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Summary 

Mechanisms to coordinately regulate energy expenditure and glucose uptake into muscle and 

fat cells are not well described.  Insulin stimulates glucose uptake by causing site-specific 

endoproteolytic cleavage of TUG, which mobilizes GLUT4 glucose transporters to the cell 

surface.  Here, we show that the TUG C-terminal cleavage product enters the nucleus, binds 

the transcriptional regulators PGC-1a and PPARg, and increases oxidative metabolism and 

thermogenic protein expression.  Muscle-specific genetic manipulation of this pathway impacts 

whole-body energy expenditure, independent of glucose uptake.  The PPARg2 Pro12Gly 

polymorphism, which confers reduced diabetes risk, enhances TUG binding.  The TUG 

cleavage product stabilizes PGC-1a and is itself susceptible to an Ate1 arginyltransferase -

dependent degradation mechanism; binding of the TUG product confers Ate1-dependent 

stability upon PGC-1a.  We conclude that TUG cleavage coordinates energy expenditure with 

glucose uptake, that this pathway may contribute to the thermic effect of food, and that its 

attenuation may be important in obesity. 
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Introduction 

How energy expenditure in mammals is linked to the availability of metabolic substrates is not 

well understood.  Although it is a primary nutritional signal, insulin has not been implicated in 

direct control of thermogenic mechanisms.  Insulin stimulates glucose uptake into muscle and 

fat cells by mobilizing GLUT4 glucose transporters to the plasma membrane (Bogan, 2012; Leto 

and Saltiel, 2012).  In unstimulated cells, GLUT4 is trapped intracellularly by TUG proteins 

(Bogan et al., 2003; Yu et al., 2007).  Insulin liberates this pool of “GLUT4 storage vesicles” 

(GSVs) by triggering site-specific endoproteolytic cleavage of TUG (Belman et al., 2014; Bogan 

et al., 2012; Löffler et al., 2013).  In adipocytes, this process requires the Usp25m protease and 

is impaired in rodents with diet-induced insulin resistance (Habtemichael et al., 2018).   

Impaired regulation of GSVs by TUG may contribute to multiple aspects of the metabolic 

syndrome.  In addition to GLUT4, TUG-regulated GSVs contain the aminopeptidase IRAP, 

which inactivates circulating vasopressin, and lipoprotein receptors (LRP1, sortilin), which may 

act in cholesterol metabolism (Habtemichael et al., 2015; Li et al., 2019).  Transgenic mice with 

constitutive, insulin-independent TUG cleavage in muscle exhibit not only increased fasting 

glucose uptake, due to GLUT4, but also increased water intake, due to IRAP.  These mTUGUBX-

Cter mice (here called “UBX mice”) also display increased energy expenditure (Löffler et al., 

2013), which remains unexplained.  Here, we report that the TUG C-terminal cleavage product 

mediates this effect by promoting the expression of genes that enhance oxidative metabolism. 

Results 

In UBX mice, muscle-specific transgenic expression of an unstable TUG fragment recruits PIST, 

a negative regulator of TUG cleavage, for proteosomal degradation, and endogenous intact 

TUG proteins are cleaved constitutively in the absence of an insulin signal (Löffler et al., 2013).  

In fasting UBX mice, GSVs are translocated and TUG cleavage products are generated in 

muscle.  Thus, the 12-13% increase in energy expenditure observed in these mice could result 

from translocation of a GSV cargo protein or from effects of a cleavage product.  To distinguish 

these possibilities, we created muscle-specific TUG knockout (MTKO) mice.  We predicted that 

in the absence of intact TUG, GSV cargoes would be translocated to the cell surface in muscle 

cells, as in adipocytes (Yu et al., 2007), but no TUG cleavage products will be generated.  With 

respect to production of the TUG C-terminal cleavage product, UBX and MTKO mice are gain- 

and loss-of-function models, respectively.  
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TUG deletion in muscle had no effect on GLUT4 or IRAP abundances, or on body weight and 

composition (Figures 1A, 1B, and S1A–S1C).  Like UBX mice (Löffler et al., 2013), MTKO mice 

had reduced fasting plasma glucose and insulin concentrations, compared to wildtype (WT) 

controls (Figures 1C and 1D).  Dynamic measurements of glucose flux showed that during 

fasting, whole-body glucose turnover was increased by 27% and muscle-specific glucose 

uptake was increased ~2.0-fold (Figures 1E, 1F, S1D, and S1E).  Muscle glycogen content was 

increased by 38% in MTKO animals, compared to controls (Figure 1G).  The data support the 

idea that TUG deletion increases cell surface GLUT4 to enhance muscle glucose uptake and 

whole-body glucose turnover.  As in UBX mice, water intake was increased in MTKO mice 

(Figure S1F), consistent with the prediction that IRAP is also targeted to the plasma membrane 

and inactivates circulating vasopressin (Habtemichael et al., 2015).  We conclude that in 

muscles lacking TUG, similar to muscles with constitutive TUG cleavage, GSV cargoes are 

targeted to the cell surface and affect glucose metabolism and physiology.  

If the increased energy expenditure observed in UBX mice results from cell surface targeting of 

a GSV cargo, then energy expenditure should be increased in the MTKO mice.  This was not 

observed (Figures 1H and S1G–S1L).  At 18 weeks of age, high-fat diet (HFD)-fed MTKO mice 

gained weight more rapidly than WT controls and developed increased fasting plasma glucose 

and insulin concentrations (Figures 1I–1K and S1M–S1P).  By contrast, HFD-fed UBX mice do 

not gain excess weight, despite a 14% increase in food intake, and they continue to have 

reduced fasting plasma glucose concentrations, compared to WT controls (Löffler et al., 2013).  

Body composition analysis revealed that HFD-fed MTKO mice had increased fat mass (Figures 

S1Q–S1U).  Thus, unlike UBX mice, MTKO have increased susceptibility to diet-induced 

obesity, compared to WT control animals. 

To study energy expenditure, we used younger animals and made measurements prior to the 

development of significant differences in body weight and composition.  In metabolic cages, 

HFD-fed MTKO mice had a 9% reduction in energy expenditure and no change in respiratory 

exchange ratio, food intake, or locomotor activity, compared to controls (Figures 1L and S2A–

S2H).  When normalized to lean mass, energy expenditure was decreased by 6% in MTKO 

mice and increased by 13% in UBX mice, compared to WT controls (Figures 1M and 1N).  In 

linear regression analyses, we observed these differences in per mouse energy expenditure 

across a range of body weights (Figure S2I).  Intriguingly, on a per mouse basis, HFD-fed 

MTKO animals had a 22% increase in food intake (Figure S2J).  We also observed increased 

weight gain and gonadal white adipose tissue (GWAT) mass in regular chow (RC) -fed MTKO 
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mice housed under thermoneutral conditions (Figures S2K–S2N).  Thus, MTKO and UBX mice 

have opposite energy expenditure phenotypes, despite similar effects due to cell surface 

targeting of GSV cargoes, implying that the effect on energy expenditure is not due to a GSV 

cargo protein. 

