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CHIP Effect on Microtubules, Glut4, and Glucose Homeostasis

ABSTRACT
Recent evidence has implicated CHIP (carboxyl terminus of Hsc/Hsp70-interacting protein), a co-
chaperone and ubiquitin ligase, in the functional support of several metabolism-related proteins, including
AMPK and SirT6. In addition to previously reported aging and stress intolerance phenotypes, we find that
CHIP 7~ mice also demonstrate a Type II diabetes-like phenotype, including poor glucose tolerance,
decreased sensitivity to insulin, and decreased insulin-stimulated glucose uptake in isolated skeletal
muscle, characteristic of insulin resistance. In CHIP-deficient cells, glucose stimulation fails to induce
translocation of Glut4 to the plasma membrane. This impairment in Glut4 translocation in CHIP-deficient
cells is accompanied by decreased tubulin polymerization associated with decreased phosphorylation of
stathmin, a microtubule-associated protein required for polymerization-dependent protein trafficking
within the cell. Together, these data describe a novel role for CHIP in regulating microtubule
polymerization that assists in glucose transporter translocation, promoting whole-body glucose

homeostasis and sensitivity to insulin.

INTRODUCTION
CHIP (carboxyl terminus of Hsc/Hsp70-interacting protein) is a dual function protein, serving both co-
chaperone and ubiquitin ligase activities (4, 11-13, 24,34, 38,41, 42, 46). CHIP plays an integral role in
the maintenance of protein homeostasis largely by regulating protein quality control pathways. CHIP has
also been implicated in the aging process, with CHIP-deficient mice demonstrating an accelerated aging
phenotype that includes reduced life span, decreased dermal thickness, increased osteoporosis and
kyphosis, accumulation of oxidized lipids and misfolded proteins, and early cellular senescence (35). In
addition to these hallmarks of increased aging, CHIP-deficient mice are significantly smaller than their
wild-type littermates, with reduced whole-body fat stores, decreased subcutaneous adipose layers, and
evidence of muscle wasting. These deficits prompted us to examine whether the lack of CHIP protein in

these mice may result in dysregulation of metabolic homeostasis, in particular glucose/insulin signaling.


https://doi.org/10.1101/166389
http://creativecommons.org/licenses/by/4.0/

50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74

75

bioRxiv preprint doi: https://doi.org/10.1101/166389; this version posted July 21, 2017. The copyright holder for this preprint (which was not
certified by peer review) Is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

aCC-BY 4.0 International license.

CHIP Effect on Microtubules, Glut4, and Glucose Homeostasis

Glucose transport from the blood into fat and skeletal muscle cells is achieved by a carrier-mediated
system. The vast majority of glucose uptake occurs in skeletal muscle (27) and is facilitated by a family
of protein transporters, including the insulin-sensitive glucose transporter 4 (Glut4). In resting cells, the
majority of Glut4 resides in the membrane of intracellular vesicles. However, in response to stimulation
by insulin, Glut4 translocates to the cell plasma membrane, where it is exocytosed, allowing glucose to
enter the cell by facilitated diffusion. Insulin stimulation greatly enhances the recruitment of Glut4 to the
plasma membrane. However, under basal conditions, Glut4 is constantly cycling between the cytoplasm
and the cell membrane, and this movement is facilitated by a complex network of cytoskeletal
microfilament and microtubule components. Any interference with the integrity of this network results in
a failure of Glut4 to move within the intracellular compartment and an inability for the cell to take up

glucose.

Given our observation that CHIP-deficient mice develop signs of metabolic dysregulation (in the form of
decreased body fat and muscle wasting), along with the fact that many CHIP substrates are involved in
the insulin signaling pathway (for example, AKT (15), PTEN (2), and SGK1 (7)), we investigated
whether insulin/glucose metabolism was disrupted in CHIP-deficient mice. Indeed, CHIP-deficient mice
exhibit numerous signs of dysregulation in these pathways — hyperglycemia, reduced glucose clearance,
and reduced glucose uptake in muscle — indicative of insulin resistance. We observe impairments in Glut4
translocation and microtubule polymerization in CHIP-deficient cells. Additionally, CHIP-deficient
isolated gastrocnemius myofibers demonstrated inadequate sub-sarcolemmal polymerization of
microtubules after a glucose bolus. Together, our results demonstrate that CHIP is involved in the cellular
response to both glucose and insulin by contributing to the dynamic response of the microtubule network
required for Glut4 translocation, thereby promoting the cellular response to insulin and regulating glucose

homeostasis.
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76 MATERIALS AND METHODS

77 Animal care. Wild-type and CHIP-deficient mice were generated and maintained on a mixed genetic

78  background of C57BL/6 and 129SvEv (C57BL/6 x129), as previously described (13), or by repeatedly

79  backcrossing the 129SvEv mouse strain (Charles River, Wilmington, MA) with 129Sv/C57B6 mice

80  carrying a single mutated CHIP allele (46, 53). Mice in the present study were 3-3.5 months old. All

81  animal husbandry and experiments were approved by the Institutional Care and Use Committee for

82  Animal Research at The University of North Carolina at Chapel Hill.

83

84  Serum glucose and insulin. Serum samples were obtained by mandibular punch and collected from “fed”

85  animals (ad libidum night feeding) and from “fasted” animals (no food, 16-20 h overnight). Serum

86  glucose was measured with the Glucose Assay Kit (Cayman Chemical Company, Ann Arbor, MI), and

87  serum insulin was measured with the Rat Insulin Enzyme Immunoassay Kit (SPI-BIO Bertin Pharma,

88  Montigny le Bretonneux, France).

89

90  Metabolic studies. For glucose and insulin tolerance testing, fasted mice were given an intraperitoneal

91  (IP) injection of 20% D-glucose (2 pg glucose/g body mass) or insulin (0.75 U/kg body mass). Blood

92  glucose was measured from tail blood before glucose injection (t = 0) and at the indicated time points

93  after injection. Glucose was measured with a Precision Xtra blood glucose meter (Abbott Diabetes Care

94  Inc., Alameda, CA). Hyperinsulinemic-euglycemic clamp studies were performed on adult mice as

95  previously described (3).

96

97  2-deoxyglucose uptake in skeletal muscle. Fasted mice received an IP injection of 20% D-glucose (2 ug

98  glucose/g body mass) containing 1 #Ci/ml [*H] 2-deoxy-D-glucose (PerkinElmer, Waltham, MA). Mice

99  were sacrificed by cervical dislocation 40 min after injection, and muscles were dissected and flash-
100 frozen in liquid nitrogen. Frozen tissue was pulverized and solubilized in 0.1 N NaOH containing 0.1%

101 SDS. 400 ul aliquots of the solubilized muscle were added to 4 ml Ecoscint H scintillation fluid (National
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102 Diagnostics, Charlotte, NC) and counted on an LS 6500 multipurpose scintillation counter (Beckman

103 Coulter, Indianapolis, IN); counts were corrected for protein concentration using Protein Assay Dye (Bio-
104  Rad, Hercules, CA) and normalized to wild-type gastrocnemius values per strain of mice.

