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ABSTRACT

Background

'This study is dedicated to the memory of Anna M? Gomez-Foix, who passed away on
18 March 2015.



Glycogenin-interacting protein 1 (GNIP1) is a tripartite motif (TRIM) protein with E3
ubiquitin ligase activity that interacts with glycogenin. These data suggest that GNIP1
could play a major role in the control of glycogen metabolism. However, direct

evidence based on functional analysis remains to be obtained.

Objectives

The aim of this study was 1) to define the expression pattern of glycogenin-interacting
protein/Tripartite motif containing protein 7 (GNIP/TRIM7) isoforms in humans, 2) to
test their ubiquitin E3 ligase activity, and 3) to analyze the functional effects of GNIP1
on muscle glucose/glycogen metabolism both in human cultured cells and in vivo in

mice.
Results

We show that GNIP1 was the most abundant GNIP/TRIM7 isoform in human skeletal
muscle, whereas in cardiac muscle only TRIM7 was expressed. GNIP1 and TRIM7 had
autoubiquitination activity in vitro and were localized in the Golgi apparatus and
cytosol respectively in LHCN-M2 myoblasts. GNIP1 overexpression increased glucose
uptake in LHCN-M2 myotubes. Overexpression of GNIP1 in mouse muscle in vivo
increased glycogen content, glycogen synthase (GS) activity and phospho-GSK-3a/
(Ser21/9) and phospho-Akt (Ser473) content, whereas decreased GS phosphorylation in
Ser640. These modifications led to decreased blood glucose levels, lactate levels and

body weight, without changing whole-body insulin or glucose tolerance in mouse.
Conclusion

GNIP1 is an ubiquitin ligase with a markedly glycogenic effect in skeletal muscle.
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Abbreviations

Akt: Protein kinase B

CM: Cardiac muscle

GP: Glycogen phosphorylase

GS: Glycogen synthase

GSK-3: Glycogen synthase kinase 3
GST: Glutathione S-tranferase
GYGL1: Glycogenin 1

SKM: Skeletal muscle

1. INTRODUCTION

Glycogen metabolism is crucial for skeletal muscle (SKM) activity in humans, since
glycogen hydrolysis supplies glucose to the muscle cells during muscle contraction.
Glycogen synthesis requires a series of reactions that include glycogenin 1 (GYG1)
self-glucosylation, which forms an oligosaccharide primer that serves as substrate for

glycogen synthase (GS) [1].

Recently, in the search for proteins that interact with GYG1, the cDNA for a protein
designated glycogenin-interacting protein (GNIP) was isolated from the human SKM
cDNA library [2]. The gene for GNIPs was shown to generate four different transcripts:
three transcripts that were designated GNIP1, GNIP2, and GNIP3 and another one
identical to previously identified tripartite motif containing protein 7 (TRIM7). TRIM7
cDNA was initially identified and cloned from mouse and human [3], and was found to

be mainly expressed in SKM in adults.



The tripartite motif (TRIM) protein family is defined by the presence of a tripartite
motif composed of a RING domain, one or two B-box motifs and a coiled-coil region
[4]. The structure-function analysis of GNIP/TRIM7 proteins revealed that GNIP1,
GNIP2, and GNIP3 have in common (from the N- to C-terminus), a predicted coiled-
coil region and a B30.2-like domain. GNIP2 and GNIP3 are truncated so that a shorter
fragment of the coiled-coil domain is N-terminal. GNIP1 has a predicted N-terminal
RING finger domain and a B box domain. The N-terminal 206 amino acids of TRIM7
are identical to those of GNIP1, including the predicted RING and a B box domain, and
the C-terminus of TRIM7 bears a coiled-coil domain that is short and unique [5]. Thus,
GNIP1 and TRIM7 have in common the N-terminal end, and are members of the TRIM
protein family. TRIM proteins have been implicated in a broad range of biological
processes and metabolic disorders, including obesity and insulin resistance in mouse [6]
and human [7]. The activity of most E3 ligases is specified by a RING domain, which
plays a critical role in ubiquitination [8]. Ubiquitination is a post-translational
modification mechanism that controls protein levels through proteasome-mediated
proteolysis and may also regulate protein activity and subcellular localization [9, 10].
Protein ubiquitination requires the participation of E1 ubiquitin-activating enzymes, E2
ubiquitin-conjugating enzymes, and E3 ubiquitin ligases. GNIP1 was recently
characterized as an ubiquitin ligase [11], but the potential ubiquitin E3 ligase activity of
TRIM7 (predicted by the RING domain) has not been demonstrated. Moreover, it has
been found by yeast two-hybrid assay that GNIP2, which is not a member of the TRIM
protein family, and GNIP1 interact with GYG1. Furthermore, GNIP2 was shown to
stimulate GYG1 self-glucosylation in vitro [2], and the B30.2 domain was reported to
mediate GNIP2 interaction with GYGL1 [5]. All these data suggest that GNIP1 is an
ubiquitin ligase that plays a role in glycogen metabolism in muscle, but its putative role
has never been analyzed. In the present study, we described the pattern of expression of
the GNIP/TRIM7 isoforms, determined the subcellular location of TRIM7 and GNIP1,
and addressed the role of GNIP1 in glycogen metabolism by means of overexpression in
SKM.

2. MATERIALS AND METHODS



2.1. Gene expression analyses

Total RNA from cultured cells was extracted with the RNeasy Minikit (Qiagen) and
total RNA from gastrocnemius mouse muscle was extracted with TRIsure reagent
(Bioline), following the manufacturer's instructions. Human SKM total RNA was from
Applied Biosystems (FirstChoice Human Skeletal Muscle Total RNA #AM7982). Total
RNAs were used to perform an RT-PCR using specific primers for human: TRIM7
(TRIM7 isoform 4), GNIP1 (TRIM7 isoform 1), GNIP2 (TRIM7 isoform 3), GNIP3
(TRIM7 isoform 2) or mouse: interleukin-6 (IL-6) and tumor necrosis factor alpha
(TNF-a). Human B-2 microglobulin or mouse adenine phosphoribosyltransferase
(APRT) were used as a reference gene. Primer sequences used for RT-PCR are
displayed in the Supplementary Methods (SM) S1.1.1.