To learn how gene expression is altered in UBX vs. WT muscles, we analyzed transcriptomes.  

In UBX muscles, RNAs encoding several proteins for oxidative metabolism and thermogenesis 

were upregulated (Figure 2A), including sarcolipin (Sln, 3.7-fold increase), Ucp1 (5.7-fold), and 

Atp2a2 (encoding SERCA2b, 2.6-fold) (Bal et al., 2012; Ikeda et al., 2017; Nedergaard and 

Cannon, 2014).  Pathway analyses identified PPAR signaling as an enriched program of gene 

expression (Table S1).  In transfected cells, TUG accumulates in the nucleus (Orme and Bogan, 

2012), and we observed the endogenous TUG C-terminal cleavage product in nuclear fractions 

of insulin-stimulated muscles (Figures 2B and S3A).  The TUG product bound PPARg and its 

cofactor, PGC-1a, in transfected cells and using recombinant proteins (Figures S3B–F).  

Immunoprecipitation of endogenous TUG copurified both PGC-1a and PPARg from insulin-

treated muscles, supporting the physiological relevance of these interactions (Figure 2C).  The 

TUG product bound to peptides corresponding to the N-termini of PPARg1 and PPARg2 (Figure 

S3G).  PPARg2 contains a polymorphism, Pro12Ala, that predicts diabetes risk (Altshuler et al., 

2000).  We observed increased binding of the TUG product to PPARg2 peptides containing the 

protective Ala12 residue, compared to the Pro12 residue (Figures 2D, S3H, and S3I).  The data 

suggest that increased binding of the TUG C-terminal product to PPARg2 Ala12 may help to 

recruit PGC-1a and possibly other factors, resulting in enhanced expression of genes for 

oxidative metabolism and thermogenesis. 

To test whether the TUG product stabilizes a PPARg–PGC-1a complex, we immunoprecipitated 

PGC-1a and immunoblotted PPARg using transfected cells.  Figure 2E shows that a greater 

number of these complexes were formed when the TUG product was coexpressed.  

Conversely, fewer PPARg–PGC-1a complexes were present after insulin stimulation in muscle 

from MTKO mice, compared to WT controls (Figures 2F and S3J).  PGC-1a proteins have 

limited stability (Adamovich et al., 2013; Sano et al., 2007; Trausch-Azar et al., 2010), and 

insulin stimulation increased total PGC-1a abundance in muscle in WT, but not MTKO, mice 

(Figures S3K–N).  Consistent with reduced PGC-1a action in MTKO mice, electron microscopy 

revealed enlarged mitochondria with widened cristae in muscles of HFD-fed MTKO animals, 

compared to WT controls; lipid droplets were also observed and triglyceride content was 
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increased in muscle lacking TUG (Figures 2G, 2H, and S3O–S3S).  Ex vivo palmitate oxidation 

was reduced in soleus muscle of MTKO mice, compared to controls (Figure 2I).  The data show 

that the TUG product binds and stabilizes a PGC-1a–PPARg complex, increases overall PGC-

1a abundance, and promotes fatty acid oxidation. 

We next examined whether the TUG C-terminal product regulates the abundance of sarcolipin, 

which mediates thermogenesis in muscle by uncoupling ATP hydrolysis from Ca2+ transport into 

the sarcoplasmic reticulum (Bal et al., 2018).  Insulin stimulated an increase in sarcolipin 

abundance in WT muscle, which was abrogated by TUG deletion (Figures 3A, 3B, and S4A).  

Conversely, in UBX muscle, sarcolipin was increased during fasting (Figures 3C and S4B), 

consistent with RNA-seq data (Figure 2A) and calorimetry (Löffler et al., 2013).  After insulin 

stimulation, the TUG product associated with the sarcolipin promoter (Figure 3D).  Insulin also 

recruited PGC-1a and, to a lesser extent, PPARg to this site, which was largely independent of 

TUG (Figures S4C and S4D).  In muscle of mice fed a HFD, TUG processing was attenuated 

and abundance of the TUG protease, Usp25m, was reduced (Figures 3E, 3F, S4E, and S4F).  

As well, TUG binding at the sarcolipin promoter was reduced (Figure 3G) and the insulin-

stimulated increase in sarcolipin protein abundance was attenuated (Figures 3H and 3I).  We 

conclude that the effects on energy expenditure we observe are mediated, in part, by action of 

the TUG product to increase sarcolipin abundance, and that this action is attenuated when TUG 

cleavage is impaired in HFD-induced insulin resistance.  

To learn whether the TUG C-terminal product acts by a similar mechanism in adipocytes, we 

used both primary adipocytes and roscovitine-treated 3T3-L1 cells, which adopt a brown-like 

phenotype (Wang et al., 2016).  In adipocytes, as in muscle, insulin caused entry of the TUG 

product into the nucleus, where it associated with the Ucp1 promoter (Figures S4G–S4I).  

Insulin stimulated an increase in Ucp1 protein abundance, which was abrogated by shRNA-

mediated depletion of the TUG protease, Usp25m (Figures S4J and S4K).  In mice fed a HFD, 

TUG proteolytic processing was reduced in adipose (Habtemichael et al., 2018), binding of TUG 

at the Ucp1 promoter was decreased (Figure S4L), and the insulin-stimulated increase in Ucp1 

abundance was attenuated (Figures S4M and S4N).  The data support the idea that the TUG C-

terminal cleavage product acts in adipose, as in muscle, to enhance the expression of 

thermogenic proteins, and that this effect is reduced because of attenuated TUG cleavage in 

HFD-induced insulin resistance.  
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We reasoned that the stability of the TUG C-terminal product and of bound PGC-1a may be 

controlled by an N-degron pathway (Varshavsky, 2019).  Ablation of one such pathway, by 

acute deletion of the Ate1 arginyltransferase, increases thermogenesis and adipose Ucp1 

expression in mice (Brower and Varshavsky, 2009).  The TUG product contains an N-terminal 

serine residue (S165 of intact TUG).  Serine is not a known physiologic substrate of Ate1, and 

we used ubiquitin fusion proteins to test whether the TUG product is subject to this pathway.  

