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ABSTRACT

Objective: Spinophilin is an F-actin binding and protein phosphatase 1 (PP1) targeting protein that acts as
a scaffold of PP1 to its substrates. Spinophilin knockout (Spino™) mice have decreased fat mass, increased
lean mass, and improved glucose tolerance, with no difference in feeding behaviors. While spinophilin is

enriched in neurons, its roles in non-neuronal tissues, such as beta cells of the pancreatic islets, are unclear.

Methods & Results: We have corroborated and expanded upon previous studies to determine that Spino™
mice have decreased weight gain and improved glucose tolerance in two different models of obesity. Using
proteomics and immunoblotting-based approaches we identified multiple putative spinophilin interacting
proteins isolated from intact pancreas and observed increased interactions of spinophilin with exocrine,
ribosomal, and cytoskeletal protein classes that mediate peptide hormone production, processing, and/or

db/db

release in Lepr®™® and/or high fat-fed (HFF) models of obesity. Moreover, loss of spinophilin specifically

in pancreatic beta cells improved glucose tolerance without impacting body weight.

Conclusion: Our data further support a role for spinophilin in mediating pathophysiological changes in
body weight and whole-body metabolism associated with obesity and provide the first evidence that
spinophilin mediates obesity-dependent pancreatic dysfunction that leads to deficits in glucose homeostasis

or diabesity.
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INTRODUCTION

Chronic obesity is associated with pathophysiological changes that predispose individuals to dysregulation
of glucose uptake and pancreatic beta cell dysfunction that contribute to the development of Type 2 diabetes
(T2D) (1). The presentation of diabetes due to obesity/overweight, termed ‘diabesity’, is a major public
health concern (2, 3). Obesity can lead to peripheral insulin resistance that, if not compensated for by
increased insulin secretion by the beta cells, will lead to dysregulated glucose uptake and hyperglycemia
that defines T2D (4). To compensate for increases or decreases in peripheral (to the beta cell) insulin
sensitivity, the beta cell can non-linearly decrease or increase insulin secretion in response to glucose (4).
Moreover, high glucose stimulation or cellular depolarization with potassium chloride induces biphasic
insulin secretion. In isolated islets, the initial phase lasts ~10 minutes and the more prolonged phase ~25 —
35 minutes (5). The first phase is thought to involve readily-releasable large dense core granules (LDCGs)
that employ multiple membrane receptors, including G-protein coupled receptors (GPCRs), ion channels,
and receptor tyrosine kinases along with downstream kinase activation and calcium-dependent insulin
exocytosis to respond to glucose-stimulation (4). The second phase of insulin secretion is induced by
movement of the reserve pool of LDCGs via cytoskeleton rearrangement (6). In addition to regulation of
insulin by glucose-stimulated insulin secretion (GSIS), there is transcriptional, posttranscriptional,
translational, and posttranslational regulation of insulin production and stability which can modulate the
amount of insulin that is contained within LDCGs of the beta cells (7, 8, 9, 10, 11, 12). However,

mechanisms directly linking obesity and diabetes together are poorly understood.

Spinophilin is a brain-enriched protein phosphatase 1 (PP1) targeting protein that is implicated in
neuronal adaptations. Initial characterization of mice with global knockout (KO) of spinophilin (Spino™)
found decreased body weight compared to wildtype (WT) mice (13). Moreover, more recent studies have
found that Spino”” mice have improved glucose uptake and reduced weight gain, measures associated with

improved insulin sensitivity and metabolic function (14, 15). While we and others have characterized the
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importance of spinophilin in synaptic signaling mechanisms in the brain (13, 16, 17, 18, 19, 20, 21, 22), its

expression and role in non-neuronal tissues such as the pancreas is less clear.

Previous studies identified that 16—18-week-old chow-fed, male Spino” mice had decreased fat
mass, increased lean mass, and improved glucose tolerance (14). They proposed a beta cell signaling
mechanism from in vitro studies via M3 muscarinic acetylcholine receptors (M3R) for spinophilin’s
involvement in negatively regulating M3R signaling and first phase insulin release in MING beta cells (14).
Moreover, recent studies found significant differences in weight gain, glucose uptake, and insulin
sensitivity only in male spinophilin knockout (KO) versus WT mice on an 8-week high fat diet, with no
significant differences in the female population, and proposed a mechanism involving spinophilin signaling
in adipose tissue (15, 23). However, pancreas-specific mechanisms by which loss of spinophilin improves

metabolic parameters are unknown.