105

106  Cell culture. The mouse skeletal muscle-derived C2C12 cell line was transduced with lentiviral particles
107  expressing short hairpin RNAs (shRNA) targeting either CHIP mRNA (shCHIP) or a non-target

108  (shCONT). Briefly, C2C12 cells were infected with lentivirus expressing CHIP shRNA (Open

109  Biosystems, Pittsburgh, PA; catalog numbers TRCN0000007528, TRCN0000008527, and

110 TRCNO0000008530; empty vector control pLKO.1 catalog number RHS4080). After 24 h, cells were

111 selected with 2 yg/ml puromycin (Sigma-Aldrich, St. Louis, MO) for one week, a time point at which all
112 uninfected cells had died. The surviving cells were expanded and stored in liquid nitrogen with freezing
113 media. For experiments, cells were cultured in DMEM (Life Technologies, Grand Island, NY) containing
114 25 mM glucose and 10% FBS (Sigma-Aldrich). Glucose stimulation was performed by incubating cells in
115  serum-free DMEM/5.5 mM glucose for 4 h (indicated by t = 0), then replacing the media with 25 mM
116 glucose DMEM/10% serum/100 nM insulin (Lilly, Indianapolis, IN), and cells were harvested at the

117  indicated time points.

118

119 Immunoblotting, immunocytochemistry, and antibodies. Cell lysates were collected in RIPA buffer

120  containing 150 mM NaCl, 50 mM Tris HCI pH 7.5, 0.25% deoxycholic acid, 1% NP-40, and 1X protease
121  inhibitor cocktail (Sigma-Aldrich) and subsequently separated into NP-40-soluble and -insoluble fractions
122 by centrifugation. Protein lysates were separated using Bis-Tris 4-12% SDS-PAGE (Life Technologies),
123 transferred to polyvinylidene fluoride membranes (EMD Millipore, Billerica, MA) and immunoblotted
124 using standard chemiluminesence technique. Primary antibodies included: a-tubulin, B-actin, and -

125 tubulin (Sigma-Aldrich); GAPDH and Glut4 (EMD Millipore); BiP, CHIP, stathmin, and phosphorylated
126  stathmin at serine 16 (Cell Signaling, Danvers, MA); and myc (Santa Cruz Biotechnology, Dallas, TX).

127 For immunocytochemistry, cells were grown on glass slides, washed with PBS, and fixed in 4%
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128  paraformaldehyde in PBS (w/v). GFP was visualized directly to detect myc-Glut4-GFP. Indirect

129  immunofluorescence of endogenous Glut4 was carried out by incubating the Glut4 antibody (1:200) and
130  visualizing with an AlexaFluor488 secondary antibody (Life Technologies). In some instances, cells were
131  stained with TexasRed-X Phalloidin (Life Technologies) for 45 min. For indirect immunofluorescence
132 using ex vivo muscle fibers, the fixed fibers were transferred to blocking buffer containing 50 mM

133 glycine, 0.25% BSA, 0.04% TritonX-100, and 0.05% sodium azide in PBS, and permeabilized in buffer
134 containing 1% BSA and 0.5% TritonX-100 in PBS for 30 min, after which time fibers were incubated
135  overnight with the a-tubulin antibody diluted 1:1000 in blocking buffer. After 3 PBS washes of 30 min
136 each, the myofibers were incubated for 2 h with an AlexaFluor 488-conjugated goat anti-mouse antibody
137  (Life Technologies) and washed 3 times in PBS for 5 min each. All cells and muscle fiber preparations
138  were mounted with glass cover slips using Vectashield mounting media with DAPI (Fisher Scientific,
139  Pittsburgh, PA). Micrographs were obtained on a Nikon Eclipse ES800 upright fluorescent microscope
140  utilizing QCapture software (QImaging Corp., Surrey, British Columbia, Canada).

141

142 OPD assay. O-phenylenediamine dihydrochloride (OPD) assays were performed using SIGMAFAST
143 OPD tablets according to manufacturer’s instructions (Sigma-Aldrich). Briefly, C2C12 cells in 6 well
144 plates were washed with PBS, fixed for 3 min in 4% paraformaldehyde (w/v) at room temperature, then
145  neutralized with 1% glycine (w/v) in PBS at 4°C for 10 min. Cells were blocked for 30 min at 4°C with
146 PBS containing 10% goat serum and 3% BSA, incubated with anti-myc antibody at 4°C for 30 min, then
147  incubated with peroxidase-conjugated goat anti-mouse secondary antibody. Following removal of the
148  secondary antibody, 1 ml of O-phenylenediamine dihydrochloride in phosphate-citrate buffer with urea
149 hydrogen peroxide (Sigma-Aldrich) was added to each well of cells for 20 min. The reaction was stopped
150 by adding 0.25 ml of 3 M HCI. Optical absorbance of the supernatant was measured at 492 nm on a

151  SmartSpec 3000 (Bio-Rad). The myc epitope on the exofacial loop of the membrane-inserted myc-Glut4-
152 GFP is detected first by the anti-myc antibody, then by the secondary horseradish peroxidase-conjugated

153  antibody. The action of the peroxidase secondary antibody on OPD changes its absorbance. The change in
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154 absorbance correlates with the amount of exposed myc epitope and thus can be used to calculate the

155  amount of membrane-inserted myc-Glut4-GFP.

156

157  Two-dimensional differential in gel electrophoresis (2D-DIGE), matrix-assisted laser desorption

158  ionization time of flight (MALDI-TOF) mass spectrometry, and functional clustering. Differential protein
159  expression using 2D-DIGE comparing wild-type and CHIP-deficient mouse embryonic fibroblast protein
160  extracts was carried out as previously described (44). 34 spots identified via 2D-DIGE (unpaired t-test, p
161  <0.05,FDR < 25%) were identified via MALDI-TOF mass spectrometry and analyzed using the DAVID
162  functional annotation clustering tool (14, 21). The mean fold-enrichment (log,) of each functional cluster
163 (x-axis) and corresponding proteins (y- axis) were analyzed using a Pearson’s centered, complete linkage
164 clustering analysis as previously described (8).

165

166  Single muscle fiber preparation. Wild-type and CHIP-deficient mice were fasted overnight and split into
167  two groups. The first group of mice maintained the fast, whereas the second received an IP injection of
168 20% D-glucose (2 ug glucose/g body mass). After 40 min, mice were sacrificed by cervical dislocation,
169  and the gastrocnemius was immediately removed and placed in 2% paraformaldehyde (w/v) for 1 h, then
170  rinsed several times in PBS. Small bundles of 1-3 fibers were then teased away with fine forceps.

171

172 Statistics. Statistical tests were performed as indicated in the methods, figure legends, and table legends.
173

174 RESULTS

175  CHIP is necessary for optimal glucose homeostasis. CHIP-deficient mice demonstrate an accelerated
176  aging phenotype as well as other maladies, including muscle wasting, that suggest metabolic imbalances
177 (35). Given the high level of CHIP expression detected in human skeletal muscle (4), the association

178  between muscle atrophy and altered glucose homeostasis (47), and the established link between the loss

179  of muscle mass in the elderly with Type II diabetes (5, 16), we hypothesized that CHIP-deficient mice
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180  may have altered glucose homeostasis stemming from skeletal muscle dysfunction. Consistent with our
181  hypothesis, mice lacking CHIP exhibited a mild hyperglycemia that was more pronounced under fasted
182  conditions (Fig. 14). The change in glucose homeostasis was accompanied by a trend towards an increase
183  ininsulin levels that was unmasked in the fed state (Fig. 1A), suggesting that decreased insulin

184  responsiveness in the peripheral tissues of CHIP-deficient mice may result in compensatory