2.2. GST-GNIP1, GST-TRIM7 and GST-GNIP2 recombinant proteins and the in

vitro autoubiquitination assay

GNIP1 and TRIM7 cDNAs were cloned into the pGEX4T1 vector (Amersham)
(cloning site: Xhol for GNIP1 and EcoRlI-Sall for TRIM7), and GNIP2 was cloned into
the pGEX4T2 vector (Amersham) (cloning sites: Xhol-Notl), to produce the GST

recombinant proteins.

The pGEX-GNIP/TRIMT7 constructions were transformed in BL21 codon plus (DE3)
RP Escherichia coli. Protein expression was induced and in vitro ubiquitination

reactions were carried out as described in [12].

The samples were subjected to immunoblotting and membranes were hybridized with

appropriate antibodies. For further details, please refer to the SM S1.1.2.

2.3. Cytolocation of the fusion construct pGNIP1-EGFP and pTRIM7-EGFP

Human GNIP1 and TRIM7 cDNA were cloned into the pEGFP-C3 (cloning site: Xhol)
or pEGFP-C2 (cloning sites: ECoRI-Sall) vectors (Clontech) respectively to obtain
PGNIP1-EGFP and pTRIM7-EGFP constructs. Colocalization analysis of GNIP1-GFP



and TRIM7-GFP fusion proteins with Golgi apparatus in LHCN-M2 myoblasts was
performed as described in [13]. For further details, please refer to the SM S1.1.3.

2.4. Human tissues

Myoblast cell populations were isolated from a cryopreserved collection of human SKM
biopsies from Hospital Sant Joan de Déu (Barcelona, Spain). Immunoblot analysis was
performed using post-mortem muscle tissues from one subject. Immediately after
excision, all tissue samples were frozen in liquid N, When stated, tissue samples were
powdered in a mortar under liquid N, and thereafter homogenized in the appropriate
buffer. For further details, please refer to the SM S1.1.4.

2.5. Ethics statement

The animal protocols were approved by the Universitat de Barcelona Animal Care and
Use Committee (permit number: DMAH-5444). Animal sacrifice was performed under
CO, anesthesia. The human tissue extraction protocol was approved by the ethics
committee of University Hospital Joan XXIII (Tarragona, Spain) and Hospital Sant
Joan de Déu (Barcelona, Spain) according to Spanish legislation at that time. The Ethics
Committee of Hospital Sant Joan de Déu approved the waiver of consent for research.
For deceased patients, relatives have given signed informed consent.

2.6. Glucose and insulin tolerance test

The glucose (GTT) or insulin (ITT) tolerance tests were performed on 15- or 12-week-
old conscious mice respectively after 4 hours of fasting. The mice were injected
intraperitoneally with a glucose bolus (2 g/kg of body weight) or an insulin bolus (1
unit/kg of body weight). Glucose was monitored via the tail before and at 15, 30, 60 and
120 min after glucose administration, as well as at 15, 30, 60 and 90 min after insulin

administration. Animals were re-fed ad libitum after the test.



2.7. Cultured cells

Primary cultured myotubes came from a cryopreserved collection of human SKM
biopsies described in 2.4. Myotubes were derived from confluent myoblast as described
in [13]. 48 hours before RNA isolation, human myotubes were depleted of insulin and
24 hours before, they were depleted of FBS. The human SKM cell line LHCN-M2 was
used as undifferentiated (myoblast) or differentiated (myotubes) for 5 days as described
in [14]. 24 hours before the experiments, LHCN-M2 cells were incubated with basal
medium ( DMEM(25mM glucose) /M199 (4:1), 0.02 M Hepes and antibiotics). The
human AC16 cardiac muscle (CM) cell line was grown as previously described in [15].
293 cell line was grown in DMEM (25mM glucose) with 10% (v/v) FBS at 37°C in a
humid atmosphere of 5% CO,/95% air.

2.8. Transduction with recombinant adenoviruses

LHCN-M2 myotubes were transduced with recombinant adenoviruses expressing the
cDNA of human GNIP1 (Ad-GNIP1), TRIM7 (Ad-TRIM7) (ABM Inc.) or GFP (Ad-
GFP) [16] under the control of the CMV cytomegalovirus promoter at a multiplicity of

infection of 20 for 2 hours, and then incubated for 24 hours.

For delivery to mice, Ad-GFP or Ad-GNIP1 were purified and injected in two
gastrocnemius muscles of ICR-CD1 male mice from two separate batches (6 mice for
Ad-GFP and 6 mice for Ad-GNIP1), as described in [17]. Thereafter, mice were fed
with standard laboratory chow diet (2014 Tekland Global 14% Protein Rodent
Maintenance Diet, Harlan Iberica) and water ad libitum. Animals were sacrificed at 16
weeks of age after an overnight fast. A blood sample was collected and tissues were
excised and immediately frozen in liquid nitrogen. For further details, please refer to the
SM S1.1.5.

2.9. Enzyme activities, immunoblotting and glycogen quantification.

The measure of GS and GP activities, immunoblotting, and glycogen content of
gastrocnemius and LHCN-M2 samples was assessed as described in [18] by

supplementing homogenization buffers with 10 mmol/l iodoacetamide to inactivate
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deubiquitylases and 20 pmol/l proteasome inhibitor MG132 (Sigma-Aldrich), except for

glycogen measurement.

293 cell monolayers or human tissue extracts were subjected to immunoblot analysis as
described in [13]. For human tissues, the homogenization buffer was supplemented with
40% (v/v) glycerol and 100 mmols/l dithiothreitol. Comercial antibodies used for

membranes hibridation are displayed in the SM S1.1.6.

2.10. Glucose uptake

2-Deoxy-d-[1-3H] glucose uptake was assessed in LHCN-M2 myotubes. After
adenovirus transduction, cells were incubated with basal medium without glucose for 3

hours. Then, glucose uptake was assayed as described in [19].

2.11. Statistical analysis

All data are given as means + SEM, and the significance of the difference was analyzed

by the student's t test. Values were considered significant at p <0.05.

3. RESULTS

3.1. Expression pattern of GNIP/TRIM7 isoforms in human muscle tissues and

cultured cells

The relative abundance of GNIP/TRIM7 transcripts was assessed in samples of human
muscle tissue and cultured cells using B2-microglobulin as a reference gene (Figure
1A). In all tested SKM cultured cells, the GNIP1 mRNA level was always much higher
than TRIM7. In contrast, in the cardiomyocyte AC16 cell line, GNIP1 mRNA was
undetectable, whereas mRNA levels of TRIM7 were comparable to the ones measured
in SKM. The mRNA levels of GNIP2 and GNIP3 were undetectable in all measured

samples (data not shown).