In this study, we found that loss of spinophilin attenuates weight gain in both male and female

®/db and high-fat diet fed (HFF) obese mice and improves glucose tolerance. Using unbiased

Lepr
proteomics approaches and targeted immunoblotting, we have found alterations in spinophilin interactions
in the pancreas isolated from different obesity mouse models. Specifically, we identified overall increases
in spinophilin protein interactions in the pancreas of HFF mice with proteins that are classically involved
in signaling, protein translation, and cytoskeletal rearrangement in the beta cell, pathways that are all critical
in insulin processing/release. Finally, we found that loss of spinophilin only in insulin producing beta cells
improves glucose tolerance in a cohort of young, chow-fed, male mice. Overall, we found that while
spinophilin decreases weight gain, it improves glucose tolerance via pancreatic beta cell-specific
mechanisms, potentially via its interactions with multiple proteins that involved in hormone production,

processing, and release. These data position spinophilin at multiple points within the pancreas and

pancreatic beta cells to regulate diabesity.

MATERIALS & METHODS
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Animals

See Supplemental Methods.

Intraperitoneal Glucose Tolerance Test (IPGTT)

Fasting GTTs were performed at 6 and 10 weeks of age. Mice were fasted for 4 hours and an initial blood
glucose reading was taken. Mice were injected intraperitoneally (I.P.) with glucose (2 g dextrose/ kg body
weight) and blood glucose was measured 15-, 30-, 60-, 90-, and 120-minutes post-injection using blood

glucose test strips & monitor (Alpha-Trak2, Zoetis, Inc, Parsippany, NJ).

Intraperitoneal Insulin Tolerance Test (IPITT)

ITTs were performed at 8 weeks of age by fasting the mice short-term (4 hours). An initial blood glucose
reading was taken prior to injection with 1 U/kg body weight of insulin (Humulin U-100, Eli Lilly and Co,
Indianapolis, IN, catalog #4273850). An intraperitoneal (I.P.) injection of insulin was given to the mice
after the fasting period, and blood glucose was monitored at 15-, 30-, 60-, 90-, and 120-minutes post-

injection using blood glucose test strips & monitor (Alpha-Trak2).

Immunoprecipitations, Immunoblotting, and Proteomics Studies

See supplemental methods for methodology and references

Statistics

Analysis of curves was assessed by performing t-tests, one-way ANOVAs, two-way ANOVAs, three-way
ANOVAs and appropriate post-hoc tests. A Grubbs’s test was performed to identify outliers in data.
Statistical significance was set at p<<0.05. Specific statistical tests and subsequent post-hoc tests with results
are fully listed in Table S1. All analyses were performed in Prism (GraphPad). For all studies, a single

animal is the experimental unit.

RESULTS
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Loss of spinophilin attenuates weight gain in Lepr™® obese mice and mice on a HFF diet

Previous studies established that loss of spinophilin resulted in reduced weight gain in HFF & chow-fed,
male spinophilin KO mice compared to WT mice (14, 15) while HFF spinophilin KO females had no
difference in body weight. Male and female Spino”/Lepr®® and Spino™/Lepr”" mice gained significantly
less weight than their corresponding Spino™ littermates (Figures 1 A-B). Spino” male and female HFF

mice also gained significantly less weight than Spino™*

HFF littermates of the corresponding sex (Figures
1 C-D). Therefore, loss of spinophilin in male and female mice significantly reduces weight gain in both

lean mice and in multiple obesity models when measuring long-term weight changes.

Loss of Spinophilin Improves GTT in Obese (HFF) Male & Female Mice

Previous studies concluded that loss of spinophilin improves GTT in male 16—18-week-old mice (14) and
in 16-week-old male mice on high fat diet for 8 weeks, with no significant difference in HFF female mice
(15). Our HFF male and female Spino” mice were placed on a high fat diet starting at 4 weeks of age and
GTTs were performed at 6 and 10 weeks of age. We found that loss of spinophilin in both male and female
HFF mice had unique impacts on glucose tolerance at different ages. Specifically, male Spino” HFF mice
had no significant difference in glucose tolerance at 6 weeks of age (Figures 2 A-B) but weighed
significantly less than WT mice (Figure 2C). At 10-weeks of age, male Spino” mice had both significantly
decreased GTT and significantly decreased body weights (Figures 2 D-F). At 6-weeks of age, female
Spino” mice had decreased GTT (Figures 2 G-H) and body weight (Figure 2I). At 10-weeks of age, there
was a significant genotype effect on the GTT and a time x genotype interaction. However, there was only
a trend for a decreased area under the curve for the GTT (Figures 2 I-J) and no significant difference in

body weight between the two groups (Figure 2 K).