185  hyperinsulinemia typical of Type II diabetes (18). To test this, a glucose tolerance test was performed on
186  wild-type and CHIP-deficient 129SvEv mice to determine the acute ability of tissues in these mice to
187  remove glucose from the blood. CHIP-deficient mice failed to clear glucose from the blood efficiently
188  compared to wild-type mice (48 + 9% increase in the AUC comparing CHIP 7 to wild-type mice, Fig.
189  1B). To measure whether the defect in glucose tolerance was due to a reduction in insulin release or

190  insulin receptor sensitivity, an insulin tolerance test was performed. We found that intraperitoneal

191  administration of insulin had a smaller effect on lowering blood glucose levels in CHIP-deficient mice at
192  all time points tested (49 + 6% increase in the AUC comparing CHIP 7 to wild-type mice, Fig. 1C),

193 suggesting that insulin sensitivity is impaired in CHIP 7~ mice. To directly assess insulin sensitivity, we
194 performed a hyperinsulinemic-euglycemic clamp assay. During insulin infusion, CHIP-deficient mice
195  required half the rate of glucose infusion compared to wild-type mice to maintain blood glucose levels
196  (Table 1), indicating whole-body insulin resistance. This finding was supported by the fact that CHIP-
197  deficient mice were unable to suppress hepatic glucose production to the same extent as wild-type mice,
198  and there was a dramatic reduction in the ability of CHIP-deficient gastrocnemius to take up 2-

199  deoxyglucose during hyperinsulimia (45 + 9%; Table 1). This poor glucose tolerance phenotype and

200  impaired glucose uptake in skeletal muscle was recapitulated in CHIP * mice bred on a mixed C57BL/6 x
201 129 background (Fig. 1D and Table 1). Taken together, these data demonstrate that the absence of CHIP
202  leads to a Type II diabetes-like phenotype under physiological conditions due to impaired glucose uptake
203  and insulin resistance in skeletal muscle.

204
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205  CHIP is necessary for optimal Glut4 translocation to the membrane following insulin stimulation.
206  We hypothesized that the severe defect in glucose uptake associated with CHIP deficiency (Fig. 1B-D,
207  Table 1) may be linked to the inability of Glut4, the major glucose transporter found in skeletal muscle
208  and adipose tissue, to translocate from the cell interior to the plasma membrane in response to insulin
209  stimulation, thereby hindering the cellular uptake of glucose (22). Following insulin stimulation, a series
210  ofintracellular signaling pathways promote Glut4 movement from intracellular vesicles to the cell

211 membrane (9). Once Glut4 reaches the cell membrane, it fuses and undergoes exocytosis to facilitate the
212 diffusion of glucose through the cell membrane. Glut4 translocation is essential for successful insulin
213  signaling and glucose uptake by skeletal muscle cells (23, 26, 39, 45, 51). We employed lentiviral

214 transduction of control or CHIP shRNA in mouse skeletal muscle C2C12 cells (shCONT and shCHIP cell
215  lines) to investigate if a reduction in CHIP expression influences insulin-dependent Glut4 translocation.
216  To measure Glut4 translocation, we transfected shCONT and shCHIP C2C12 cells with a myc-Glut4-
217  GFP construct (myc N-terminus, GFP C-terminus; (52)) and examined the location of Glut4-GFP protein
218  following 4 h serum starvation before and after a challenge with 25 mM glucose and 100 nM insulin.
219  After serum starvation and prior to glucose/insulin stimulation (time 0), Glut4-GFP was largely localized
220  to the perinuclear region in both the sShCONT and shCHIP C2C12 cells (Fig. 2A). However, following 30
221 min of insulin stimulation, Glut4-GFP translocated to the membrane in ShCONT cells, but remained in a
222 perinuclear region in the shCHIP cells (Fig. 2A). To verify this lack of Glut4 movement in response to
223 insulin in shCHIP cells, we took advantage of the myc tag on the Glut4-GFP construct and performed a
224 colorimetric assay of surface myc-Glut4-GFP using O-phenylenediamine dihydrochloride (OPD). In this
225  method, insertion of myc-Glut4-GFP protein into the cell membrane results in the exofacial positioning of
226 the myc tag. This tag is subsequently labeled with a secondary antibody conjugated to peroxidase and
227  then is treated with OPD reagent, which results in a colorimetric reaction that can be monitored by

228  measuring light absorbance at 492 nm (50). Using this assay, we confirmed that, whereas the membrane
229  level of myc-Glut4-GFP increased following insulin stimulation in ShCONT cells, the amount of

230  membrane-bound myc-Glut4-GFP did not change following insulin stimulation in shCHIP cells (Fig. 2B).
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231  This lack of Glut4 translocation to the membrane in the shCHIP cells suggests that CHIP is involved in
232 insulin-dependent trafficking of Glut4 to the cell membrane.

233

234 CHIP deficiency results in cytoskeletal abnormalities in shCHIP C2C12 cells. The movement of
235  Glut4 to the cell membrane requires the coordinated assembly of both actin microfilaments and tubulin-
236  containing microtubules (17, 36, 37, 43). Therefore, to determine the possible cause for aberrant Glut4
237  translocation in CHIP-deficient cells, we first examined whether the arrangement and insulin-mediated
238  response of filamentous actin (F-actin) was altered in CHIP-deficient C2C12 cells. In unstimulated cells,
239  F-actin filaments were evenly distributed throughout both shCONT and shCHIP cells, running parallel to
240  the longitudinal axis of the cell (Fig. 3A). Following insulin stimulation for 30 min, F-actin foci localized
241  near the plasma membrane edge in both sS\ACONT and shCHIP cells (Fig. 3A). In the shCONT cells, the
242 F-actin foci co-stained for Glut4, supporting previous reports that actin is critical for the successful fusion
243 and exocytosis of Glut4 at the plasma membrane (32). In contrast, although some plasma membrane-
244 localized F-actin foci were present in shCHIP cells stimulated with insulin, Glut4 did not colocalize with
245  these structures. Instead, we saw a heavy concentration of F-actin/Glut4 foci clustered around the nucleus
246  in insulin-stimulated shCHIP cells. (Fig. 3A). The patterning of these structures was reminiscent of the
247  fractured Golgi associated with microtubule depolymerization in neurons (19), suggesting that the

248  microtubule network responsible for ensuring the successful transport of Glut4 to the plasma membrane
249  inresponse to insulin stimulation may be compromised in shCHIP cells. Remodeling of the microtubule
250  network within cells is critical for Glut4 dependent insulin-induced glucose uptake (10, 17, 31). The

251  signaling pathways downstream of insulin stimulation result in the polymerization of soluble tubulin

252 dimers, leading to the formation of insoluble microtubules. With this in mind, we took advantage of the
253  solubility dynamic of the microtubule protein B-tubulin to investigate whether the microtubule network
254  formed in response to insulin stimulation is disrupted in CHIP-deficient cells. After 10 min of insulin
255  stimulation, tubulin began appearing in the NP-40-insoluble pellet fraction in lysates collected from

256  shCONT cells (Fig. 3B-C). In contrast, no movement of tubulin to the insoluble fraction was detected in

10
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257  shCHIP cells, even at later time points. Importantly, these data indicate a severe disruption in the ability
258  of tubulin to polymerize in response to insulin in CHIP-deficient C2C12 cells.