The GNIP/TRIM7 protein isoforms profile was analyzed in human muscle tissues by
immunoblot, using an antibody generated against a peptide sequence that is present in
all GNIP/TRIM7 isoforms. As shown in Figure 1B, the strongest signal corresponding
to a protein band of the same size as GNIP1 overexpressed in LHCN-M2 cells (Figure
1C) was observed for SKM tissue. In contrast, the intensity of a protein band of the
predicted molecular size for TRIM7 (23.7 kDa) and the same size of TRIM7
overexpressed in LHCN-M2 cells (Figure 1D) was higher in CM. However, these bands

were not observed in smooth muscle tissue (Figure 1B).

Therefore, these data suggest that, among the different GNIP/TRIM7 variants, GNIP1
(isoform 1) is the most abundant form in human SKM, whereas TRIM7 (isoform 4) is

predominant in CM, both at the mRNA and protein levels.

3.2. Autoubiquitination activity of GNIP/TRIMY proteins

Enzymatic activity of E3 ubiquitin ligases can be assayed through autoubiquitination of
the protein in vitro in the absence of identified substrate. First, in order to find the
optimum E2 enzyme for GNIPL/TRIM7 proteins, we performed the in vitro
autoubiquitination assay on GST-TRIM7 using different E2 enzymes. As shown in
Figure 2A, high molecular weight TRIM7 species indicative of autoubiquitination were
primarily formed in the presence of UbcH5a and UbcH6 enzymes. Removal of the E2
enzyme abolished the reaction, which indicates that these high molecular weight
TRIM7 forms were the products of a polyubiquitination reaction, catalyzed by TRIM7
E3 and UbcH5a or UbcH6 E2 enzymes.

Then, we tested the activity of GST fusion proteins of GNIP1 and GNIP2 (as a putative
negative control), as well as TRIM7, for autoubiquitination with UbcH5a. We found
that high molecular weight TRIM7 and GNIP1 species were formed in the presence of
UbcHb5a, while we did not observe the high molecular weight GST-GNIP2 species
(Figure 2B). Membranes were stained with GNIP/TRIM7 antibody and an ubiquitin
antibody. Both antibodies detect the same protein bands indicating that the specific
bands are ubiquitinated species of GNIP1 or TRIM7 (Figure 2A and 2B). Together,
these data indicate that TRIM7 and GNIP1 have autoubiquitination activity in vitro,
whereas GNIP2 lacks this activity.



3.3. GNIP1 and TRIMY intracellular location

We constructed a fusion protein of GNIP1 or TRIM7 with a C-terminal EGFP flag
(GNIP1-EGFP or TRIM7-EGFP). Western blotting confirmed the correct expression
and size of the fusion proteins (Figure 3A, B).

We analyzed the subcellular location of GNIP1 and TRIM7 proteins in LHCN-M2
myoblasts. TRIM7-EGFP protein appeared throughout the cytosol with a diffuse
pattern, and was occasionally located in the nucleus (Figure 3C). In contrast, the
GNIP1-EGFP protein showed a pattern clustered around the nucleus that was collocated
with the Golgi marker. As a control, we transfected LHCN-M2 cells with a plasmid
encoding EGFP, and we observed that this protein was located in the cytoplasm and

nucleus and was not collocated with Golgi-targeted RFP.

3.4. Effect of GNIP1 overexpression on glycogen metabolism in mouse SKM

To analyze the possible impact of GNIP1 protein on glycogen metabolism,
gastrocnemius mouse muscle was treated with the Ad-GNIP1 adenovirus to overexpress
human GNIP1 or Ad-GFP adenovirus, as a transduction control. In an immunoblot
analysis, the antibody against GNIP/TRIM7 proteins detected a band in Ad-GFP-treated
muscle between 60-75 kDa (Figure 4A), which was much more intense in mouse
muscle treated with Ad-GNIP1 (1320+£265 expressed as a percentage of the value
obtained in gastrocnemius muscle of GFP-mice. p< 0.001 (n=12)). Importantly, human
GNIP1 and GFP protein levels were undetectable in the liver of GNIP1- or GFP-mice
respectively (data not shown). Therefore, we concluded that no systemic distribution of
GNIP1 or GFP had occurred.

We analyzed changes in body weight and blood glucose levels at various time points
after adenovirus transduction. To analyze whole-body insulin sensitivity in relation to
GNIP1 overexpression, we also performed an ITT and a GTT. The body weight of
GNIP-1 mice was statistically reduced by about 8% after day 85 post-adenoviral
infection (Figure 4B). In the same way, from day 44, the blood glucose levels were

about 15% lower in GNIP1-mice than in GFP-mice (Figure 4C). In contrast, whole-
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body insulin and glucose tolerance were unaffected by GNIP1 gene delivery (Figures
4D, E). After overnight fasting, blood glucose levels remained lower in GNIP1-mice
than in GFP-mice, although this difference did not reach statistical significance (Table
1A). Lactate levels were clearly decreased by GNIP1, whereas insulin levels were
unaffected. Body weight was lower in GNIP1-mice than in GFP-mice (Table 1B) but
we did not observe differences between groups in body weight/liver or adipose tissue

ratios.

We next studied the effect of GNIP1 overexpression on GS and GP activities and its
impact on glycogen accumulation and GYGL1 protein content in gastrocnemius muscle.
The activity of the total and active form of GS in GNIP1-mice gastrocnemius muscle
increased about 34% (Figure 5A), and 22% (Figure 5B) respectively compared to
control muscles, whereas GS activity ratio (-G6P/+G6P) was unafected by GNIP1
(GFP-mice = 0.14 £ 0.02; GNIP1-mice = 0.12 + 0.01; p = 0.2). No effects of GNIP1
overexpression were observed on GP activity (Figure 5C, D). In concordance with the
GS activation, the glycogen levels in gastrocnemius muscle were 40% higher in GNIP1-
mice than in GFP-mice (Figure 5E), whereas no significant changes were observed in
GYG1 protein content (Figure 5F).