Obesity modulates spinophilin interactions in the pancreas
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The weight gain and GTT data described above suggest loss of spinophilin may impact obesity and glucose
tolerance independently. While previous studies using an immortalized mouse insulinoma cell line beta cell
line (MIN-6) demonstrated a spinophilin-dependent regulation of M3 muscarinic receptor-dependent
insulin-secretion (14), the role of spinophilin in vivo in the intact pancreas has not been probed. Using
proteomics and immunoblotting-based approaches (Figure 3A), we identified multiple putative spinophilin
interacting proteins from whole pancreas lysates isolated from WT and Lepr®® mice by
immunoprecipitating for spinophilin and subjecting immunoprecipitates to in gel tryptic digestion followed
by mass spectrometry (Figure 3B-D; Tables 1, S2-S3). We utilized STRING database (stringdb) (24) as
part of the ELIXIR infrastructure to perform the Kyoto Encyclopedia of Genes and Genomes (KEGG) and
Gene Ontology (GO) pathway analyses (Tables S4-S7) on all spinophilin interacting proteins identified in
our proteomics experiment with a total spectral count of 4 or greater. We then clustered similar proteins
together based on specific biological processes, cellular component/localization, and KEGG pathways
(Figure 3 B-D). Spinophilin contains an F-actin binding domain and is important in cytoskeletal
rearrangement in dendritic spines (16, 25). Here, we also identified that spinophilin interacts with different
classes of myosins and actins in the pancreas that are important in cytoskeletal organization (26, 27, 28)
(Figure 3B). Myosin-9 was identified to have the greatest difference between the number of spectral counts
observed in the WT and Lepr®“ mice. Interestingly, we observed multiple spinophilin interacting proteins
involved in protein translation in the pancreas, including ribosomal proteins, heat shock proteins, and ER-
chaperones that are upregulated in ER stress conditions such as BiP and protein disulfide isomerase (PDI)
(Figure 3C). Moreover, we concluded spinophilin interacts with proteins classically identified in pancreatic

secretion, insulin signaling, and protein digestion (Figure 3D).

Spinophilin Interacting Proteins in different models of diabetes.

We immunoprecipitated spinophilin from pancreatic lysates and immunoblotted for interacting proteins

observed in our initial proteomics study, including neurabin, PP1a, and myosin-9 in different models of
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diabetes. It is important to note that many of the proteins were not detected in pancreatic lysate western
blots, in part due to the low abundance of these proteins. However, spinophilin and associated proteins were
readily detected when enriched by spinophilin immunoprecipitation. We observed a decreased PP1 and
spinophilin association in the Type 2 diabetic mouse model (Lepr®®), but not the Ins2*"® model of Type
1 diabetes, compared to WT mice. We observed a significant decrease in the association of spinophilin with

db/db

its homolog neurabin in Lepr , but not Ins2**® mice, compared to WT mice. Moreover, we only

db/db mice,

observed a western blot band with spinophilin & myosin-9 co-immunoprecipitation in our Lepr
with no association in WT or Ins2* pancreas (Figure 4). This further confirmed the obesity-dependent

increase in myosin-9 spectral counts in spinophilin immunoprecipitates observed in our proteomics study

(Table 1).

TMT proteomics of HFF WT & Spinophilin KO mouse pancreas

To validate and quantify these interactions in another model of obesity and to determine specificity of the
interactions with spinophilin, we immunoprecipitated spinophilin from the pancreas of WT lean male mice
on standard chow and WT HFF obese male mice. Additionally, we utilized HFF spinophilin KO mice as a
critical negative interaction control (18). Immunoprecipitates were analyzed using a ratiometrically
quantitative tandem mass tag (TMT) proteomics experiment. To be considered for our specificity cutoff
and to remove any contaminates or non-specific interactors, we filtered our samples with a WT/KO log2
fold-enrichment of 0.5 and then removed any protein with less than 2 unique peptides. We then normalized
to the spinophilin abundance in the corresponding sample and listed interactors (Table S8). All proteins

detected regardless of specificity are shown in Table S9.