259

260  Stathmin phosphorylation is decreased in CHIP-deficient C2C12 cells. Because our data suggested
261  that tubulin polymerization is impaired in the absence of CHIP, we investigated whether other

262 cytoskeletal-associated proteins were reliant on CHIP expression. First, we identified proteins whose
263  steady-state protein levels were affected by CHIP expression by performing two-dimensional difference
264 gel electrophoresis (2D-DIGE) on protein extracts from primary wild-type and CHIP-deficient MEFs. We
265  identified Actin Cytoskeleton and Morphogenesis as one of the major classes of proteins differentially
266  regulated by CHIP expression (Fig. 4A). Included in this group of proteins was stathmin, a microtubule-
267  associated protein that regulates the polymerization of tubulin (48). Stathmin levels were reduced in the
268  shCONT cells compared to the CHIP-deficient cells, suggesting that CHIP may directly affect stathmin
269  cellular function. Stathmin activity is regulated by both total levels and by phosphorylation.

270  Unphosphorylated stathmin binds to the a- and B-tubulin dimers and helps to maintain a pool of tubulin
271  readily available for polymerization in the soluble fraction, but phosphorylation of stathmin prevents
272  stathmin from binding to tubulin dimers, thereby allowing tubulin polymerization (33, 40, 48). To

273  determine if the phosphorylation of stathmin is impacted by CHIP expression in a cellular context where
274  tubulin reorganization is triggered, we measured stathmin serine 16 phosphorylation after serum

275 starvation and subsequent insulin stimulation (33). Following insulin stimulation, the level of

276  phosphorylated stathmin was increased in shCONT cells (Fig. 4C-D), coincident with the appearance of
277  polymerized tubulin (Fig. 3B-C). In contrast, a much smaller increase in phosphorylated stathmin was
278  seen in shCHIP cells, in agreement with an observed lack of polymerized tubulin in these cells. Taken
279  together, the decreased insulin sensitivity in CHIP-deficient mice and insufficient Glut4 translocation may
280  be caused by impaired stathmin phosphorylation and inadequate tubulin polymerization.

281

11
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282  CHIP is necessary for optimal microtubule polymerization in vivo following insulin stimulation. To
283  determine if the lack of microtubule polymerization in CHIP-deficient C2C12 cells was recapitulated in
284  anin vivo setting, we examined microtubule polymerization in freshly isolated myofibers from CHIP-
285  deficient mice. In response to insulin stimulation, microtubules within individual muscle fibers

286  longitudinally span myofibrils just beneath the sarcolemma and transversely across the myofibrils, with a
287  concentration in the area of the I-band leading to a lattice-like microtubule appearance (25). Microtubules
288  are also found in the perinuclear region and radiate from the perinuclear region to run transversely into
289  the interior of the myofibril, an arrangement that is purported to support intracellular transport (25). To
290  examine whether the microtubule arrangement is aberrant in CHIP-deficient muscle fibers following

291  insulin stimulation, we fasted wild-type and CHIP-deficient mice overnight and then challenged both
292 genotypes with an IP bolus of glucose. Neither wild-type nor CHIP-deficient myofibers displayed

293  substantial sub-sarcolemmal nor perinuclear a-tubulin staining after the overnight fast. However, after an
294  injection of glucose, the wild-type fibers exhibited intense perinuclear a-tubulin staining and a striking
295  lattice arrangement of a-tubulin-positive fibers at the surface of the sarcolemma (Fig. 5). In contrast, this
296 lattice appearance was strikingly absent in CHIP-deficient myofibers, revealing a lack of microtubule
297  polymerization at the myofiber surface (Fig. 5). Taken together, we observe hyperglycemia and insulin
298 resistance in CHIP-deficient mice, and we demonstrate that sSatCHIP cells exhibit decreased microtubule
299  polymerization and Glut4 translocation. We propose that CHIP plays a critical role in promoting insulin-
300  stimulated microtubule polymerization and the movement of Glut4 to the membrane, facilitating the

301  import of glucose into the cell and maintaining glucose homeostasis.

302

303 DISCUSSION

304  Glucose transporter translocation is an important cellular mechanism in glucose homeostasis, especially
305  ininsulin-sensitive tissues such as skeletal muscle. Previously, we reported that mice lacking CHIP

306  expression exhibit phenotypes such as accelerated aging and decreased tolerance to cardiac stressors such

307  as ischemia reperfusion and pressure overload (35). Here we add to the characterization of the CHIP-
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deficient phenotype by demonstrating that CHIP-deficient mice also develop a Type II diabetic
phenotype, including glucose intolerance (Fig. 1B, 1D), insulin resistance (Fig. 1C, Table 1), and
decreased glucose uptake in skeletal muscle (Table 1). The apparent cause for this aberrant
glucose/insulin response is at least in part due to the disruption of microtubule reorganization in response
to insulin stimulation (Fig. 34, 3B, 3C, and 5) that is necessary for the glucose transporter Glut4 to
translocate to the cell membrane and facilitate the entry of glucose into the cell (Fig 2A, 2B, and 3A).
These data support the hypothesis that CHIP expression is necessary for maintaining optimal
glucose/insulin signaling and provides further evidence of an intersection between protein quality control

and metabolic pathways.

The idea that CHIP, a co-chaperone/ubiquitin ligase involved in protein quality control pathways, could
play a role in metabolic homeostasis evolved over the last several years. The discovery that CHIP forms a
complex with the stress-induced kinase SGK1 (serum- and glucocorticoid-regulated kinase-1; (6)),
resulting in the inhibition of SGK kinase activity, positions CHIP to play an integral role in modifying
myriad cellular responses to stress, including insulin signaling (20, 30). CHIP also influences the activity
of the peroxisome proliferator-activated receptor (PPAR) proteins PPARa and PPARJ via its interaction
with Hsp90 (49). The PPAR proteins are nuclear receptor proteins that regulate the expression of
numerous genes involved in cellular differentiation, development, and metabolism (1). By binding to
Hsp90, CHIP induces the activation of PPARa that, among other things, impacts PPARa’s regulation of
fatty acid catabolism as well as amino acid and carbohydrate metabolism (28, 29). Perhaps the most direct
link between CHIP and metabolic regulation is the recent discovery that the energy sensing enzyme
AMP-activated kinase (AMPK) is a physiological substrate of CHIP’s autonomous chaperone activity
(46). CHIP promotes phosphorylation of AMPK via LKB1, thereby increasing AMPK activity in
response to a decrease in ATP; in addition, CHIP alters the tertiary structure of the a catalytic subunit of
AMPK, resulting in enhanced stability and activation of AMPK function (46). Given the complex

physiology of glucose homeostasis that requires both tissues and organ systems to work individually as

13
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334 well as coordinately, it is likely that multiple CHIP-dependent pathways including the regulation of

335  cytoskeletal architecture contribute to the phenotype observed in CHIP 7~ mice. Future studies that utilize
336 tissue-specific manipulations of CHIP expression will undoubtedly help elucidate the role of CHIP in
337  tissues with vastly different metabolic properties, especially in complex diseases such as diabetes and
338  heart failure.