To decipher the molecular mechanism underlying GS activation, we investigated
possible GNIP1-mediated regulation of the protein kinase B (Akt)-glycogen synthase
kinase-3 (GSK-3)-GS signaling cascade. No changes were observed in total Akt, GSK-3
or GS protein content in relation to GNIP1 overexpression (Figure 6), but a significant
increase in phospho-Akt/total Akt (47%) and phospho-GSK-3/total GSK-3 (53%)
protein content ratios was observed. Accordingly, phosphorylation of GS in Ser

640/total GS ratio was about 30% lower in GNIP1 overexpressed muscle.

To determine whether GNIP1 can regulate pro-inflammatory mediators, the mRNA
levels of TNF-a and IL-6 in gastrocnemius muscle from GFP- and GNIP1-mice were
measured by real-time PCR. No changes in TNF-a (24" =1.05 + 0.16, p=0.89 (n=9) )
or IL-6 (22*“* = 1.08 + 0.13, p=0.84 (n=9) ) gene expression were observed in GNIP1-

mice compared to GFP-mice.

Thus, together these data suggest that GNIP1 overexpression in mouse muscle in vivo

leads to decreased blood glucose levels, lactate levels and body weight, and activates
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the Akt-GSK-3-GS signaling pathway and glycogen accumulation without altering the

inflammatory status of gastrocnemius muscle.

3.5. Effect of GNIP1 on glucose transport and GS activity in LHCN-M2 myotubes

We analyzed whether these effects were accompanied by an increase in glucose
transport through the cell membrane. To achieve this, we performed an adenoviral gene
transfer of GNIP1, TRIM7 and GFP in cultured LHCN-M2 myotubes and determined 2-

deoxyglucose uptake in the presence or absence of insulin.

Human GNIP1 and TRIM7 overexpression was confirmed by immunoblot, showing
bands in Ad-GNIP1- and Ad-TRIM7-treated cells of about 60-75 kDa and 20-25 kDa
respectively (Figure 7A), which were not found in cells treated with Ad-GFP

adenovirus.

Next, we confirmed that basal glucose uptake was increased in response to GNIP1
(30%) and TRIM7 (20%) overexpression (Figure 7B). As expected, insulin increased 2-
deoxyglucose uptake by 25% in myotubes treated with Ad-GFP. In the presence of
insulin, GNIP1 overexpression further stimulated 2-deoxyglucose uptake (27%),
whereas no effect of TRIM7 was observed under this condition. This indicates that
TRIMY increases glucose transport through the cell membrane, less than GNIP1 and in
the absence of insulin only. However, GNIP1 can enhance glucose uptake additively to

insulin.

To analyze whether Akt-GSK-3-GS pathway activation observed in GNIP1-mice
gastrocnemius muscle is dependent on the phosphoinositide 3-kinase (PI13K), GS ativity
was measured in the presence and absence of insulin or/and LY294 (an inhibitor of
PI3K) in LHCN-M2 cultured myotubes. Insulin increased GS activity ratio (-
G6P/+G6P) similarly in Ad-GFP- and Ad-GNIP1-treated cells (Figure 8). As expected,
activation of GS by insulin was blocked by LY294. GNIP1 overexpression caused a
significant GS activation that did not reach statistical significance in LY294 treated

cells. These data suggest that GS activation by GNIP1 is partially dependent on PI3K.

4. DISCUSSION

12



It is well known the importance of the interaction between GYG1 and GS for glycogen
biosynthesis in muscle, and GNIPs have recently emerged as a proteins with a novel
putative role in glycogen metabolism.

GNIP1 and GNIP2 are known to interact with GYG1 and GNIP2 to stimulate GYG1
self-glucosylation in vitro [2]. The B30.2 domain, which is present in GNIP1 and
GNIP2, mediates interaction with GYG1 [5]. Autoglucosylation of GYG1 leads to the
formation of a maltosaccharide chain that acts as the primer for GS and branching
enzyme to accomplish glycogen synthesis [20]. We demonstrated here that GNIP1
overexpression in mouse SKM increased the glycogen accumulation and did not change
GYG1 protein content. Thus, our data, together with previous studies, point to a likely
interaction between GNIP1 and GYGL1 that improve GYGL1 self-glucosylation in vivo,
which promotes glycogen synthesis without altering GYGL1 protein content. Skurat et al.
proposed that the stimulatory effect of GNIP2 on GYG1 self-glucosylation in vitro
occurs via a change in the conformation of the GYG1 dimer that creates a better
condition for attachment of glucose to the polysaccharide chain [2]. Thus, GNIP1 could

exert this same action on GYGL1 in vivo.

On the other hand, our results confirm that GNIP1 has E3 ubiquitin ligase activity that
GNIP2 does not have. GNIP1 and TRIM7-deduced proteins have been found to contain
an N-terminal RING domain [3], which suggests they could have E3 ubiquitin ligase
activity. Recently, Chakraborty et al. characterized human GNIP1 as an ubiquitin ligase
with a role in activator protein 1 (AP-1) activation via Ras, through an in vivo
ubiquitination assay in 293T cells [11]. Here, for the first time, we demonstrate
enzymatic activity as an E3 ubiquitin ligase for TRIM7, and confirm this activity for
GNIP1 through in vitro autoubiquitination. Initially, ubiquitination was defined as a tag
to promote protein degradation by the proteasome. However, other roles have emerged
for ubiquitination, such as regulation of binding properties, subcellular localization and
activity [9, 10, 21].

It is known that the coiled-coil domain of TRIM family proteins promotes the definition
of discrete subcellular compartments within the cell [22]. Previous data suggest possible
involvement of the TRIM proteins and their alternatively spliced isoforms in the
regulation of compartmentalization [3]. Moreover, regulation by ubiquitination can

occur via the subcellular localization of the enzymes, the substrates or via binding to
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“auxiliary” proteins [23]. In this regard, we show that TRIM7 is mostly present in the
cytosol and occasionally in the nucleus of cultured human SKM cells. This is in
agreement with previous data, which determined TRIM7 localization in a diffuse
cytoplasmatic and nuclear pattern in HeLa and U20S cells [3]. Otherwise, the cellular
localization of GNIP1, which has never before been described, was in the Golgi
apparatus. Thus, we speculate that the different structure domain of GNIP1 and TRIM7
is presumably responsable for their different intracellular localization, and probably for
their different function in SKM.