Deubiquitylase-mediated cleavage of these proteins generates wildtype or mutated TUG 

products (Figure 4A).  In Ate1-deficient murine embryonic fibroblasts (MEFs), compared to 

control cells, we observed marked accumulation of the wildtype TUG product (Figure 4B).  The 

Ser residue was not fully destabilizing in control MEFs, compared to Asp, a known Ate1 

substrate.  Yet, accumulation of the wildtype TUG product in Ate1 KO MEFs was similar to that 

of the S165M mutant, implying that Ate1 controls the main degradative pathway.  To further test 

the effect of Ate1 deletion on TUG C-terminal product stability, we treated cells with 

cycloheximide.  In these “cycloheximide chase” experiments, the stability of the TUG product 

was greatly enhanced in Ate1 KO MEFs, compared to control cells (Figure 4C).  Thus, the 

stability of the TUG C-terminal product is regulated by an Ate1-dependent degradation pathway. 

To test whether the half-life of PGC-1a is prolonged by coexpression of the TUG product, we 

used transfected cells.  Cycloheximide chase experiments showed that the half-life of PGC-1a 

in cells not expressing the TUG product was ~12 min., similar to previous results (Adamovich et 

al., 2013; Sano et al., 2007; Trausch-Azar et al., 2010), and this half-life was substantially 

prolonged by coexpression of the TUG product (Figure 4D).  To test whether Ate1 can control 

PGC-1a stability, we performed similar experiments using WT or Ate1-deficient MEFs.  Ate1 

deletion had a small effect to stabilize PGC-1a in cells not containing the TUG product, and 

coexpression of the TUG product both stabilized PGC-1a in WT cells and conferred a marked 

increase in stability in Ate1 KO cells (Figure 4E).  Thus, PGC-1a binds and is stabilized by the 

TUG C-terminal cleavage product, and the TUG product confers Ate1-dependent stability upon 

PGC-1a.   

Discussion 

Our data support a mechanism whereby glucose uptake and thermogenesis are coordinately 

regulated by proteolytic cleavage of TUG proteins (Figure 4F).  Insulin triggers the cleavage of 

intact TUG to release GSVs that are trapped at the Golgi, and to promote microtubule-based 

GLUT4 movement to the plasma membrane (Habtemichael et al., 2018; Löffler et al., 2013).  
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Cleavage generates the TUG C-terminal product, which enters the nucleus, binds and stabilizes 

a PGC-1a–PPARg complex, and promotes the expression of genes for oxidative metabolism.  

Specific genes that are regulated include sarcolipin and Ucp1, in muscle and adipose, 

respectively.  These thermogenic proteins can account, at least in part, for the divergent energy 

expenditure phenotypes observed in UBX and MTKO mice.  The TUG cleavage product has a 

limited half-life and controls PGC-1a stability, so that both proteins are subject to an Ate1-

regulated protein degradation pathway.  Thus, the thermogenic effect resulting from the 

mechanism we describe normally occurs after nutrient intake and has limited duration. 

The thermic effect of food is a transient increase in energy expenditure that occurs after meals, 

which in humans lasts ~6 h and can account for ~10% of total energy expenditure (Lowell and 

Spiegelman, 2000; Reed and Hill, 1996).  The mechanism we describe can account, at least in 

part, for this phenomenon.  Insulin signaling upstream of TUG cleavage likely involves a feed-

forward circuit, so that cleavage and increased thermogenesis are proportional to glycemic load 

(Belman et al., 2014; Habtemichael et al., 2018).  Attenuated TUG processing may contribute to 

the reduced thermic effect of food observed in insulin-resistant individuals (de Jonge and Bray, 

2002; Du et al., 2014), and to reduced expression of PGC-1a-responsive genes in type 2 

diabetes (Mootha et al., 2003).  The differential binding of TUG to PPARg2 Pro12 and Ala12 

peptides may explain how this variation can modulate PGC-1a action to control energy 

expenditure.  As the Pro12 variant is suggested to account for ~25% of type 2 diabetes in the 

population, understanding the mechanistic basis of this effect is important for public health 

(Altshuler et al., 2000).  Our data also define how Ate1 may be a therapeutic target to modulate 

the thermic effect of food.  We do not know whether Ate1 acts directly on the Ser165 or if 

modification of this residue is required, as is the case for Cys residues (Hu et al., 2005).  As 

well, we do not know whether the TUG product modifies the transcriptome regulated by PGC-

1a–PPARg complexes, acts with other regulators, or contributes to cross-tissue effects 

(Bostrom et al., 2012).  Nonetheless, our data implicate the TUG C-terminal product as an 

important regulator of energy expenditure, and imply that understanding this pathway will be 