339

340  Our investigation into possible mechanisms by which glucose homeostasis is disrupted in CHIP-deficient
341  led us to discover a microtubule polymerization defect in the CHIP-deficient cells. The data shows that
342 insulin-responsive microtubule polymerization is impaired in CHIP-deficient skeletal muscle cells and in
343 the myofibers of CHIP-deficient mice. Normally, upon insulin stimulation, the microtubule-associated
344  protein stathmin is phosphorylated, causing stathmin disengagement from tubulin dimers in the cytosol
345  and freeing tubulin to polymerize (33, 40, 48). Upon insulin stimulation, the absence of CHIP abrogates
346  the phosphorylation of serine 16 of stathmin, suggesting the possibility of a role for CHIP at this point in
347  the insulin signaling phosphorylation cascade. CHIP could be acting purely as a chaperone to stathmin,
348  such that the interaction causes a conformational change in stathmin that facilitates phosphorylation,

349  similar to CHIP’s chaperone function in the phosphorylation of AMPK (46). Of course, CHIP could also
350  be acting further upstream. There are two candidate CHIP substrates in this regard, AKT (15) and PTEN
351  (2). To promote the insulin-stimulated phosphorylation cascade, CHIP could have a role as a chaperone to
352  AKT in a conformational-changing interaction that promotes AKT phosphorylation. Or, CHIP’s ubiquitin
353 ligase activity might target PTEN, preventing its phosphatase activity on PIP3, thereby prolonging PIPs
354  phosphorylation signaling. Interestingly, we have observed a similar abrogation of Glut4 translocation in
355  AICAR-stimulated C2C12 cells (data not shown), suggesting that CHIP’s effect occurs downstream of
356  the point where the AMPK and the insulin signaling pathways converge (9), which would suggest that
357 CHIP acts downstream of AKT and PTEN. Indeed, insulin-stimulated membrane ruffling still occurs in
358  the CHIP-deficient cells, suggesting that plasma membrane-associated molecules are not affected by the

359  absence of CHIP. Alternatively, CHIP could be targeting an as-yet unidentified protein in insulin
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signaling that plays a role in the transmission of the phosphorylation cascade to the interior of the cell, a
process that remains incompletely understood. Nevertheless, the effect on microtubule polymerization in
CHIP-deficient muscle cell lines and muscle cells is striking, and we believe this inhibition of

microtubule polymerization causes reduced glucose uptake in cells as well as in skeletal muscle in vivo.
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383 Tables
384
385 Table 1. Results of hyperinsulinemic-euglycemic clamp study and glucose uptake in muscle.

386

387 129SvEv Wild-type CHIP" p

388 Glucose infusion rate (mg/kg/min) 2+4 11+1 0.0018
389 Hepatic glucose output (mg/kg/min) 13+3 21+4 0.0186
390 Insulin-induced suppression of hepatic glucose production (%) 78 +6 41+10  0.0007
391 Gastrocnemius 2-deoxyglucose uptake (relative counts/mg) 100 £ 8 55+9 0.0022
392

393 mixed C57BL/6 x 129SvEv Wild-type CHIP" p

394 Gastrocnemius 2-deoxyglucose uptake (relative counts/mg) 100 + 25 21+4 0.0137
395 Soleus 2-deoxyglucose uptake (relative counts/mg) 916 £ 161 393+47 0.0140
396

397  Data are represented by the mean + SEM (n =4 and 5 per genotype, in 129SvEv and mixed mice,

398  respectively): p values from unpaired t-test comparing wild-type and CHIP 7~ mice are provided.
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399 FIGURE LEGENDS

400  Fig. 1. Mice deficient in CHIP expression demonstrate Type II diabetic phenotypes. A: ad libitum fed or
401 overnight-fasted blood glucose (upper) and insulin (lower) in 129SvEv mice represented by the mean +
402  SEM (n > 8 per genotype, per condition): T p = 0.00018 via unpaired t-test comparing wild-type and
403  CHIP 7 mice. B-C: blood glucose levels in 129SvEv mice measured at the indicated time points after (B)
404  glucose or (C) insulin bolus injection represented by the mean + SEM (n = 15/20 or 5/6 in wild-

405  type/CHIP '~ mice for glucose or insulin tolerance, respectively). D, 2-deoxyglucose uptake in

406  gastronemius of 129SvEv mice (relative counts/mg).

407

408  Fig.2.C57BL/6x129 mice (mixed background) also display Type II diabetic phenotype. A: overnight
409  fasted mice blood glucose levels measured at the indicated time points after a glucose bolus injection
410  represented by the mean +SEM (n=4males, 2females per genotype)B. Glucose stimulated insulin

411  secretion in freshly isolated islets from wild-type and CHIP *~ mice. C. 2-deoxyglucose uptake in

412  gastronemius and D. in soleus of overnight fasted C57BL/6x129 mice forty minutes after IP
413  glucose bolus.

414

415  Fig. 3. Diagram of “components” of glucose metabolism showing roles of liver and skeletal
416  muscle.

417

418  Fig.4. Absence of CHIP in C2C12 cells affects insulin stimulated glucose metabolism. A.
419  glucose uptake in control (shCONT) and CHIP deficient (shCHIP) C2C12 cells, measured at the
420  indicated times after 4 hours serum starve, then complete media plus insulin (shCONT

421  —shCHIP--). B. glucose uptake in CHIP deficient (shCHIP) C2C12 cells infected with AAGFP(--

422 ) or AACHIP(—), measured at the indicated times. C. microarray data from wild-type and CHIP
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423  deficient primary MEFs. Hierarchical functional clustering of 34 differentially expressed proteins

424 identified via 2D-DIGE analysis comparing wild-type and CHIP " fibroblast protein extracts. Proteins
425  (rows) are represented by their functional classification in the indicated clusters (columns): orange, ER
426  and EF-hand proteins; green, translation and protein metabolism; and blue, actin cytoskeleton and

427  morphogenesis. The heat map indicates the fold enrichment of each cluster compared to the relative

428  enrichment that occurs in the mouse proteome.

429

430  Fig. 5. Cytoskeletal defects in cells with reduced CHIP expression. A: fluorescent micrographs of C2C12
431  control cells (shCONT) or cells with reduced CHIP expression (shCHIP). After serum starvation (0 min)
432 or stimulation (30 min) with complete media plus insulin, cells were fixed and visualized for nuclei

433  (DAPI), phalloidin staining (F-actin), and endogenous Glut4 expression. Red arrows indicate perinuclear
434 F-actin foci; green arrows indicate membrane edge F-actin foci; white arrows indicate F-actin/Glut4

435  colocalization. False color overlays are included. Scale bar indicates 10 ym. B. Immunoblot for Bip in
436  C2Cl12 cells after 4 hrs serum starve, then 30 min in complete media plus insulin.

437

438  Fig. 6. CHIP expression is necessary for insulin-stimulated Glut4 localization. A: fluorescent micrographs
439  of C2C12 control cells (shCONT) or cells with reduced CHIP expression (shCHIP) transfected with myc-
440  Glut4-GFP cDNA. After serum starvation (0 min) or stimulation (30 min) with complete media plus

441 insulin, cells were fixed and visualized for nuclei (DAPI) and Glut4 expression. False color overlays are
442  included. Scale bar indicates 10 gm. B: relative levels of surface Glut4 expression measures by O-

443  phenylenediamine dihydrochloride absorbance in shCONT and shCHIP cells at the indicated time points
444 after stimulation are represented by the mean + SEM (n = 4): significant results of two-way ANOVA (o =
445  0.05) are indicated, * p < 0.05 via Sidak’s multiple comparisons test comparing sShCONT and shCHIP
446  cells at the indicated time point.