The human tissue expression profile of the GNIP/TRIM7 gene using a partial coding
sequence for TRIM?7 is reported to be most prominent in SKM [2]. However, the tissue
distribution of GNIP/TRIM7 proteins in mouse extracts analyzed using antibodies
generated against the C-terminal B30.2 domain present in GNIP1, GNIP2, GNIP3 (not
in TRIM7) revealed a 55 kDa species (the same size as GNIP1 expressed in COS cells)
in several tissues, and relatively low levels in SKM [5]. In the present study, using an
antibody against a sequence in the N-terminal part of GNIP1, GNIP2 and GNIP3 and
the C-terminal part of TRIM7, we detected stronger signals for these proteins in human
SKM and CM samples than in smooth muscle tissue. Specifically, GNIP1 showed the
strongest signal in SKM, whereas for TRIM7 the highest content was observed in CM.
In agreement with these results, GNIP1 mRNA levels were higher than TRIM7 in
human SKM cultured cells, whereas in human cardiomyocytes only TRIM7 was
expressed.

The main glycogen stores are confined to SKM and liver in humans, although SKM is
the major tissue where insulin stimulates glucose uptake to store glycogen and remove
glucose from the blood [24]. Insulin regulates glucose metabolism by the
phosphorylation of the insulin receptor substrate 1 (IRS1), which causes PI3K
activation and a subsequent phosphorylation cascade that activates and phosphorylates
Akt. The activated phospho-Akt then inactivates GSK-3 by phosphorylation, which is
involved in GS regulation by phosphorylation at site 3a [25, 26]. We observed an
increment in GS activation by dephosphorylation in ser 640, accompanied by an
activating effect on the insulin Akt-GSK-3 signaling cascade in GNIP1-mice, and an
increment in glucose uptake in GNIP1-overexpresed cultured LHCN-M2 myotubes. It is
known that some ubiquitination processes are involved in the regulation of glycogen

accumulation. For instance, the RING-type E3 ubiquitin ligase malin ubiquitinates GS
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and GP in cultured cells, and regulates expression and phosphorylation levels of GP in
mouse [27]. However, it has never been demonstrated that malin directly regulates
glycogen metabolism by controlling the GS activation state or phospho-GS or total GS
protein content levels in mouse muscle in vivo [28]. Our results showed that GNIP1, on
the contrary, did not elicit any effect on GP activity, but increased GS activation as well
as Akt and GSK-3 phosphorylation levels in mouse. Furthermore, our findings in
LHCN-M2 cultured cells suggest that GNIP1-mediated activation of GS is partially
dependent on PI3K. This upregulation of the insulin signaling pathway by GNIP1
might be occurring through an ubiquitination process of a protein directly or indirectly
involved in this pathway. Other ubiquitin ligases located in Golgi apparatus can regulate
metabolic signaling pathways by ubiquitin-mediated modification of molecules
involved in up- or down-regulation of these pathways [29, 30]. Currently, RACO-1 is
the only substrate described for GNIP1, which stimulates c-Jun/AP-1 activation [11]. c-
Jun N-terminal kinases have been considered signaling molecules, linking inflammation
and insulin resistance [31], and have been identified as a substrate of GSK-3 [32, 33]. It
has been described that some E3 ubiquitin ligases regulate insulin signaling through
targeting pro-inflammatory mediators involved in insulin resistance (review [34]). In
this regard, although more pro-inflammatory markers should be assessed to confirm our
results, they might suggest that pro-inflammatory mediators expression is not modulated

by GNIP1 in mouse muscle.

Recently, TRIM family proteins were found to be implicated in the regulation of insulin
pathway. An example is the muscle-specific MG53 (also called TRIM72) that mediates
the degradation of IRS1 and, when upregulated in mouse, causes metabolic syndrome
featuring insulin resistance, obesity, hypertension and dyslipidemia [6]. Our results
showed that GNIP1, even though it was only overexpressed in gastrocnemius muscle,
decreased mouse body weight and blood circulating glucose and lactate levels. We
propose that this effect is due, in part, to GNIP1-mediated activation of the Akt-GSK-
3-GS signaling cascade and subsequent glycogen synthesis in muscle. In a recent study,
muscle-specific GS deletion in adult mice showed increased lactate levels, decreased
muscle glycogen content and glucose intolerance [35]. However, in other studies,
modification of GS activity and muscle glycogen stores in muscle resulted in
normoglycemic animals [36, 37]. Our findings showed no effects of GNIP1 on glucose

tolerence in mouse. Therefore, other mechanisms migt mediate the reduced blood
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glucose and lactat levels in Ad-GNIP1 treated-mice. Previous studies in human have
found that muscles break down glycogen to lactate during intense exercise, and during
the recovery period, muscle glycogen reappears while lactate disappears [38]. Our
results showed that GNIP1 is mainly expressed in SKM in humans and Zhai et al. [5]
have proposed that GNIP1 might be a factor responsable for controlling the rate of
reassociation of GYG1 and GS during glycogen-resynthesis in muscle. Therefore, we
speculate that GNIP1 overexpression in gastrocnemius mouse muscle could be
mimicking certain processes associated to the recovery period after exercise.

In human muscle cultured cells GNIP1 increased glucose uptake additibely to insulin.
However, a lack of effect of GNIP1 on whole-body insulin tolerance was observed in
mice. The reason for this discrepancy may be that some processes associated to the in
vivo model could not be happenning in cultured cells. We find several similarities
between our findings and the results obtained by Ruisheng S. et al. [6]. In their study,
MG53 deficiency markedly attenuated high-fat diet-induced metabolic syndrome.
However, no effects were observed in animals fed with a standard chow diet, excepte
for a reduction in blood glucose concentration. So, we should also consider that dietary
intervention could be important to detect the potential effects of GNIP1 on insulin or
glucose response in mouse.

We observed a GNIP1-mediated increase of GS activity ratio (-G6P/+G6P) in human
LHCN-M2 cells that was not detected in mouse. However, the activity of the total
(+G6P) and active (-G6P) form of GS was increased in GNIP1-mice, without altering
GS protein content. An unusual disconnection between total GS activity and GS protein
content has been already observed by other authors [39, 40]. The reason for this effect is
unclear but it may reflect a mechanism of GNIP1 to modify the total enzyme activity. It
is also possible that other mechanisms may make GS more sensitive to G6P in GNIP1-

mice muscle.