significant for metabolic disease. 
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Figure 1. TUG deletion in muscle causes increased glucose uptake and, unlike 
TUG cleavage, decreased energy expenditure.   
(A and B)  Immunoblots were done as indicated on Muscle TUG Knockout (MTKO) and 
wildtype (WT) control mice.  GWAT and SC WAT indicate gonadal and subcutaneous 
white adipose tissue, respectively.   
(C and D) 16-week-old mice were fasted 4-6 h, then plasma glucose and insulin 
concentrations were measured.   
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(E and F).  Tracer infusions were used to measure glucose turnover and gastrocnemius 
muscle 2-deoxyglucose uptake in fasting 19-week-old mice.   
(G) Glycogen content was measured in quadriceps muscles of mice fasted for 2 h.   
(H) Energy expenditure was measured using indirect calorimetry in 17-week old mice.   
(I) Mice were fed a high-fat diet (HFD) and weight gain was measured.   
(J and K) Fasting plasma glucose and insulin concentrations were measured after 17 
days on a HFD, in 17.5-week old mice.   
(L and M) Energy expenditure was measured in 14-week-old HFD-fed mice and was 
normalized to total body weight and lean mass, as indicated.   
(N) Energy expenditure in 14-week-old HFD-fed UBX mice (3) was normalized to lean 
mass to facilitate comparison. 
Data are analyzed using t tests and presented as mean ± SEM. 
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Figure 2. The TUG C-terminal cleavage product acts with PPARg and PGC-1a to 
control oxidative metabolism.   
(A) RNA-seq was used to analyze transcriptomes in quadriceps muscles of UBX and 
WT mice (n=3 each), and changes in transcript abundance are presented using a 
volcano plot.  Identities of selected transcripts are indicated.   
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(B) Wildtype mice were treated by intraperitoneal (IP) injection of insulin-glucose 
solution, or saline control, then fractions were isolated from quadriceps muscle and 
immunoblotted as indicated.   
(C) Mice were treated by IP injection of insulin-glucose solution, then lysates were 
prepared from hindlimb muscles at the indicated times.  Immunoprecipitation and 
immunoblots were done as indicated.   
(D) Peptides corresponding to the N-terminus of PPARg2, containing Pro12 or Ala12, 
were immobilized on beads, then incubated with recombinant TUG C-terminal product.  
Immunoblots were done as indicated.   
(E) Proteins were expressed by transfection, PGC-1a was immunoprecipitated, and 
immunoblots were done as indicated.   
(F) The indicated mice were treated by IP injection of insulin-glucose, or saline control, 
then euthanized after 3 h.  Lysates were prepared from quadriceps, PGC-1a was 
immunoprecipitated, and immunoblots were done as indicated.   
(G) The indicated mice were fed a HFD for 2.5 weeks, then soleus muscles were 
imaged using electron microscopy.   
(H) Intramyocellular triglyceride was measured in quadriceps from HFD-fed mice.  Data 
are analyzed using t tests and presented as mean ± SEM. 
(I) Palmitate oxidation was measured ex vivo in soleus muscles from mice raised at 
thermoneutrality.   
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Figure 3. Insulin acts through TUG to enhance production of the thermogenic 
protein, sarcolipin.   
(A) Mice were treated with IP insulin-glucose, or saline control, and hindlimb muscles 
were collected at the indicated times after IP injection.  Lysates were immunoblotted as 
indicated.   
(B) Studies similar to (A) were repeated in mice raised at 30° C, and sarcolipin 
abundance was quantified and plotted.  Data are analyzed using ANOVA.  Mean ± SEM 
are indicated. 
(C) The indicated mice were fasted for 4-6 h, then hindlimb muscles were 
immunoblotted to quantify sarcolipin abundance.  Data are analyzed using ANOVA.  
Mean ± SEM are indicated. 
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(D) The indicated mice were treated with insulin, hindlimb muscles were isolated, and 
chromatin immunoprecipitation was performed using a TUG C-terminus antibody.  PCR 
detected sequences at the indicated sites relative to the sarcolipin (Sln) transcription 
start site.   
(E) Mice fed regular chow (RC) or a high-fat diet (HFD) were treated with IP insulin-
glucose, or saline control, then sacrificed after 30 min.  Quadriceps lysates were 
immunoblotted to detect intact TUG and the C-terminal cleavage product.   
(F) Usp25m abundance was measured by densitometry of immunoblots from replicate 
samples in (E).  Data are plotted relative to RC-fed controls, and are analyzed using a t 
test.  Mean ± SEM are indicated. 
(G) RC- or HFD-fed mice were fasted, treated with IP insulin-glucose for 30 min. as 
indicated, then sacrificed.  Chromatin immunoprecipitation was done in hindlimb 
muscles using a TUG C-terminus antibody and PCR to detect sites upstream of the 
sarcolipin gene.   
(H) RC- or HFD- fed mice were treated with IP insulin-glucose or saline control, then 
quadriceps muscles were immunoblotted as indicated.  
(I)  Replicates of data in (H) were quantified, analyzed using ANOVA, and plotted.  
Mean ± SEM are indicated. 
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Figure 4. The TUG C-terminal cleavage product stabilizes PGC-1a and is 
degraded by an Ate1-dependent mechanism.   
(A) A diagram is shown to indicate how the TUG C-terminal product is produced with 
different residues at its N-terminus.   

A B

C

D

E

F

Figure 4

– 42

–– 75

– 200
– 150

– 25
– 15
– 42

– 37
– 50

kDa

– 60

– 42

– 59

– 60

Ate1:

Ate1

TUG C-term.
endogenous intact TUG

exogenous C-term. prod.

HA-Ub

β-actin

HA-Ub fusion:
WT KO

S165 (W
T TUG C-term.)

none
S165M (stablizing)

S165L (destablizing)

S165D (Ate1 substr.)

WTKO WTKO WTKO WTKO

TUG C-term. (darker)
endogenous intact TUG

exogenous C-term. prod.

Cycloheximide (h):

β-actin

TUG C-term.
product

TUG C-term.
product

β-actin
WT

MEFs

Ate1 KO
MEFs

– 42

kDa

– 42

– 42

– 42

0 0.5 1 1.5 2 4 168 24 48

{

{

Chx (min):
Ub-TUG C-term.

MEFs:

PGC-1α

TUG

Ate1

intact

C-term. prod.

Ate1 KOWT

+ + + + + + + + + + + + – – – – – – – – – – – –
Ate1 KOWT

– 60
kDa

– 110

– 59

– 42

0 15 30 45 60 12
0

0 15 30 45 60 12
0

0 15 30 45 60 12
0

0 15 30 45 60 12
0

PGC-1α half-life: ~30 min. >120 min. ~10 min. ~20 min.

Chx (min.):

– 42

– 36

– 58

– 110

kDa
PPARγ

PGC-1α

TUG C-term.
GAPDH

TUG
0 15

––– – –– – + + + + + + +
30 45 60 90 12

0
0 15 30 45 60 90 12

0

PGC-1α half-life: ~12 min. ~60 min.

Ubiquitin

HA-Ub

cleavage
site

HA tag– –C terminus
TUG C-terminal product

X = Ser (S165 in wildtype TUG)
Met (S165M, stabilizing)
Leu (S165L, destabilizing)
Asp (S165D, Ate1 substrate)

X
550165

Plasma Membrane

Golgi
matrix

GLUT4
Storage
Vesicle

intact TUG C-terminal
cleavage
product

TUGUL
(N-terminal

product)

GLUT4
glucose
transporter

Insulin-
stimulated
cleavage

translocation

GLUT4

Microtubules

Kinesin

TUG C-term.
product

PPARγ

Increased expression of genes to promote
oxidative metabolism and thermogenesis

Degradation of the
TUG C-terminal cleavage product
and of bound PGC-1α

Ate1

Termination of effects on gene expression
Reduced oxidation of metabolic substrates

PGC-1αNucleus

Cytosol

Extracellular space GLUT4
glucose

transport
into cells

glycolysis,
metabolism

Usp25m

20

.CC-BY-NC-ND 4.0 International licensea
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 

The copyright holder for this preprint (which was notthis version posted October 24, 2019. ; https://doi.org/10.1101/817049doi: bioRxiv preprint 

https://doi.org/10.1101/817049
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

(B) The indicated constructs were stably expressed in wildtype (WT) and Ate1 knockout 
(KO) MEFs using retroviruses.  Lysates were immunoblotted as indicated.   
(C) WT and Ate1 KO cells expressing the wildtype TUG C-terminal product were treated 
with cycloheximide for the times indicated and samples were immunoblotted.   
(D) HeLa cells were transfected to express PGC-1α and PPARγ, with or without the 
TUG C-terminal product (beginning with Met), as indicated.  Cycloheximide was added 
for the times indicated and samples were immunoblotted.   
(E) PGC-1a was expressed, with or without coexpressed HA-Ub-TUG C-term. (WT) 
fusion protein, in WT and Ate1 KO cells, as indicated.  Cycloheximide was added for the 
times indicated and samples were immunoblotted.   
(F) An integrated model for how TUG cleavage links glucose uptake and energy 
expenditure is depicted. 
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Methods 
 