Overall, we replicated specific increased interactions with myosin-9 (Table 2) and BiP but did not
observe a quantitative change in PP1 interaction with spinophilin in this obesity model. However, BiP

protein was detected equally in WT and spinophilin KO HFF mice, suggesting an obesity-induced increase
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in this protein, but a non-specific pulldown (Tables S8, S9). We performed STRING, KEGG, and GO
pathway analyses of specific spinophilin interacting proteins that also had an increased interaction (log,-
fold change of > 0.5in HFF vs. lean) (Tables S10-S13). We observed multiple proteins important in

cytoskeletal organization (Figure 5A), translation (Figure 5B), and pancreatic secretion (Figure 5C).

Spinophilin in islets and pancreatic beta-cell specific spinophilin knockout

Overall, the proteomics data suggest that obesity modulates spinophilin protein-protein interactions within
the pancreas, implicating novel roles for spinophilin in neurohormone production and release. To confirm
a role for spinophilin in pancreatic beta cells in vivo, we isolated islets from mouse pancreas using a
collagenase/protease solution and immunoprecipitated spinophilin. We were able to detect
immunoprecipitated spinophilin in the isolated islets of mice using western blot (Figure 6A), indicating
spinophilin is expressed in the highly secretory endocrine cells of the pancreas. Spinophilin is expressed in
islets and loss of spinophilin globally improves pancreatic metabolic parameters such as glucose tolerance.
To detail if loss of spinophilin specifically in pancreatic beta cells impacts GTT, we utilized our recently
described conditional spinophilin knockout mice (Spino™") (29) and crossed them with Ins1Cre mice to
knockout spinophilin specifically in pancreatic beta cells (Spino®™). Spino®™ mice, compared to control
(Spino™™ and Ins1Cre), had improved glucose tolerance at 6 and 10 weeks (Figure 6 B, C, H, I) with no
change in body weight (Figure 6 D, G, J). There were no differences detected in the AUC between the two
control groups (Figure S1), so we pooled the control area under the curve and weight data. When evaluating

Alns

insulin tolerance, Spino® ™ mice had no deficits in insulin tolerance tests when data were not normalized to

Alns

baseline (Figure S2). However, when normalized to baseline, Spino®™ mice had significantly less glucose

uptake upon insulin injection (Figure 6 E-F).

DISCUSSION
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Two previous studies determined that Spino”” mice had lower body weight and improved glucose
tolerance, but these changes were only tested or observed in male mice (13, 14, 15). Herein, we found that
global loss of spinophilin in two mouse models of obesity, Lepr®® and HFF-induced obesity, decreased
weight gain and improved glucose tolerance in both sexes. A previous study showed no difference in
weights of HFF female mice; however, they started mice on diet at an older age (8 weeks vs. 4 weeks) and
measured weights for 8 weeks compared to our 16 week evaluation (15). Therefore, earlier exposure or
longer diet may impact female mice in addition to male mice. This is particularly true of the later ages as

the difference between weights is greater at the later time points in the female mice.

Recent studies suggested changes in adipose tissue physiology may underlie improvements in

db/db mice

metabolic parameters (15, 23). Interestingly, our observations that loss of spinophilin in Lepr
decreased body weights in male and female mice to a similar extent suggests that additional mechanisms
not associated with adipose tissue dysregulation of leptin hormone, at least, may be playing a role.
Moreover, our data suggest that there may be a disconnect between weight gain and improved glucose
tolerance. Therefore, we evaluated the impact of a high-fat diet on spinophilin in the pancreas. Using control

and Lepr®®

mice, we immunoprecipitated spinophilin from whole pancreas and performed a “GelC-MS”
proteomics approach where we excised spinophilin immunoprecipitates from a Coomassie-stained gel. We
detected multiple known interactors that we have previously observed in brain tissue (PP1, neurabin, and
myosin protein) and putative novel (BiP and PDI) proteins. Overall, we identified proteins associated with
actin cytoskeleton organization, ER protein processing, and pancreatic secretion. Using spectral counting,
we found that HFF increased the interaction of multiple proteins with spinophilin, including myosin-9 and

BiP, and decreased neurabin spectral counts in the Lepr®®

mice compared to control mice. We validated
the increased interaction with myosin-9 and the decreased interaction with neurabin. These data suggest

that obesity impacts spinophilin interactions in the pancreas.