The activation of the insulin signaling pathway by GNIP1 is in accordance with the
observed increment in glucose uptake in cultured cells. It is known that Akt plays a role
in directing GLUT4 vesicles to the plasma membrane and thus promotes glucose
transport in 3T3-L1 adipocytes [41]. Constitutive activation of Akt in L6 muscle cells,
also stimulates the uptake of glucose and promotes the inactivation of GSK-3 and
glycogen sinthesis [42] . Therefore, our data suggest that GNIP1 can enhance glucose

transport and , at least in part, GS activity by increasing phospho-Akt levels. However,
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since GNIP1 was capable of stimulating glucose uptake in LHCN-M2 cells, both in the
presence and absence of insulin, we cannot discard a possible non-insulin dependent
action of GNIP1 on basal glucose uptake, more dependent of GLUT1 in SKM [43].

Together, our results suggest that defects in GNIP1 in skeletal muscle could be involved
in pathogenesis and insulin resistance. However, further studies are needed to determine

whether GNIP1 could be considered a treatment option for diabetes and obesity.

In summary, the present study demonstrates that GNIP1 can stimulate glycogen
synthesis and promote the insulin signaling pathway activation and glucose uptake in
SKM. This indicates that GNIP1 is an E3 ubiquitin ligase enzyme with a new, emerging
role in glycogen metabolism, that could be a potential therapeutic target for the

treatment of obesity or type 2 diabetes.

FIGURE LEGENDS

FIGURE 1. GNIP/TRIM7 expression in human tissues. (A) The relative expression
of TRIM7 and GNIP1 genes was analyzed in human SKM, primary cultured myotubes
(PCMT), LHCN-M2 (MB= myoblast, MT=myotube) and AC16 cells by RT-PCR.
Percentage of mean values of 2°“* + SEM are shown. The significance of differences
versus SKM: *p < 0.05; ** p < 0.01 and versus GNIP1 in the same tissue or cell type: ¥
p < 0.05; { p <0.01. (B) Immunoblot analysis was performed on extracts from the
indicated human mucle tissues or (C) from human skeletal muscle and cultured LHCN-
M2 myoblasts treated with Ad-GFP or Ad-GNIP1 or (D) from human cardiac muscle
and cultured LHCN-M2 myoblasts treated with Ad-TRIM7. Membranes were
hybridized with antibodies against GNIP/TRIM7 (B, C, D) and a-actinin (C, D). GNIP1
and TRIM7 (B) protein bands are indicated by an arrow.

FIGURE 2. Autoubiquitination assay on TRIM7, GNIP1 and GNIP2. (A) GST-
TRIM7 or (B) GST-GNIP1, GST-GNIP2 and GST-TRIM7 were incubated in the
ubiquitination reaction mix, without (-) or with the indicated human E2 enzymes.
Immunoblot was performed and membranes were hybridized with indicated antibodies.

A representative image is shown.
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FIGURE 3. Cytolocation of GFP-GNIP1 and GFP-TRIM7. 293 cells were
transfected with pEGFP, pEGFP-GNIP1 or pEGFP-TRIM7 and immunoblot analysis
was performed using (A) anti-GNIP/TRIM7 or (B) anti-GFP antibodies. (C) LHCN-M2
myoblasts were co-transfected with pRFP1-N1-GalT (Golgi marker) and (a to d)
pEGFP (e to h) pEGFP-TRIM7 or (i to I) pEGFP-GNIP1. The image shows the
fluorescent signal of Hoechst (a, e, 1), EGFP (b, f, J), RFP (c, g, k) and the colocation of
the signal of Hoechst, EGFP and RFP (d, h, I).

FIGURE 4. Effect of GNIP1 on mouse. (A) Immunoblot analysis was performed on
gastrocnemius extracts from GFP- and GNIP1-mice using antibodies against
GNIP/TRIMY7 and actin. Body weight (B) and blood glucose levels (C) were measured
on the days indicated. An (D) ITT or (E) GTT was performed. Data are mean + SEM
(n=6). Significance of differences versus GFP-mice: *p < 0.05; ** p < 0.01.

TABLE 1. Body and tissue weight, blood metabolites and insulin levels in GFP-
and GNIP1-mice. (A) Blood glucose, lactate and insulin levels and (B) body (Bw),
liver (Lw) and peritoneal white adipose tissue (Aw) weight were measured in overnight
fasted mice at 113 days of age. Data are mean + SEM (n=6). Significance of differences

versus GFP-mice: *p < 0.05.

FIGURE 5. Effects of GNIP1 on overexpressed mouse muscle. Gastrocnemius
muscle extracts from GFP- and GNIP1-mice were used to perform total (A) GS or (C)
GP activity and active (B) GS or (D) GP activity measures, (E) glycogen content and
(F) immunoblot analysis with anti- GYG1 and anti-actin antibodies. Data are means +
SEM (n=12). Significance of differences versus GFP-mice muscle: *p < 0.05; **p <
0.01.

FIGURE 6. GNIP1 effects on the Akt-GSK-3-GS signaling cascade. Immunoblot
analysis was performed on gastrocnemius muscle extracts from GFP- and GNIP1-mice
using antibodies against actin, GS, Akt, GSK-3uo/f and phospho-GS (Ser641/0),
phospho-GSK-3a/B (Ser21/9) and phospho-Akt (Ser473). Data are mean + SEM of
phospho-protein /total protein percentage of GNIP1-mice versus GFP-mice band
intensity ratio (n=12). Significance of differences versus GFP-mice muscle: *p < 0.05;
**p < 0.01.
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FIGURE 7. Effect of GNIP1 and TRIM7 on glucose uptake. Overexpressed cultured
LHCN-M2 myotubes were used to (A) perform an immunoblot analysis using
antibodies against GNIP/TRIM7 and GAPDH or a-actinin or (B) a glucose uptake
measure in the presence or absence of insulin. Data are mean + SEM (n=8).
Significance of differences versus cells treated with Ad-GFP under the same incubation
conditions: *p < 0.05; **p < 0.01; or without insulin under the same transduction

conditions: T p <0.05.