Animals 
Muscle TUG Knockout (MTKO) mice were produced using a targeting construct 
obtained from the NIH Knock-out Mouse Program (KOMP; CSD30881).  Homologous 
recombination inserts loxP sites flanking exon 5 of the Aspscr1 gene, which encodes 
TUG protein.  The construct was electroporated into 129Sv ES cells, recombination was 
obtained using positive-negative selection, and cells were injected into C57BL/6 
blastocysts and implanted into pseudopregnant females.  After germline transmission, 
mice were crossed with Frt transgenic deleter strain to remove the selection cassette.  
Mice were backcrossed to C57BL/6J for at least 10 generations.  To delete TUG in 
muscle, mice homozygous for floxed TUG allele (TUGfl/fl) were bred with TUGfl/fl mice 
containing a MCK-Cre transgene (Tg(Ckmm-cre)5Khn/J; Jackson stock #006475).  
Most experiments compared TUGfl/fl (WT) and TUGfl/fl + MCK-Cre (MTKO) mice, and 
littermates were used as controls.  Mice were maintained on at 12 h light/dark cycle and 
had ad libitum access to food and water.  Mice were housed at 22° C except for the 
described experiments done under thermoneutral conditions, for which the mice were 
housed at 30° C from weaning using Memmert climate chambers.  Male mice were 
used except where indicated.  The standard regular chow (RC) diet was Harlan-Teklad 
2018S and the high-fat diet (HFD) was Research Diets D12492 (60% kcal from fat).  
The Yale Institutional Animal Care and Use Committee approved all procedures. 
For genotyping, genomic DNA was retrieved by overnight proteinase K digestion of tail 
biopsies, and was used in PCR to assess the presence of both the floxed TUG allele 
and the MCK-Cre transgene.  For the floxed TUG allele, PCR used 39 cycles with 95° C 
for 30 seconds, 67° C for 30 seconds, and 72° C for 2.5 minutes, together with the 
following primer pair: 5’-AGGGCACTGCTCTCATTCTTTG-3’ and 5’-
GCCCGCCCAGCTCAGGACAC-3’.  For the MCK-Cre transgene, PCR used 38 cycles 
with 95° C for 30 seconds, 55.5° C for 30 seconds, and 72° C for 2 minutes with the 
following primer pair: 5’-GCCTTCTCTACACCTGCGG-3’ and 5’-
GGTTCGCAAGAACCTGATGG-3’.  Genotyping of UBX mice (previously called 
mTUGUBX-Cter mice) was described previously (Löffler et al., 2013). 
 
Metabolic and tissue analyses 
Fasting blood glucose and insulin concentrations were measured using a handheld 
glucometer (Onetouch UltraMini, Lifescan) and by an ultrasensitive ELISA (ALPCO, 80-
INSMSU-E01).  Fat and lean mass were measured using 1H NMR (Minispec, Bruker 
Biospin) (Löffler et al., 2013).  Rates of oxygen consumption (VO2), carbon dioxide 
production (VCO2), energy expenditure, respiratory exchange ratio, locomotor activity, 
food consumption, and water intake were measured using CLAMS metabolic cages 
(Columbus Instruments) (Löffler et al., 2013).  Dynamic measurements of glucose flux 
were done as previously, using a Beckman Glucose Analyzer II (Camporez et al., 2013; 
Camporez et al., 2017; Löffler et al., 2013).  Briefly, a catheter was placed in the right 
jugular vein 6-7 days before turnover studies were done.  After a 6 h fast, 3-[3H]glucose 
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(Perkin-Elmer Life Sciences) was infused at a rate of 0.05 μCi/min for 120 min for basal 
glucose turnover measurement.  Next, to measure muscle-specific fasting glucose 
uptake, 10 μCi of 2-deoxy-D-[1-14C] glucose was infused over 20 min., without insulin 
and with monitoring of plasma glucose and care to minimize any increases.  Blood 
samples were drawn from the tail vein at 5, 15, 25, 35, 45, and 55 min after initiation of 
2-deoxyglucose infusion.  At the end of the study, mice were treated with intravenous 
pentobarbital sodium injection (150 mg/kg), tissues were quickly excised, snap frozen in 
liquid nitrogen, and stored at -80° C for subsequent analysis.  Intracellular (6-
phosphorylated) 2-deoxyglucose was measured as described previously (Löffler et al., 
2013).   
Muscle glycogen and triglyceride measurements were done on quadriceps from 4-5 h 
fasted WT and MTKO mice.  For glycogen measurements, chow-fed mice were 
analyzed using a glycogen assay kit (Biovision, Cat. No. K648-100).  For 
intramyocellular triglyceride, determinations were performed on HFD-fed mice 
essentially as described (Vatner et al., 2013).  Triglycerides were extracted from 80-130 
mg quadriceps tissue from each mouse.  Tissues were homogenized in ice cold 2:1 
chloroform:methanol, and lipids were extracted with shaking at room temperature for 3-
4 hours.  H2SO4 was added to ~100 mM, samples were vortexed, then centrifuged to 
achieve phase separation, and the organic phase was collected. Aliquots were dried 
and resuspended in Sekisui Triglyceride-SL reagent (Sekisui) for spectrophotometric 
determination of triglyceride content.  The standard curve was generated using the DC-
Cal multi analyte calibrator (Sekisui).   
Palmitate oxidation was measured ex vivo in soleus muscles from regular chow -fed 20-
week old MTKO and WT mice, which had been housed under thermoneutral conditions 
(30° C) from weaning.  Oxidation was measured by collecting released CO2 (Chaudry 
and Gould, 1969; Cuendet et al., 1976).  Briefly, soleus muscles were quickly removed 
and attached to stainless steel clips to maintain resting tension.  Muscles were 
preincubated in 1.5 ml Krebs-Ringer bicarbonate buffer (KRBB) containing 10 mM 
glucose and 0.5% BSA, pH 7.4, pregassed for 30 min with O2, at 35° C.  Muscles were 
then transferred to new vials containing 1.5 ml of the same buffer, but with 0.1 mM 
palmitic acid and 0.2 μCi/mL [1-14C]palmitic acid added.  NaOH (0.3 ml at 2 N) was 
added to an open microtube inside these vials for 14CO2 adsorption.  Incubation was 
performed for 1 h under the same conditions.  At the end of the incubation, muscles 
were removed, 0.5 ml of 2 N HCl was added to the KRBB, and the incubation was 
continued for 2 h longer at 35° C.  Finally, the NaOH solution (0.3 ml) containing the 
adsorbed CO2 was added to scintillation vials containing scintillation cocktail for 
radioactivity determination. 
For electron microscopy, soleus muscles from HFD-fed WT and MTKO mice, fasted 4-5 
h prior to sacrifice, were fixed in 2.5% glutaraldehyde, 2% paraformaldehyde, 0.1 M 
sodium cacodylate buffer (pH 7.4) at room temperature for 1 h.  After rinsing in the 
same buffer twice, tissue was post-fixed in 1% OsO4 at room temperature for 1 h.  
Specimens were stained en bloc using 2% aqueous uranyl acetate for 30 min, 
dehydrated in a graded series of ethanol to 100%, substituted with propylene oxide, and 
embedded in EMbed 812 resin.  Sample blocks were polymerized in an oven at 60° C 
overnight.  Thin sections (60 nm) were cut using a Leica ultramicrotome (UC7) and 
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post-stained with 2% uranyl acetate and lead citrate.  Sections were examined with a 
FEI Tecnai transmission electron microscope at 80 kV accelerating voltage, and digital 
images were recorded with an Olympus Morada CCD camera and iTEM imaging 
software.  Image analysis was done blindly using ImageJ/FIJI, and mitochondria were 
traced manually for measurement of mitochondrial density (number of mitochondria per 
cross-sectional area, in µm2), area per mitochondrion, mitochondrial length (Feret 
diameter), and mitochondrial width (minimum Feret diameter).  Quantification was done 
for three mice of each genotype, and mitochondria were quantified on 5-9 images 
(similar to Fig. 2G) from each mouse, so that data from 20 WT and 23 MTKO images 
were quantified.  Averages of the above parameters from each cross-sectional image 
are plotted in Figures S3P–S3S. 
 