To follow-up these studies and further validate these changes, we compared spinophilin interactions

from chow and HFF WT mice using a more advanced and ratiometrically quantitative TMT proteomics
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approach of the spinophilin immunoprecipitates. This approach enhances quantitation and increases the
number of proteins detected as it does not require excision from a gel. In addition, these studies were
performed on a more advanced, Orbitrap Eclipse Tribrid mass spectrometer. To further probe obesity
effects on spinophilin interactions, we utilized a global, HFF spinophilin KO mouse to limit non-specific
interactions. While we observed a greater total number of interacting proteins using this approach, there
was overlap in the pathways that we detected when compared with the original Gel-C MS approach,
including cytoskeletal proteins, translation proteins, and pancreatic secretion. Some proteins, such as BiP
were not quantitatively higher in the HFF WT compared to spinophilin KO IP, suggesting this protein is a
non-specific interactor with the spinophilin antibody or beads, but it may be generally upregulated under
obese conditions. This experiment recapitulated the increased association of spinophilin with myosin-9 in
obese mice. Myosins tend to be “sticky” when it comes to (immunoprecipitation and) mass spectrometry
(30); however, it met our specificity and fold-change requirement cut-off, suggesting that this is a specific

spinophilin interactor.

In addition to myosin-9, we observed increased spinophilin protein interactions in obesity with
additional proteins involved in regulating actin dynamics, including: other myosin and myosin associated
proteins, F-actin capping proteins, and actin proteins. Cytoskeletal proteins, such as class II & V myosins
(28), have important roles in cytoskeletal rearrangement (27) and dense core vesicle transportation (31) that
alter second phase GSIS in impaired beta cells, a long-term insulin secretion that requires movement of
insulin granules to the membrane for release. Cytoskeletal rearrangement is known to contribute to the
second phase of insulin secretion (27) and spinophilin is known to promote F-actin bundling via its F-actin
binding domain (32). Therefore, it is possible that spinophilin may have specific impacts on the second
phase of insulin secretion by enhancing the movement of the reserve pool of insulin-containing dense core
vesicles and future studies will be required to detail if beta cell specific loss of spinophilin can impact phasic

GSIS release either basally or following HFF.


https://doi.org/10.1101/2023.02.07.527495
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.02.07.527495; this version posted February 8, 2023. 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-NC-ND 4.0 International license.

We found an obesity induced increase in spinophilin interactions with proteins involved in protein
digestion and absorption in the pancreas, such as trypsin, chymotrypsin, and collagenase. These proteins
are classically associated with exocrine pancreas function; however, they also play a role in insulin

processing (33) and future studies need to determine how spinophilin may modulate their specific functions.

We also observed several proteins involved in translation and protein metabolism, including
ribosomal subunits and complement proteins. These proteins may be important in insulin processing and
GPCR signaling (34). Spinophilin and GPCR signaling has been heavily investigated in the brain, but
outside of the M3 muscarinic receptor (14), how spinophilin modulates GPCRs in the beta cells is unclear.
We also identified multiple 40S and 60S ribosomal subunits that had an obesity-dependent increased
interaction with spinophilin. Both subunits must be present for functional translation (35). However,
ribosomal protein-deficient cells have impaired insulin signaling (36). An additional class of proteins that
had an increased interaction with spinophilin was the perilipins, which protect the beta cell from another
form of stress in T2D known as lipotoxicity (37). Perlipin-2 has previously been shown to regulate insulin
secretion (38); however, the function of perilipin-1 and 4 detected here are less well-known. Future
perifusion studies of islets from spinophilin knock out mice (global or cell type-specific) will be required

to completely delineate spinophilin’s potential role in regulating phasic insulin secretion.

We observed multiple obesity-dependent changes in spinophilin interactions in the pancreas;
however, whether beta cell specific loss of spinophilin function improves metabolic profiles was unclear.

A" mouse. Interestingly, loss of spinophilin specifically

To address this, we generated and validated a Spino
in beta cells had no effect on weight gain but did improve glucose tolerance, at least in male mice, at 2
different ages. Future studies will need to detail if this effect is also present in female mice and if loss of
spinophilin specifically in beta cells can rescue impairments in HFF-induced glucose intolerance. We

Al mice, contrasting previous studies that

observed less glucose uptake in response to insulin in Spino
observed improved insulin-dependent glucose uptake (14, 15, 23). This difference may be due to different

roles of spinophilin in islets vs peripheral tissues that take up glucose. For instance, given that beta cell
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type-specific loss improves glucose tolerance, basally, Spino*™

mice may have greater circulating insulin
which could occlude an effect of exogenous insulin. This would also contrasts with whole-body spinophilin
KO mice which have less circulating insulin (14, 15) and therefore is an exciting avenue for future study.
Our data are the first to measure metabolic parameters in our previously validated conditional spinophilin

KO mice (29) and our current study demonstrates the need for cell type-specific approaches to fully

understand spinophilin-dependent regulation of metabolism and cellular function.

