modulate the tertiary structure of
proteins involved in the pathogenesis of tubular aggregates in muscle (Martin et al., 1991).
With CHIP’s clear collaborative role with HSP70 family proteins, described above primarily
in non-muscle cells, it is possible that alterations/aggregation of HSPs in CHIP—/— muscles
may contribute to the buildup of toxic oligomers and tubular aggregates, to contribute to the
advanced cellular senescence, a hypothesis that may be clinically relevant in a variety of
common muscular and cardiac diseases (Ballinger et al., 1999; Connell et al., 2001; Dogan
et al., 2008; Jiang et al., 2001; Kharchenko et al., 1975; Li et al., 2008).
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. CHIP-/- mice at 6 months of age have morphological changes consistent with
increased sarcomplasmic reticulum compartments in quadriceps muscle and
gastrocnemius, but not in soleus.

. Lack of CHIP may contribute to the buildup of toxic oligomers and tubular
aggregates, related to cellular senescence, a hypothesis that may be clinically
relevant in a variety of common muscular and cardiac diseases.
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Non-standard abbreviations

DNAJB1
CHIP
STUBL
HSPAIA
HSPA4

HSPAS

MuRF1
MyoD
OTUD4
RNF216
RUNX2
SCAR16
ATPase

COX

DnaJ (Hsp40) Homolog, Subfamily B, Member 1
carboxyl terminus of Hsc70 interacting protein
STIP1 Homology And U-Box Containing Protein 1
heat shock 70 kDa protein 1

heat shock 70 kDa protein 4

heat shock protein 70 kDa 8 (aka heat shock cognate 71 kDa protein or
Hsc70 or HSP73)

muscle ring finger-1

transcription factor regulating myocyte differentiation

OUT domain-containing protein 4

ring finger protein 216

runt-related transcription factor 2

Spinocerebellar ataxia, autosomal recessive 16

adenosine triphosphatase- an enzyme that converts ATP to ADP

cytochrome C oxidase

NADH-TR NADH-tetrazolium reductase
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Figure 1.
Transmission electron micrographs of soleus muscle sarcomeres from (A) wild-type and (B)

CHIP-/- mice. (C) Micrographs of CHIP—/- soleus sarcomeres with either normal (top
panels) or abnormal (lower panel) subsarcolemmal mitochondrial (sm) compartments
including damaged mitochondria (indicated by arrows).
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Figure 2.
Transmission electron micrographs of quadriceps muscle sarcomeres from (A) wild-type and

(B) CHIP-/- mice. (C) Micrographs of CHIP-/- quadriceps sarcomeres with tubular
aggregates (indicated by *). Boxed region is magnified (lower right) detailing the tubular
aggregate
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Gastrocnemius
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Figure 3.
Transmission electron micrographs of gastrocnemius muscle sarcomeres from (A) wild-type

and (B) CHIP-/- mice. Longitudinal doublet mitochondria are indicated (arrows in A, B,
lower panels). (C) Micrographs of CHIP—/- gastrocnemius muscle sarcomeres with tubular
aggregates (indicated by * in left panels). Boxed regions are magnified (right panels)
highlighting the with laminar bodies
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Histochemical staining wild-type and CHIP-/- gastrocnemius muscle of: (A) ATPase, (B)
COX, (C) NADH-TR, and (D) (H&E).
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