Reagents and Cell Culture 
Antibodies directed to TUG, GLUT4, and IRAP were described previously (Belman et 
al., 2015; Bogan et al., 2003; Habtemichael et al., 2018; Yu et al., 2007).  Other 
antibodies were purchased, including those directed to GAPDH (Millipore MAB374), β-
tubulin (Developmental Studies Hybridoma Bank at Univ. of Iowa, clone E7-b), LaminB1 
(Cell Signaling Technology clone D4Q4Z, 12586S), PGC-1a (Life Technologies 
PA572948), PPARg (Santa Cruz Biotechnology clone E-8, sc-7273), Sarcolipin 
(Millipore ABT13), Usp25 (Novus NBP180631 and Abcam ab187156), HA epitope tag 
(Biolegend clone HA.11, 901502; Cell Signaling clone C29F4, 3724S), ATE1 (Millipore 
clone 6F11, MABS436), β-actin (Thermo Scientific PIMA515739), flag epitope tag (Cell 
Signaling clone D6W5B, 14793S and Sigma clone M2, F3165 and A2220), GST (Cell 
Signaling clone 91G1, 2625S), and insulin receptor b-subunit (Millipore 07-724).  
Plasmids to express flag-tagged PPARg, PGC-1a, and PGC-1b were gifts of Dr. Bruce 
Spiegelman and were obtained from Addgene (plasmids #8895, 1026, 1031, 
respectively) (Hauser et al., 2000; Lin et al., 2002; Monsalve et al., 2000), as were 
plasmids for recombinant production of PGC-1a (Addgene #1028 and 1029) 
(Puigserver et al., 1999).  pGEX TUG plasmids were previously described (Orme and 
Bogan, 2012).  The pGEX 4T-1-PPARg2 plasmid was a gift of Dr. J. Song (Addgene 
#78773) (Kim et al., 2014).  A plasmid encoding HA-tagged ubiquitin was a gift of Dr. 
Edward Yeh (Addgene #18712) (Kamitani et al., 1997).   
3T3-L1, MEF, HEK293, and HeLa cells were cultured in high glucose DMEM GlutaMAX 
medium (Invitrogen) containing 10% EquaFETAL bioequivalent serum (Atlas 
Biologicals), antibiotic antimycotic solution (Sigma), and plasmocin (Invivogen).  Ate1 
knockout (KO) and wildtype (WT) control MEFs were a gift of Dr. Anna Kashina and 
were described previously (Karakozova et al., 2006).  3T3-L1 adipocytes were 
differentiated in 10% fetal bovine serum with supplements, as described previously 
(Belman et al., 2015).  For stable expression of exogenous proteins or Usp25 shRNA, 
MEFs and 3T3-L1 cells were infected with retroviruses and selected using puromycin or 
FACS (Habtemichael et al., 2018; Liu et al., 2000).  Control cells containing empty 
vector were also subjected to puromycin selection; together with plasmocin, this helped 
to maintain cells free of mycoplasma.  Where indicated, 3T3-L1 adipocytes were 
differentiated in the presence of 5 µM roscovitine to induce brown adipocyte -like 
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phenotype, as described (Wang et al., 2016). Lipofectamine 2000 (Invitrogen) was used 
for transient transfection of HEK293 and HeLa cells. 
For electroporation, cells were grown to 90% confluence and resuspended in 1 ml of 
0.25% trypsin.  Cells were pelleted by spinning at 5000 x g and pellet was resuspended 
in 1 ml of OptiMEM (Gibco).  100 µl of resuspended cells and 2-4 µg of desired plasmid 
DNA in 5 µL of volume were pipetted into electroporation cuvettes (2 mm gap, Bulldog 
Bio 12358-346) and electroporated using a NEPA21 electroporation system.  Settings 
used were Poring pulse: V=150, Length=5 ms, Interval=50 ms, Number of pulses=2, 
Decay rate=10%, Polarity= +.  Transfer pulse: V=20, Length=50 ms, Interval=50 ms, 
Number of pulses=5, Decay rate=40%, Polarity= +/-. After electroporation, cells were 
diluted with 20 mL of DMEM and plated in 6 well dishes. 
 