Although we find here that levels of spinophilin expression in peripheral tissues impacts metabolic
parameters, further work is needed to understand the signaling mechanisms by which spinophilin improves
glucose tolerance and may regulate insulin secretion. As PP1 is highly promiscuous, modulating PP1
interacting proteins, such as spinophilin, offers a potentially more targeted approach to modulate this
pathway. For instance, the FDA approved drug, Guanabenz, can act to modulate eukaryotic translation
initiation factor 2 alpha signaling by modulating the GADD34-PP1 complex, demonstrating potential for
altering PP1 activity by targeting regulatory proteins of the phosphatase (39). Therefore, future studies
modulating inhibition of spinophilin-PP1 complex, or other spinophilin protein interactions could be a

novel therapeutic approach for metabolic disorders related to obesity.

Data availability: All TMT mass spectrometry data has been reposited to MassIVE ID: MSV000091159.
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Figure 1. Loss of spinophilin significantly reduces weight gain in lean & two mouse models of obesity.

A, B. Male (A) or female (B) Lepr”/Spino™, Lepr®®/Spino™*, Lepr™*/Spino™, and Lepr®®®/Spino™ mice
weights were taken bi-weekly from 4 to 20 weeks and plotted. A mixed effects 3-way ANOVA was
performed initially followed by a two-way ANOVA to determine the effect of spinophilin genotype, age,
and an interaction within the Lepr™* and Lepr®® genotypes individually. C, D. Male (C) and Female (D)
Spino™*/HFF and Spino”/HFF mice were weighed bi-weekly and plotted. For Two-Way ANOVAs,
significant spinophilin genotype, time, and interaction (spinophilin genotype x time) are shown. N=4-12
for each age point. Data + SEM are shown. *p<0.05, **p<0.01, ***p<0.001, ****p<0.001. All statistics

are shown in Table S1.

Figure 2. Spino” mice have improved GTT in HFF male & female mice. A. Intraperitoneal glucose
tolerance test (IPGTT) of HFF WT and spinophilin KO male mice at 6 weeks of age. B. Area under curve
for the IPGTT from HFF WT and spinophilin KO male mice at 6 weeks of age. C. Weights from male HFF
WT and spinophilin KO mice at 6 weeks of age. D. IPGTT of HFF WT and spinophilin KO female mice at
6 weeks of age. E. Area under curve for the IPGTT from HFF WT and spinophilin KO female mice at 6
weeks of age. F. Weights from female HFF WT and spinophilin KO mice at 6 weeks of age. G. IPGTT of
HFF WT and spinophilin KO male mice at 10 weeks of age. H. Area under curve for the IPGTT from HFF
WT and spinophilin KO male mice at 10 weeks of age. I. Weights from male HFF WT and spinophilin KO
mice at 10 weeks of age. J. IPGTT of HFF WT and spinophilin KO female mice at 10 weeks of age. K.
Area under curve for the IPGTT from HFF WT and spinophilin KO female mice at 10 weeks of age. L.
Weights from female HFF WT and spinophilin KO mice at 10 weeks of age. Data are given with SEM. A
2-way repeated measures ANOVA (A, D, G, J) or unpaired t-tests (B, C, E, F, H, I) were performed. For
Two-Way ANOVA, significant spinophilin genotype, time, and interaction (spinophilin genotype x time)

are shown. N=5-6. *p<0.05, **p<0.01, ***p<0.001, ****p<0.001. All statistics are shown in Table S1.

Figure 3. A. Coomassie Blue SDS-PAGE Gel Showing Spinophilin Immunoprecipitates. Spinophilin

was immunoprecipitated from pancreas of a single 6-week-old WT and Lepr®“° mice using two different
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spinophilin antibodies. Immunoprecipitates were separated by SDS-page, stained, and excised for MS-
based analysis. 66 total interacting proteins were detected with 2 or more spectral counts (Supplemental
Table 3) but for more targeted expression, we only considered proteins with spectral counts of 4 or above
(Supplemental Table 2). B-D. Representation of KEGG pathway analysis from STRING input. Spinophilin
interactors altered in obesity have been sorted into 3 clusters based on common biological processes.
Interactors with a spectral count of 4 or more were included. B. Spinophilin interactors clustered into
common cytoskeletal functions. C. Spinophilin interactors clustered into common biological functions
involved in protein processing in the endoplasmic reticulum and ribonucleoprotein complexes. D.
Spinophilin interactors clustered into common pancreatic functions, such as secretion, digestion, and insulin
signaling. Table 1. Table representing top spinophilin interactors identified using MS-based analysis. This
table shows spectral counts from goat and rabbit spinophilin antibodies individually, and total spectral

counts represented in the last column.