447
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448  Fig.7. CHIP-dependent effects on tubulin polymerization A. representative immunoblot analysis of
449  CHIP as well as both soluble and insoluble B-tubulin and B-actin. B. densitometry of relative insoluble -
450  tubulin levels in protein extracts from serum-starved C2C12 cells (time = 0) and at the indicated time
451  points (min) after stimulation with complete media plus insulin represented by the mean + SEM (n = 4):
452 significant results of two-way ANOVA (o = 0.05) are indicated, * p < 0.05 via Sidak’s multiple

453  comparisons test comparing shCONT and shCHIP cells at the indicated time point. C: representative
454  immunoblot analysis of phosphorylated stathmin at serine 16 (S16), total stathmin, and B-actin, and D:
455  densitometry of relative phosphorylated stathmin (S16) levels in protein extracts from serum-starved
456  C2Cl12 cells (time = 0) and at the indicated time points (min) after stimulation with complete media plus
457  insulin represented by the mean + SEM (n = 4): significant results of two-way ANOVA (o = 0.05) are
458  indicated, * p < 0.05 via Sidak’s multiple comparisons test comparing ShCONT and shCHIP cells at the
459  indicated time point.

460

461  Fig.8. Reduced CHIP affects insulin pathway signaling in tissue A.immunoblot of indicated insulin
462  pathway molecules comparing wild-type and CHIP deficient tissues B. immunoblot for AKT and PTEN
463  ininsulin stimulated ShCONT and shCHIP C2C12 cells.

464

465  Fig. 9. CHIP PTEN interaction correlated with sustained PIP3 levels in shCONT C2C12 cells. A.

466  Immunoblot of PTEN immunoprecipitated lysate from insulin stimulated shCONT C2C12 Cells. B.

467  immunoblot of membrane and cytoplasmic fractions of insulin stimulated shCONT and shCHIP C2C12
468  cells. C. comparing PIP3 levels in insulin stimulated ShCONT and shCHIP C2C12 cells.

469

470  Fig. 10. Differentiated C2C12 myotubes exhibit the same tubulin and Glut4 CHIP effects seen in the
471  undifferentiated cells. A. shCONT myotubes exhibit increased glucose uptake in insulin stimulated

472  myotubes compared with CHIP-deficient (shCHIP) myotubes (representative experiment). B. immunoblot

473 for tubulin in the soluble and pellet fractions of insulin stimulated shCONT and CHIP-deficient (shCHIP)
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474  myotubes. C. immunoblot for soluble and pellet tubulin in insulin stimulated AdGFP and AdCHIP

475  infected CHIP deficient (shCHIP) myotubes. D. 30 min insulin stimulation of shCONT and CHIP-

476  deficient (shCHIP) myotubes immunobloted for endogenous Glut4.

477

478  Fig. 11. CHIP expression is necessary for glucose-mediated cytoskeletal dynamic in ex vivo skeletal

479  muscle. Representative fluorescent micrographs of individual gastrocnemius muscle fibers isolated from
480  wild-type and CHIP-deficient fasted mice or fasted mice given a glucose bolus (40 min) were stained for
481  a-tubulin (top). False color overlays of a-tubulin (orange) and the nuclear counterstain DAPI (blue) are

482  provided (bottom).

20


https://doi.org/10.1101/166389
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/166389; this version posted July 21, 2017. The copyright holder for this preprint (which was not

certified by peer review) Is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

483
484
485
486
487
438
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506

507

aCC-BY 4.0 International license.

CHIP Effect on Microtubules, Glut4, and Glucose Homeostasis

REFERENCES
1. Ahmadian M, Suh JM, Hah N, Liddle C, Atkins AR, Downes M, and Evans RM.
PPARgamma signaling and metabolism: the good, the bad and the future. Nat Med 19: 557-566,2013.
2. Ahmed SF, Deb S, Paul I, Chatterjee A, Mandal T, Chatterjee U, and Ghosh MK. The
chaperone-assisted E3 ligase C terminus of Hsc70-interacting protein (CHIP) targets PTEN for
proteasomal degradation. The Journal of biological chemistry 287: 15996-16006, 2012.
3. An J, Muoio DM, Shiota M, Fujimoto Y, Cline GW, Shulman GI, Koves TR, Stevens R,
Millington D, and Newgard CB. Hepatic expression of malonyl-CoA decarboxylase reverses muscle,
liver and whole-animal insulin resistance. Nat Med 10: 268-274,2004.
4. Ballinger CA, Connell P, Wu Y, Hu Z, Thompson LJ, Yin LY, and Patterson C.
Identification of CHIP, a novel tetratricopeptide repeat-containing protein that interacts with heat shock
proteins and negatively regulates chaperone functions. Mol Cell Biol 19: 4535-4545, 1999.
5. Bassil MS, and Gougeon R. Muscle protein anabolism in type 2 diabetes. Curr Opin Clin Nutr
Metab Care 16: 83-88, 2013.
6. Belova L, Sharma S, Brickley DR, Nicolarsen JR, Patterson C, and Conzen SD. Ubiquitin-
proteasome degradation of serum- and glucocorticoid-regulated kinase-1 (SGK-1) is mediated by the
chaperone-dependent E3 ligase CHIP. The Biochemical journal 400: 235-244,2006.
7. Belova L, Sharma S, Brickley DR, Nicolarsen JR, Patterson C, and Conzen SD. Ubiquitin-
proteasome degradation of serum- and glucocorticoid-regulated kinase-1 (SGK-1) is mediated by the
chaperone-dependent E3 ligase CHIP. Biochem J 400: 235-244,2006.
8. Charles PC, Alder BD, Hilliard EG, Schisler JC, Lineberger RE, Parker JS, Mapara S, Wu
SS, Portbury A, Patterson C, and Stouffer GA . Tobacco use induces anti-apoptotic, proliferative
patterns of gene expression in circulating leukocytes of Caucasian males. BMC Med Genomics 1: 38,

2008.

21


https://doi.org/10.1101/166389
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/166389; this version posted July 21, 2017. The copyright holder for this preprint (which was not
certified by peer review) Is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

CHIP Effect on Microtubules, Glut4, and Glucose Homeostasis

508 9. Chen S, Murphy J, Toth R, Campbell DG, Morrice NA, and Mackintosh C. Complementary
509  regulation of TBC1D1 and AS160 by growth factors, insulin and AMPK activators. Biochem J 409: 449-
510  459,2008.

511 10. Chen Y, Wang Y, Ji W, Xu P, and Xu T. A pre-docking role for microtubules in insulin-

512 stimulated glucose transporter 4 translocation. Febs J 275: 705-712, 2008.

513 11. Connell P, Ballinger CA, Jiang J, Wu Y, Thompson LJ, Hohfeld J, and Patterson C. The co-
514  chaperone CHIP regulates protein triage decisions mediated by heat-shock proteins. Nat Cell Biol 3: 93-
515  96,2001.

516  12. Dai Q, Qian SB, Li HH, McDonough H, Borchers C, Huang D, Takayama S, Younger JM,
517 Ren HY, Cyr DM, and Patterson C. Regulation of the cytoplasmic quality control protein degradation
518  pathway by BAG2. The Journal of biological chemistry 280: 38673-38681, 2005.

519  13. Dai Q, Zhang C, Wu Y, McDonough H, Whaley RA, Godfrey V, Li HH, Madamanchi N,
520  Xu W, Neckers L, Cyr D, and Patterson C. CHIP activates HSF1 and confers protection against

521  apoptosis and cellular stress. The EMBO journal 22: 5446-5458, 2003.

522 14. Dennis G, Jr., Sherman BT, Hosack DA, Yang J, Gao W, Lane HC, and Lempicki RA.

523  DAVID: Database for Annotation, Visualization, and Integrated Discovery. Genome Biol 4: P3,2003.
524  15. Dickey CA, Koren J, Zhang YJ, Xu YF, Jinwal UK, Birnbaum MJ, Monks B, Sun M,

525  Cheng JQ, Patterson C, Bailey RM, Dunmore J, Soresh S, Leon C, Morgan D, and Petrucelli L. Akt
526  and CHIP coregulate tau degradation through coordinated interactions. Proc Natl Acad Sci U S A 105:
527  3622-3627,2008.