Immunoblots and Immunoprecipitations 
For immunoblots of basal and insulin-stimulated tissues, lysates were prepared from 
mice that had been fasted for 4-6 hours, then treated with intraperitoneal (IP) injection of 
insulin (8 U/kg) and glucose (1 g/kg) in phosphate buffered saline (PBS), or with an 
equivalent volume (0.3 ml) of PBS alone, as previously (Löffler et al., 2013).  After 30 
min (or other indicated durations), mice were anesthetized and sacrificed by cervical 
dislocation.  Glucometer measurements confirmed that no hypoglycemia occurred 
during the 3 h after IP injections using this protocol.  Gonadal white adipose tissue 
(GWAT), quadriceps, gastrocnemius, and soleus muscles, and other tissues were 
collected and flash frozen in liquid nitrogen and stored at -80° C.   
For immunoblots, tissues were quickly thawed and 200 mg of each tissue were weighed 
and mixed with lysis buffer (1% IGEPAL CA-630 (Sigma), 20 mM Tris, pH 7.4, 150 mM 
NaCl, 2 mM EDTA with Complete (Roche) protease inhibitors).  A Qiagen TissueLyser II 
was used to grind the tissue for 3 min. at 30 cycles/sec.  To remove insoluble debris, 
lysates were centrifuged 10 min at 13,000 rpm in a tabletop centrifuge (Eppendorf 
5424R) at 4° C.  Supernatants were analyzed by SDS-PAGE using Invitrogen NuPAGE 
gels, transferred to nitrocellulose membranes using a semidry apparatus, and imaged 
using peroxidase conjugated secondary antibodies and detection on film, as previously 
(Belman et al., 2015; Bogan et al., 2012; Habtemichael et al., 2018).  Quantification was 
done on exposures within the linear range of the film and used transillumination (Epson 
Perfection V700 flatbed scanner) together with Silverfast 8 (Lasersoft Imaging) and 
ImageJ software.  Figures were prepared using Adobe Photoshop and Illustrator, and 
Graphpad Prism software. 
For experiments using basal and insulin stimulated 3T3-L1 adipocytes, cells were 
typically serum starved for 3 h prior to insulin stimulation.  Insulin was used at 80-160 
nM for 15-30 min unless otherwise specified.  Lysis, SDS-PAGE, and immunoblots were 
done as above. 
Immunoprecipitations both tissue and cell lysates were done using the above buffer, 
and were allowed to proceed overnight at 4° C after addition of the immunoprecipitating 
antibody.  Protein A sepharose (CL-4B, GE LifeSciences) was added and incubations 
were continued an additional 4 h at 4° C.  For immunoprecipitations using epitope tags, 
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affinity matrices were incubated overnight with cell lysates.  After pelleting in a benchtop 
microfuge, beads were washed 6 times with 1% or 0.5% IGEPAL CA-630 buffer and 
transferred to new tubes.  Samples were eluted by heating (5 min., 95° C) in SDS-
PAGE sample buffer with 15% 2-mercaptoethanol or without heat using glycine buffer 
(pH 2.5) with neutralization by Tris base (pH 9).  Samples were separated on 4-12% 
NuPAGE bis-tris gels and immunoblotted as above.   
 
Fractionations and cycloheximide chase experiments 
To fractionate muscle and adipose tissues, 100 mg of tissue was homogenized using 10 
strokes in a 2 ml ground glass dounce-type tissue grinder in the buffers provided in the 
NE-PER nuclear and cytoplasmic extraction kit from ThermoFisher Scientific.  Nuclear 
and cytoplasmic fractions were then prepared according to kit instructions and used for 
SDS-PAGE and immunoblotting as above.  Subcellular fractionation of 3T3-L1 
adipocytes was performed as described previously (Belman et al., 2015; Bogan et al., 
2001; Yu et al., 2007).  Briefly, for each sample, five 10 cm plates of 3T3-L1 adipocytes 
were homogenized in 5 ml of an ice-cold TES buffer (250 mM sucrose, 10 mM Tris pH 
7.4, 0.5 mM EDTA, protease inhibitor cocktail, and 20 mM iodoacetamide) using a glass 
dounce-type homogenizer.  Plasma membrane, light microsome, heavy microsome, 
nuclear, and cytosolic fractions were isolated by differential centrifugation (Belman et 
al., 2015; Bogan et al., 2001; Yu et al., 2007).  Pellets were resuspended in SDS-PAGE 
sample buffer with 10% 2-mercaptoethanol. Samples were heated for 5 minutes at 95 
°C, separated on 4-12% NuPAGE bis-tris gels, transferred to nitrocellulose membranes, 
and immunoblotted as above.  
For initial tests of protein stability, retroviruses were used to express HA-tagged 
ubiquitin fused to the TUG C-terminal product (residues 165-550), containing various 
residues at position 165 as indicated.  These fusion constructs were expressed in Ate1 
KO MEFs and WT control cells using the pBICD2 vector, and cells with similar levels of 
expression were selected using FACS of cell surface CD2 (Bogan et al., 2003; Liu et al., 
2000; Yu et al., 2007).  The relative abundances of HA-tagged ubiquitin were further 
tested using immunoblots.  To assess the rate of TUG C-terminal product degradation, 
500 μM cycloheximide was added acutely, cells were lysed at various times after 
cycloheximide addition, and immunoblots were performed. 
To assess effects of TUG and of Ate1 knockout on PGC-1� stability, cycloheximide 
chase experiments were using HeLa cells or MEFs.  Cells cultured in 10 cm dishes 
transfected with indicated plasmids using Lipofectamine 2000 or by electroporation, as 
above.  Two days later, cycloheximide was added in 1 ml of prewarmed media to a final 
concentration of 500 μM.  Cells were maintained in cycloheximide for time periods 
indicated and washed with cold PBS twice prior to lysis, SDS-PAGE, and 
immunoblotting.  Replicate experiments were quantified using densitometry, and protein 
half-lives were estimated based on a least-squares fit to a first-order exponential decay. 
 