Figure 4. Spinophilin protein interactions with PP1, neurabin, and myosin-9 in wildtype, Ins2*%,

a/db mice. A. Spinophilin was immunoprecipitated from pancreas of adult WT, Ins2*"% (AK),

and Lepr
and Lepr®® (DB) mice. Immunoblotting for spinophilin, PP1a, myosin-9, and neurabin was performed.

B. PPla expression in spinophilin immunoprecipitates was normalized to spinophilin expression in the

immunoprecipitate. A normalized ratio was plotted. N=3-5. **p<(.01. All statistics are shown in Table S1.

Figure 5. Visual representation of KEGG pathway analysis from STRING input. Spinophilin was
immunoprecipitated from the pancreas of 3 WT lean male mice on standard chow, 3 WT HFF obese male
mice, and 3 HFF spinophilin KO mice as a control. Immunoprecipitates were subjected to a tandem mass
tag proteomics experiment. We then filtered our samples with a WT/KO log, fold-enrichment of >0.5,
removed any protein with less than 2 unique peptides, and normalized to the spinophilin abundance in the
corresponding sample. A. Top spinophilin interactors considered to have an obesity-dependent increase
(log»-fold change) clustered together based on common functions in cytoskeletal organization. B. Top

spinophilin interactors increased in obesity clustered into common biological functions, such as translation,
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metabolism of proteins, and ribosomes. C. Top spinophilin interactors increased in obesity clustered into
common biological expression & function, including pancreas, pancreatic secretion, and digestion. A list

of all spinophilin interactors in these clusters are provided in Table 2.

Figure 6. Loss of spinophilin, specifically in beta cells, improves glucose tolerance and reduces insulin
tolerance A. Spinophilin western blot of isolated islets from lysates or control IgG or spinophilin
immunoprecipitates from a single male or female WT mouse. B. GTT of 6-week-old beta cell-specific
spinophilin KO mice (Spino*™) with Cre and flox controls. C. Area under curve for GTT of 6-week-old
Spino®™. D. Weights for 6-week-old Spino®™ & controls. E. ITT (normalized to baseline) of 8-week-old
Spino®™ & controls. F. Area under curve for ITT (normalized to baseline) of 8-week-old Spino®™ &
controls. G. Weights for 8-week-old Spino®™ & controls. H. GTT of 10-week-old Spino®™ & controls. 1.
Area under curve for GTT of 10-week-old Spino®™. J. Weights for 10-week-old Spino®™ & controls. T-
tests or Two Way ANOV As (comparing genotype, time, or a genotype x time interaction) were performed.
A Grubbs’s test was performed and identified two outliers, one 10 week old cre control and one 6 week old
Spino®™ mouse, which are not included in this data. N=3-7. *p<0.05, **p<0.01, ****p<0.001. All statistics

are shown in Table S1.


https://doi.org/10.1101/2023.02.07.527495
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.02.07.527495; this version posted February 8, 2023. 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-NC-ND 4.0 International license.

Table 1. Full | Goat Spinophilin Antibody Rabbit Spinophilin Antibody Total
Pancreas Spectral
Proteomics Counts
WT Leprdb/db WT Leprdb/db

Neurabin-2 21 17 42 36 116

(spinophilin)

Neurabin-1 1 0 10 0 11

(homolog-

86%)