FIGURE 8. Effect of GNIP1, insulin and LY294 on GS activity in LHCN-M2 cells.
LHCN-M2 myotubes were transduced with Ad-GFP or Ad-GNIP1 and incubated with
25 mM glucose for 24h. Then, cells were incubated with glucose-deprived medium for
3 h. Finally cells were incubated with 10 mM glucose and with DMSO(control) or
10uM LY294 inhibitor (Sigma-Aldrich) and/or 100 nM insulin during 30 min. GS
activity ratio (without glucose 6-phosphate / with glucose 6-phosphate) was measured in
cell extracts. Data are means £ SEM (n=5). Significance of differences versus cells
treated with Ad-GFP (DMSO): *p < 0.01; **p < 0.001; or versus cells treated with

insulin under the same transduction conditions: fp < 0.05; $p<0,01

Acknowledgements

We thank Dr. Antia Rodriguez-Villalon and Dr. Jordi Pérez-Gil for helpful comments
on the manuscript. We also thank Dr. W.E. Wright for his generous gift of the LHCN-
M2 cell line and The University of Barcelona’s Language Service for revising the

manuscript.

Funding

This study was supported by grants from the Spanish Ministerio de Ciencia e
Innovacion (SAF2012-37480 to AMG, SAF2015-64146-R to MVC) and CIBERDEM
(CB07/08/0003 and CBO07/08/0012) in Spain, as well as the DIATRAIN Mobility
Program-CIBERDEM and FP7-People-2010-COFUND (European Commission).

19



Conflicts of interest

The authors declare that there are no conflicts of interest associated with this

manuscript.

Authors’ contributions

MM carried out the gene expression and protein content analysis of human samples, the
transduction with recombinant adenoviruses; the plasmids construction, the glucose
uptake and enzime activity assays and the glycogen and lactate content measurement.
MM also designed and coordinated the work of RP and ZB, carried out the statistical
analysis, drew up figures, drafted the manuscript and participated in ubiquitination
studies and experiments in mouse. RP carried out the protein content analysis of mouse
samples and participated in mouse experiments, activity assays and figures. ZB carried
out the preparation of pEGFP-GNIP1 construct and performed the analysis of
cytolocation. IL carried out the ubiquitination studies and participated in plasmid
construction. AO carried out the primary cell cultures and cell lines growth. JC and JCJ
carried out the in vivo metabolite measures and performed insulin and glucose tolerance
test and tissue excision in mouse. CG carried out the transduction with recombinant
adenoviruses in vivo. OO carried out the preparation of human tissue extracts for
immunoblot analysis. MRC carried out the human tissue excision. JV coordinated
human tissue sample supply. MVC carried out the AC16 cell growth and mRNA
extraction. SD carried out the gene expression analysis design and participated in the
ubiquitination studies. AMG conceived the study and carried out its design and
coordination until March 2015. CG, JCJ, MVC and SD collaborated in drafting the

manuscript.

All authors have read and approved the final manuscript.

REFERENCES

[1].  Adeva-Andany, M.M., et al., Glycogen metabolism in humans. BBA Clin, 2016.
5: p. 85-100.

20



2]

[3].
[4].
[5].
[6].
[7].

[8].
[9].

[10].
[11].
[12].

[13].

[14].
[15].

[16].

[17].

[18].

[19].

[20].

[21].

Skurat, A.V., et al., GNIP, a novel protein that binds and activates glycogenin,
the self-glucosylating initiator of glycogen biosynthesis. J Biol Chem, 2002.
277(22): p. 19331-8.

Reymond, A, et al., The tripartite motif family identifies cell compartments.
Embo j, 2001. 20(9): p. 2140-51.

Meroni, G. and G. Diez-Roux, TRIM/RBCC, a novel class of 'single protein
RING finger' E3 ubiquitin ligases. Bioessays, 2005. 27(11): p. 1147-57.

Zhai, L., et al., Structure-function analysis of GNIP, the glycogenin-interacting
protein. Arch Biochem Biophys, 2004. 421(2): p. 236-42.

Song, R., et al., Central role of E3 ubiquitin ligase MG53 in insulin resistance
and metabolic disorders. Nature, 2013. 494(7437): p. 375-9.

Saccone, V., et al., Mutations that impair interaction properties of TRIM32
associated with limb-girdle muscular dystrophy 2H. Hum Mutat, 2008. 29(2): p.
240-7.

Deshaies, R.J. and C.A. Joazeiro, RING domain E3 ubiquitin ligases. Annu Rev
Biochem, 2009. 78: p. 399-434.

Leon, S. and R. Haguenauer-Tsapis, Ubiquitin ligase adaptors: regulators of
ubiquitylation and endocytosis of plasma membrane proteins. Exp Cell Res,
2009. 315(9): p. 1574-83.

Hicke, L., Protein regulation by monoubiquitin. Nat Rev Mol Cell Biol, 2001.
2(3): p. 195-201.

Chakraborty, A., et al., The E3 ubiquitin ligase Trim7 mediates c-Jun/AP-1
activation by Ras signalling. Nat Commun, 2015. 6: p. 6782.

Lassot, I., et al., Trim17, a novel E3 ubiquitin-ligase, initiates neuronal
apoptosis. Cell Death Differ, 2010. 17(12): p. 1928-41.

Montori-Grau, M., et al., Differential pattern of glycogen accumulation after
protein phosphatase 1 glycogen-targeting subunit PPP1R6 overexpression,
compared to PPP1R3C and PPP1R3A, in skeletal muscle cells. BMC Biochem,
2011. 12: p. 57.

Esk, C., et al., The clathrin heavy chain isoform CHC22 functions in a novel
endosomal sorting step. J Cell Biol, 2010. 188(1): p. 131-44.

Davidson, M.M., et al., Novel cell lines derived from adult human ventricular
cardiomyocytes. J Mol Cell Cardiol, 2005. 39(1): p. 133-47.

Herz, J. and R.D. Gerard, Adenovirus-mediated transfer of low density
lipoprotein receptor gene acutely accelerates cholesterol clearance in normal
mice. Proc Natl Acad Sci U S A, 1993. 90(7): p. 2812-6.

Jimenez-Chillaron, J.C., C.B. Newgard, and A.M. Gomez-Foix, Increased
glucose disposal induced by adenovirus-mediated transfer of glucokinase to
skeletal muscle in vivo. Faseb j, 1999. 13(15): p. 2153-60.

Montori-Grau, M., et al., Effects of aging and calorie restriction on rat skeletal
muscle glycogen synthase and glycogen phosphorylase. Exp Gerontol, 2009.
44(6-7): p. 426-33.