528 16. Dominguez LJ, and Barbagallo M. The cardiometabolic syndrome and sarcopenic obesity in
529  older persons. J Cardiometab Syndr 2: 183-189, 2007.

530 17. Fletcher LM, Welsh GI, Oatey PB, and Tavare JM. Role for the microtubule cytoskeleton in
531  GLUTH4 vesicle trafficking and in the regulation of insulin-stimulated glucose uptake. The Biochemical
532 journal 352 Pt 2: 267-276, 2000.

533 18. Flier JS. Insulin receptors and insulin resistance. Annu Rev Med 34: 145-160, 1983.

22


https://doi.org/10.1101/166389
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/166389; this version posted July 21, 2017. The copyright holder for this preprint (which was not
certified by peer review) Is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

CHIP Effect on Microtubules, Glut4, and Glucose Homeostasis

534 19. Gonatas NK, Stieber A, and Gonatas JO. Fragmentation of the Golgi apparatus in

535  neurodegenerative diseases and cell death. J Neurol Sci 246: 21-30, 2006.

536  20. Hertweck M, Gobel C, and Baumeister R. C. elegans SGK-1 is the critical component in the
537  Akt/PKB kinase complex to control stress response and life span. Dev Cell 6: 577-588,2004.

538  21. Huang da W, Sherman BT, and Lempicki RA. Systematic and integrative analysis of large
539  gene lists using DAVID bioinformatics resources. Nat Protoc 4: 44-57,2009.

540  22. Huang S, and Czech MP. The GLUT4 glucose transporter. Cell metabolism 5: 237-252,2007.
541  23. Ishiki M, and Klip A. Minireview: recent developments in the regulation of glucose transporter-
542 4 traffic: new signals, locations, and partners. Endocrinology 146: 5071-5078, 2005.

543  24. Jiang J, Ballinger CA, Wu Y, Dai Q, Cyr DM, Hohfeld J, and Patterson C. CHIP is a U-box-
544  dependent E3 ubiquitin ligase: identification of Hsc70 as a target for ubiquitylation. The Journal of

545  biological chemistry 276: 42938-42944,2001.

546  25. Kano Y, Fujimaki N, and Ishikawa H. The distribution and arrangement of microtubules in
547  mammalian skeletal muscle fibers. Cell Struct Funct 16: 251-261, 1991.

548  26. Kanzaki M. Insulin receptor signals regulating GLUT4 translocation and actin dynamics. Endocr
549  J53:267-293,2006.

550 27. Katz LD, Glickman MG, Rapoport S, Ferrannini E, and DeFronzo RA. Splanchnic and

551  peripheral disposal of oral glucose in man. Diabetes 32: 675-679, 1983.

552 28. Kersten S, Mandard S, Escher P, Gonzalez FJ, Tafuri S, Desvergne B, and Wahli W. The
553  peroxisome proliferator-activated receptor alpha regulates amino acid metabolism. Faseb J 15: 1971-
554 1978, 2001.

555  29. Kersten S, Seydoux J, Peters JM, Gonzalez FJ, Desvergne B, and Wahli W. Peroxisome

556  proliferator-activated receptor alpha mediates the adaptive response to fasting. J Clin Invest 103: 1489-
557 1498, 1999.

558  30. Lamitina ST, and Strange K. Transcriptional targets of DAF-16 insulin signaling pathway

559  protect C. elegans from extreme hypertonic stress. Am J Physiol Cell Physiol 288: C467-474,2005.

23


https://doi.org/10.1101/166389
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/166389; this version posted July 21, 2017. The copyright holder for this preprint (which was not
certified by peer review) Is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

CHIP Effect on Microtubules, Glut4, and Glucose Homeostasis

560  31. Liu LZ, Cheung SC, Lan LL, Ho SK, Chan JC, and Tong PC. Microtubule network is

561  required for insulin-induced signal transduction and actin remodeling. Mol Cell Endocrinol 365: 64-74,
562 2013.

563  32. Lopez JA, Burchfield JG, Blair DH, Mele K, Ng Y, Vallotton P, James DE, and Hughes

564  WE. Identification of a distal GLUT4 trafficking event controlled by actin polymerization. Molecular
565  biology of the cell 20: 3918-3929, 2009.

566  33. Manna T, Thrower DA, Honnappa S, Steinmetz MO, and Wilson L. Regulation of

567  microtubule dynamic instability in vitro by differentially phosphorylated stathmin. J Biol Chem 284:

568  15640-15649,2009.

569 34, McDonough H, Charles PC, Hilliard EG, Qian SB, Min JN, Portbury A, Cyr DM, and

570  Patterson C. Stress-dependent Daxx-CHIP interaction suppresses the p53 apoptotic program. The

571 Journal of biological chemistry 284: 20649-20659, 2009.

572  35. Min JN, Whaley RA, Sharpless NE, Lockyer P, Portbury AL, and Patterson C. CHIP

573  deficiency decreases longevity, with accelerated aging phenotypes accompanied by altered protein quality
574  control. Mol Cell Biol 28: 4018-4025, 2008.

575  3e6. Olson AL, Trumbly AR, and Gibson GV. Insulin-mediated GLUT4 translocation is dependent
576  on the microtubule network. The Journal of biological chemistry 276: 10706-10714,2001.

577  37. Omata W, Shibata H, Li L, Takata K, and Kojima I. Actin filaments play a critical role in
578  insulin-induced exocytotic recruitment but not in endocytosis of GLUT4 in isolated rat adipocytes. The
579  Biochemical journal 346 Pt 2: 321-328,2000.

580  38. Qian SB, McDonough H, Boellmann F, Cyr DM, and Patterson C. CHIP-mediated stress

581  recovery by sequential ubiquitination of substrates and Hsp70. Nature 440: 551-555, 2006.

582 39. Richter EA, and Hargreaves M. Exercise, GLUT4, and skeletal muscle glucose uptake. Physiol
583  Rev93:993-1017,2013.

584  40. Ringhoff DN, and Cassimeris L. Stathmin regulates centrosomal nucleation of microtubules and

585  tubulin dimer/polymer partitioning. Mol Biol Cell 20: 3451-3458, 2009.

24


https://doi.org/10.1101/166389
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/166389; this version posted July 21, 2017. The copyright holder for this preprint (which was not
certified by peer review) Is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

CHIP Effect on Microtubules, Glut4, and Glucose Homeostasis

586  41. Ronnebaum SM, Wu Y, McDonough H, and Patterson C. The ubiquitin ligase CHIP prevents
587  SirT6 degradation through noncanonical ubiquitination. Mol Cell Biol 33: 4461-4472,2013.

588 42. Rosser MF, Washburn E, Muchowski PJ, Patterson C, and Cyr DM. Chaperone functions of
589  the E3 ubiquitin ligase CHIP. The Journal of biological chemistry 282: 22267-22277, 2007.

590  43. Rowland AF, Fazakerley DJ, and James DE. Mapping insulin/GLUT4 circuitry. Traffic 12:
591  672-681,2011.

592  44. Rubel CE, Schisler JC, Hamlett ED, DeKroon RM, Gautel M, Alzate O, and Patterson C.
593  Diggin' on u(biquitin): a novel method for the identification of physiological E3 ubiquitin ligase

594 substrates. Cell Biochem Biophys 67: 127-138,2013.