PPla 0 1 3 4 8

catalytic

subunit

PPly 0 1 3 5 9

catalytic

subunit

BiP 2 25 10 34 71

Myosin-9 0 74 0 56 130
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Log2 Normalized
Table 2. Spinophilin Interactors-Clusters Gene Ratio # PSMs
Exocrine & Digestion
Ribonuclease pancreatic Rnasel 1.73 11
MCG15083 TRYS 1.61 26
Carboxypeptidase B1 Cpbl 1.58 48
Anionic trypsin-2 Prss2 1.45 12
Carboxypeptidase A2 Cpa?2 1.42 11
Chymotrypsin-like elastase family member 3B Cela3b 1.42 24
Colipase Clps 1.39 17
Chymotrypsinogen B Ctrbl 1.35 51
Protein Prss3 Prss3 1.34 17
CUB and zona pellucida-like domain-containing protein 1  [Cuzdl 0.93 12
Deleted in malignant brain tumors 1 protein Dmbt1 0.77 112
KH domain-containing, RNA-binding, signal transduction-
associated protein 1 Khdrbsl 10.79
Collagen alpha-2 (VI) chain Col6a2 1.49
Collagen alpha-1 (VI) chain Col6al 1.31
Protein Col6a3 Col6a3 0.83 19
Endocrine Pancreas
Glucagon Gceg 1.58 S
Ribosomal/Translation
Perilipin-4 Plin4 1.97 42
60S acidic ribosomal protein P2 Rplp2 1.46 21
Eukaryotic peptide chain release factor subunit 1 Etf1 1.4 3
Alpha-2-HS-glycoprotein Ahsg 1.32 3
Perilipin-1 Plinl 1.3 25
Galectin-1 Lgalsl 1.26 11
Kinectin Ktnl 1.01 2
Casein kinase II subunit beta Csnk2b  [0.96 2
40S ribosomal protein S12 Rspl2 0.94 17
60S ribosomal protein .37 Rpl37 0.94 15
ADP-ribosylation factor GTPase-activating protein 3 Arfgap3 0.93 9
40S ribosomal protein S24 Rps24 0.84 49
60S ribosomal protein L11 Rpll1 0.81 150
Ribosome biogenesis regulatory protein homolog Rrsl 0.8 3
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60S ribosomal protein 17 Rpll7 0.71 109
60S ribosomal protein L.27a Rpl27a  ]0.68 52
60S ribosomal protein L8 Rpl8 0.64 222
40S ribosomal protein S29 Rps29 0.62 8
60S ribosomal protein 1.22-like 1 Rpl2211  ]0.61 17
60S ribosomal protein 1.3 Rpl37 0.61 219
40S ribosomal protein S6 Rps6 0.56 124
Ubiquitin-40S ribosomal protein S27a Rps27a  ]0.53 28
Cytoskeleton

Talin-1 Tinl 1.93

Annexin Al Anxal 1.6

Protein Myl12a Myll2a |1.52 31
unconventional myosin-lc myolc 1.21 20
Alpha-actinin-4 Actn4 1.06 23
Destrin Dstn 1.05 11
Spectrin beta chain, non-erythrocytic 1 Sptbnl 1.03 22
Plectin Plec 1.01 151
MCG5400 Myll2a |1.01 95
Gelsolin Gsn 0.98 35
Myosin phosphatase Rho-interacting protein Mprip 0.97 27
Desmoplakin Dsp 0.96 67
Spectrin alpha chain, non-erythrocytic 1 Sptanl 0.96 36
Myosin-14 Myhl4  10.94 170
Tropomyosin alpha-4 chain Tpm4 0.94 25
Actin, cytoplasmic 1 Actb 0.93 279
Capping protein (Actin filament) muscle Z-line, beta,

isoform CRA a Capzb 0.92 28
F-actin-capping protein subunit alpha-1 Capzal [0.91 11
Tubulin alpha-1A chain Tubala [0.91 53
Tropomyosin alpha-3 chain Tpm3 0.9 56
Tropomodulin-3 Tmod3  [0.87 55
Myosin-9 Myh9 0.86 1393
Cysteine and glycine-rich protein 1 Csrpl 0.82 3
Protein Myo5Sc¢ Myo5c 0.81 76
Desmin Des 0.79 72
F-actin-capping protein subunit alpha-2 Capza2 [0.75 18
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Protein flightless-1 homolog Flii 0.72 6

Unconventional myosin-XVIlla Myol8a [0.71 31
Myosin light polypeptide 6 Myl6 0.7 94
Tropomodulin-1 Tmod1 0.7 11
Myosin phosphatase Rho-interacting protein Mprip 0.7 26
Alpha actinin la Actnl 0.69 25
Calponin-1 Cnnl 0.63 2

Tropomyosin alpha-1 chain Tpml 0.6 93
Unconventional myosin-Id Myold  ]0.55 29
Tropomyosin beta chain Tpm?2 0.52 62
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Figure 2
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Figure 3
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Figure 4
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Figure 6
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