Montell, E., et al., DAG accumulation from saturated fatty acids desensitizes
insulin stimulation of glucose uptake in muscle cells. Am J Physiol Endocrinol
Metab, 2001. 280(2): p. E229-37.

Lomako, J., W.M. Lomako, and W.J. Whelan, Glycogenin: the primer for
mammalian and yeast glycogen synthesis. Biochim Biophys Acta, 2004. 1673(1-
2): p. 45-55.

d'Azzo, A., A. Bongiovanni, and T. Nastasi, E3 ubiquitin ligases as regulators
of membrane protein trafficking and degradation. Traffic, 2005. 6(6): p. 429-41.

21



[22].
[23].
[24].
[25].
[26].

[27].

[28].

[29].
[30].
[31].

[32].

[33].

[34].

[35].

[36].

[37].

[38].

[39].

[40].

[41].

Ozato, K., et al., TRIM family proteins and their emerging roles in innate
immunity. Nat Rev Immunol, 2008. 8(11): p. 849-60.

Woelk, T., et al., The ubiquitination code: a signalling problem. Cell Div, 2007.
2:p. 11.

Jensen, J., et al., The role of skeletal muscle glycogen breakdown for regulation
of insulin sensitivity by exercise. Front Physiol, 2011. 2: p. 112.

Yeaman, S.J., et al., Regulation of glycogen synthesis in human muscle cells.
Biochem Soc Trans, 2001. 29(Pt 4): p. 537-41.

McManus, E.J., et al., Role that phosphorylation of GSK3 plays in insulin and
Whnt signalling defined by knockin analysis. Embo j, 2005. 24(8): p. 1571-83.
Vikas Dukhande, B.P., Nazeer Shaikh, Matthew Gentry ,. AJCN Editor Search
Announcement Ubiquitination of glycogen phosphorylase by the malin-laforin
complex regulates glycogen catabolism. The FASEB Journal, 2014. 28: p.
Supplement 663.17

DePaoli-Roach, A.A., et al., Genetic depletion of the malin E3 ubiquitin ligase
in mice leads to lafora bodies and the accumulation of insoluble laforin. J Biol
Chem, 2010. 285(33): p. 25372-81.

Zemirli, N., et al., The E3 ubiquitin ligase RNF121 is a positive regulator of NF-
kappaB activation. Cell Commun Signal, 2014. 12: p. 72.

Zhang, Q., et al., RNF13: a novel RING-type ubiquitin ligase over-expressed in
pancreatic cancer. Cell Res, 2009. 19(3): p. 348-57.

Yang, R. and J.M. Trevillyan, c-Jun N-terminal kinase pathways in diabetes. Int
J Biochem Cell Biol, 2008. 40(12): p. 2702-6.

de Groot, R.P., et al., Negative regulation of Jun/AP-1: conserved function of
glycogen synthase kinase 3 and the Drosophila kinase shaggy. Oncogene, 1993.
8(4): p. 841-7.

Nikolakaki, E., et al., Glycogen synthase kinase 3 phosphorylates Jun family
members in vitro and negatively regulates their transactivating potential in
intact cells. Oncogene, 1993. 8(4): p. 833-40.

Yang, X.D., D.X. Xiang, and Y.Y. Yang, Role of E3 ubiquitin ligases in insulin
resistance. Diabetes Obes Metab, 2016. 18(8): p. 747-54.

Xirouchaki, C.E., et al., Impaired glucose metabolism and exercise capacity
with muscle-specific glycogen synthase 1 (gys1) deletion in adult mice. Mol
Metab, 2016. 5(3): p. 221-32.

Bouskila, M., et al., Allosteric regulation of glycogen synthase controls glycogen
synthesis in muscle. Cell Metab, 2010. 12(5): p. 456-66.

Aschenbach, W.G., et al., The muscle-specific protein phosphatase
PP1G/R(GL)(G(M))is essential for activation of glycogen synthase by exercise.
J Biol Chem, 2001. 276(43): p. 39959-67.

Medbo, J.1., et al., Lactate elimination and glycogen resynthesis after intense
bicycling. Scand J Clin Lab Invest, 2006. 66(3): p. 211-26.

Nielsen, J.N., et al., Glycogen synthase localization and activity in rat skeletal
muscle is strongly dependent on glycogen content. J Physiol, 2001. 531(Pt 3): p.
757-69.

Scheffler, T.L., et al., Gain of function AMP-activated protein kinase gamma3
mutation (AMPKgamma3R200Q) in pig muscle increases glycogen storage
regardless of AMPK activation. Physiol Rep, 2016. 4(11).

Kohn, A.D., et al., Expression of a constitutively active Akt Ser/Thr kinase in
3T3-L1 adipocytes stimulates glucose uptake and glucose transporter 4
translocation. J Biol Chem, 1996. 271(49): p. 31372-8.

22



[42].

[43].

Hajduch, E., et al., Constitutive activation of protein kinase B alpha by
membrane targeting promotes glucose and system A amino acid transport,
protein synthesis, and inactivation of glycogen synthase kinase 3 in L6 muscle
cells. Diabetes, 1998. 47(7): p. 1006-13.

Olson, A.L. and J.E. Pessin, Structure, function, and regulation of the
mammalian facilitative glucose transporter gene family. Annu Rev Nutr, 1996.
16: p. 235-56.

23



Table 1

A

Glucose (mg/dl)  Lactate (mg/dl)
GFP-mice 49.17+3.06 27.90+£2.14
GNIP1-mice 41.6£5.13 20.50+£1.80*
B

Body weight Liver weight Adipose

(9) (9) weight (g)
GFP-mice 36.91+0.80 1.33+0,11 0.30+0.09
GNIP1- 33.46+1.16* 1.17+0.04 0.23+0.06
mice

24

Insulin (ng/ml)
0,71+0.18

0,79+0.12

tissue Bw/Lw
(%)
3.59+0.23 0.82+0.22

Bw/Aw(%)

3.51+0.19 0.70+0.18



Highlights

- GNIP1 protein content is higher than TRIM7 in human skeletal muscle.

- GNIP1 and TRIMY have autoubiquitination activity in vitro.
- GNIP1 and TRIMY localize in the Golgi apparatus and cytosol respectively.

-GNIP1 is an ubiquitin ligase with a glycogenic effect in skeletal muscle.
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