595  45. Santos JM, Ribeiro SB, Gaya AR, Appell HJ, and Duarte JA. Skeletal muscle pathways of
596  contraction-enhanced glucose uptake. Int J Sports Med 29: 785-794, 2008.

597  4e. Schisler JC, Rubel CE, Zhang C, Lockyer P, Cyr DM, and Patterson C. CHIP protects

598  against cardiac pressure overload through regulation of AMPK. J Clin Invest 123: 3588-3599, 2013.

599  47. Stein TP, and Wade CE. Metabolic consequences of muscle disuse atrophy. J Nutr 135: 1824S-
600  1828S,2005.

601 48. Steinmetz MO, Jahnke W, Towbin H, Garcia-Echeverria C, Voshol H, Muller D, and van
602  Oostrum J. Phosphorylation disrupts the central helix in Op18/stathmin and suppresses binding to

603  tubulin. EMBO Rep 2: 505-510,2001.

604  49. Sumanasekera WK, Tien ES, Davis JW, 2nd, Turpey R, Perdew GH, and Vanden Heuvel
605  JP. Heat shock protein-90 (Hsp90) acts as a repressor of peroxisome proliferator-activated receptor-alpha
606  (PPARalpha) and PPARbeta activity. Biochemistry 42: 10726-10735, 2003.

607  50. Wang Q, Khayat Z, Kishi K, Ebina Y, and Klip A. GLUT4 translocation by insulin in intact
608  muscle cells: detection by a fast and quantitative assay. FEBS Lett 427: 193-197, 1998.

609  5I. Watson RT, Kanzaki M, and Pessin JE. Regulated membrane trafficking of the insulin-

610  responsive glucose transporter 4 in adipocytes. Endocr Rev 25: 177-204, 2004.

25


https://doi.org/10.1101/166389
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/166389; this version posted July 21, 2017. The copyright holder for this preprint (which was not
certified by peer review) Is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

CHIP Effect on Microtubules, Glut4, and Glucose Homeostasis

611 52. Williams D, and Pessin JE. Mapping of R-SNARE function at distinct intracellular GLUT4
612  trafficking steps in adipocytes. J Cell Biol 180: 375-387, 2008.

613  53. Zhang C, Xu Z, He XR, Michael LH, and Patterson C. CHIP, a cochaperone/ubiquitin ligase
614  that regulates protein quality control, is required for maximal cardioprotection after myocardial infarction

615  in mice. Am J Physiol Heart Circ Physiol 288: H2836-2842, 2005.

26


https://doi.org/10.1101/166389
http://creativecommons.org/licenses/by/4.0/

A 1

1 CHIP*
Fasted_f“ 1t mmwildype
Feod —

1 1 ¥ 1 ¥ 1
0 70 140 210
Blood glucose (mgedi)

Fasted;
Foc —

1 1 1 1
0.0 0.2 0.4 0.6
Serum insulin (ng*ml)

—o—CHIP* t
—o— Wild-type
160 %

(@

:’-'E‘ 0123

° AUC-10°

g’ 120+

° Time

o 80- * *  F(5, 45) = 59.50
8 * p <0.0001

% Genotype

o 40- F(1,9) = 75.85
o p <0.0001

o

om 00—

I I I 1
0 15 30 45 60
Time (min)

I
«Q
c
=
(1]
-—

(v y)

Blood glucose (mgedI')

O

Blood glucose (mgedI')

-o—WiId-typeEi

0123
AUC-104

Time

F(6, 198) = 95.22
p <0.0001

Genotype
F(1, 33) =21.99
p <0.0001

Time < Genotype
F(6, 198) = 6.584
p <0.0001

—o— Wild-type E‘T

—o—CHIP*
4004 ..
300+
200+ ”
1004
0 I I I 1
0 40 80 120
Time (min)
—o—CHIP™*
500-
400+ "
300+
200+
1004
0 I I I 1
0 40 80 120
Time (min)

01234
AUC+10*

Time
F(6, 60) = 95.96
p <0.0001

Genotype
F(1, 10) = 6.840
p <0.0258

Time < Genotype
F(6, 60) = 2.828
p=0.0172


https://doi.org/10.1101/166389
http://creativecommons.org/licenses/by/4.0/

>
w

DAPI % —o— shCONT
' ‘ ‘“ c —o— shCHIP
. P a2 : T
y 9] -
i € # pe 5°°
: ’ s
n L e ¢ i < 1.5-
Glutd-GFP 5 1o-
_I L]
o
o -
X e 0.5 25 mM glucose
e {2/ h= 100 nM insulin
M ' =] 00 |\Z 1 1 1
Bt ' » 0 30 60 90
Time (min)
Glut4-GFP Time
F(5, 30) = 6.549
p =0.0003

Cell type « Time
F(5, 30) =2.932
p =0.0285

0 min 30 min 0 min 30 min

shCONT shCHIP
Figure 2


https://doi.org/10.1101/166389
http://creativecommons.org/licenses/by/4.0/

ADAPI

shCONT

B shCONT shCHIP

02510306090 0 2 5 10306090 Time (min)

- PSS

TS o e e e

Soluble

Insoluble

Figure 3

CHIP
B-tubulin
B-actin
B-tubulin

B-actin

N
o
1

-
a
1

e
(5}
1

°
o

shCHIP

i

25 mM glucose

100 nM insulin

Insoluble B-tubulin protein
o
1L

0

30 60 90
Time (min)

—o— shCONT
=o— shCHIP

Cell type
F(1, 8) =42.84
p =0.0002


https://doi.org/10.1101/166389
http://creativecommons.org/licenses/by/4.0/

A B 2D-DIGE

>4 :
Functional I2_7 Stathmin

m Enrichment 163

HSPAS5
PDIA6
FKBP9 ER
CALU-1

CALU-2 EF-hand proteins
RCNA1 :
ﬁgy3 Wild-type CHIP--
ATP5B
{‘ PRDXE Translation C __shCONT shCHIP _ _
—| EEF1B2 TR | pStathmin (S16)
— E«Ill(:lgl‘]lBa - ':."-"'-'- = = |Stathmin
— COL1A1 S ——————————— ———————ww o 3-actin
UCHLA1
i aro
|— STIP1 D &7 . —e— shCONT
- slrjm; % 64 —o— shCHIP
PDLIM1 £ 5- Time
—E ACTB g 4 F(6, 36) = 7.380
= a4 <0.
cP.:.%NA Actin Cytoskeleton e p < 0.0001
TPM1 _ Morphogenesis @ 37 Cell tvpe
CRLL > © 2- F(i, 6) = 13.00
STMN1 S 1{¢ 25 mM glucose p=0.0113
€ oL L100nMinsulin_ - 7i6 o, Cell Type

: 0 30 60 90 F(6,36)=2.451
Figure 4 Time (min) p =0.0433


https://doi.org/10.1101/166389
http://creativecommons.org/licenses/by/4.0/

a-tubulin, e S 3 -~ "1
b E ' >

3 A .
o v !

&

a-tubulin

Fasted +20% glucose Fasted +20% glucose
Wild-type CHIP+

Figure 5


https://doi.org/10.1101/166389
http://creativecommons.org/licenses/by/4.0/

	MATERIALS AND METHODS
	CHIP is necessary for optimal Glut4 translocation to the membrane following insulin stimulation. We hypothesized that the severe defect in glucose uptake associated with CHIP deficiency (Fig. 1B-D, Table 1) may be linked to the inability of Glut4, the...