Transcriptome analysis and chromatin immunoprecipitation 
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Total RNA was prepared from quadriceps muscles of 4-6 h fasted UBX and WT mice 
(N=3 each).  A NucleoSpin RNA preparation kit (Macherey-Nagel) was used with 
tissues that had been flash frozen and stored at -80° C.  100 mg of each sample was 
defrosted on ice and lysed using 10 strokes in a 2 ml glass dounce-type tissue grinder 
in the buffers provided.  For deep sequencing, rRNA were removed using Ribo-Zero 
(Illumina).  Six strand-specific sequencing libraries, 3 replicates per condition, were 
produced from purified total RNA samples by the Illumina TruSeq stranded protocol.  
The libraries underwent 76bp single-end sequencing using Illumina HiSeq 2500 
according to Illumina protocols, generating between 40-55 million reads per sample.  
For each read, we trimmed the first 6 nucleotides and the last nucleotides at the point 
where the Phred score of an examined base fell below 20 using in-house scripts.  If, 
after trimming, the read was shorter than 45-bp, the whole read was discarded.  
Trimmed reads were mapped to the mouse reference genome (mm10) with a known 
transcriptome index (UCSC Known Gene annotation) with Tophat v2.1.1 (Trapnell et al., 
2009) using the very-sensitive preset, first strand library type, and providing the 
corresponding gene model annotation.  Only the reads that mapped to a single unique 
location within the genome, with a maximum of two mismatches in the anchor region of 
the spliced alignment, were reported in these results.  We used the default settings for 
all other Tophat options.  Tophat alignments were then processed by Cuffdiff (Cufflinks 
v2.2.1, Trapnell et al., 2010) to obtain differential gene expression using first strand 
library type, providing gene model annotation and the genome sequence file for 
detection and correction of sequence-specific bias that random hexamer can cause 
during library preparation.  Expression between UBX and WT quadriceps was 
significantly different for 674 transcripts after genome-wide adjustment using Benjamini 
(to adjusted p<0.05).  Of these, 467 had increased and 207 had decreased expression.  
Pathway analyses were done using DAVID (Huang da et al., 2009), GOrilla (Eden et al., 
2009), Ingenuity Pathway Analysis (Qiagen) and MetaCore (Clarivate). 
Q-PCR was done as previously (Habtemichael et al., 2018).  Briefly, 670 nmol of RNA 
was used with a high capacity cDNA reverse transcriptase kit (Applied Biosystems).  
Real time PCR was done using a StepOnePlus system and Power Sybr Green Master 
Mix (Applied Biosystems).  mRNA abundances were normalized to that for b-actin 
(Actb).  Primers for PGC-1a (Ppargc1a) were AAAAGCTTGACTGGCGTCAT and 
TCAGGAAGATCTGGGCAAAG and for Actb were 
TGGAATCCTGTGGCATCCATGAAAC and TAAAACGCAGCTCAGTAACAGTCCG (Liu 
et al., 2017).  In Q-PCR experiments, three technical replicates were done for each 
biological replicate; technical replicates typically agreed to 3-4 significant figures and 
were averaged.  Biological replicates (from separate mice) are plotted and were used to 
compare mice. 
Chromatin immunoprecipitation was carried out using a ChIP-IT Express Enzymatic Kit 
(Active Motif).  Tissues were quickly thawed and 200 mg of each was weighed, minced, 
and placed in an Eppendorf tube.  Samples were fixed in PBS containing 1.5% 
formaldehyde for 15 minutes with rotation, then washed three times using PBS.  
Cleaned fixed tissues were then homogenized using 10-20 strokes in a 2 ml ground 
glass dounce-type tissue grinder in buffers provided by the ChIP-IT Kit.  Precipitations 
were done using antibodies to the TUG C-terminus, PGC-1a, or PPARg antibody, 
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together with magnetic beads.  Chromatin was washed, eluted, and cross links were 
reversed per protocol instructions.  Eluted DNA as well as pre-IP controls were 
amplified using GoTaq Green Master Mix (Promega) with primers designed for the 
promoter regions of Ucp1 and Sarcolipin.  Primers used were: Ucp1 -70bp (F – 
TGTGGCCAGGGCTTTGGGAGT and R – AGATTGCCCGGCACTTCTGCG), Ucp1 -
2.5kb (F – AGCGTCACAGAGGGTCAGT and R – GTGAGGCTGGATCCCCAGA), 
Ucp1 -5 kb (F – ACATTGCCAAGACTGCGGCCATC and R – 
ACCCCCAAACAGCAGCAGCAAC), Sarcolipin -200 bp (F – 
GCCGGAAACAAGAGCTTTCAT and R – TGGGCAGGGCCTAATGTAGT), and 
Sarcolipin -3.6 kb (F – GCCAGGCCCAAGTGAGAAAGT and R – 
TGTGGCCAGCAGAGAATAGAGT). 
 
Recombinant protein expression and pulldowns 
GST-tagged constructs were expressed in BL21(DE3)pLys GOLD E. coli (Agilent 
Technologies).  30 ml bacterial starter cultures were grown at 37° C overnight and then 
added to 1.5 liters of LB media at 37° C.  Protein expression was induced with 
isopropyl-β-D-thiogalactopyranoside at a final concentration of 1 mM once an OD of 0.8 
was reached.  After 3–4 h, bacteria were lysed in 50 mM Tris, pH 8.0, 300 mM NaCl, 
1% Triton X-100 and 1mM PMSF in a French Press.  Insoluble debris was pelleted at 
16,000 x g for 20 min.  GST-tagged protein from supernatant were purified using 
glutathione-Sepharose 4B (GE Healthcare). Sepharose bound proteins were used as 
the protein columns.  GST-free eluates of protein were prepared by using 1 unit of 
biotinylated thrombin (Millipore 69672-3) per 100 µl of beads and letting samples 
incubate on a rotator at 4° C overnight.  Thrombin was removed by treating the 
supernatant with 36 µl of 50% neutravidin bead slurry per 1 unit of thrombin used.  
Thrombin-cleaved eluted proteins were incubated with protein-bound columns overnight 
at 4° C, then samples were washed 4-6 times using 0.25% IGEPAL CA-630 buffer.  
Eluates were analyzed by SDS-PAGE and immunoblotting as above. 
For peptide pulldown experiments, biotin-containing synthetic peptides were dissolved 
to a concentration of 2 mg/mL in Dulbecco’s phosphate buffered saline and 500 µl of 
peptide solution was incubated with 200 µl of Pierce NeutrAvidin Agarose at 4°C 
overnight on a rotator.  After overnight incubation, beads were washed with 1% IGEPAL 
CA-630 buffer as above three times, and beads were collected by centrifugation for 1 
minute at maximum speed in a benchtop centrifuge.  Biotin alone at a concentration of 1 
mg/mL was used to generate negative control beads.  These pre-incubated beads were 
then stored at 4°C prior to use.  The synthetic peptides used were obtained from 
LifeTein and were: mmPPARG2, NH2-
GETLGDSPVDPEHGAFADALPMSTSQEITMVDTEMPF-Ahx-Ahx-Lys(biotin)-COOH; 
mmPPARG1, NH2-VDTEMPFWPTNFGISSVDLSVMEDHSHSFDIKPFTTV-Ahx-Ahx-
Lys(biotin)-COOH; hsPPARG2P, NH2-GETLGDSPIDPESDSFTDTLSANISQEMT-Ahx-
Ahx-Lys(biotin)-COOH; hsPPARG2A, NH2-GETLGDSPIDAESDSFTDTLSANISQEMT-
Ahx-Ahx-Lys(biotin)-COOH.  Ahx denotes aminohexanoic acid, which was used as a 
spacer to extend the peptide away from the biotin binding site on the neutravidin beads. 
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Beads with bound peptides (or biotin only, as a control) were incubated with cell lysates 
or with recombinant proteins, in different experiments.  For cell lysates, 3T3-L1 
adipocytes, MEFs, or HEK293 cells were used.  Lysates were typically prepared using 
0.5% IGEPAL CA-630, although in some experiments this detergent was used at 0.25% 
or at 1%.  For recombinant proteins, 1% IGEPAL CA-630 was used.  Whole cell lysates 
or recombinant proteins were added to 100 µl of beads, prepared as above, and 
incubated at 4°C overnight on a rotator.  Beads were then washed with the same buffer 
four times, collected by centrifugation in a benchtop centrifuge.  Bound proteins were 
eluted using 100 microliters of sample buffer and heating at 95°C for 5 min.  Samples 
were analyzed by SDS-PAGE and immunoblotting as above. 
 
Replicates and statistical analysis 
All data were replicated in at least two independent experiments, and frequently three or 
more biological replicates were performed.  On scatter plots, data are presented as 
mean ±SEM.  Biological replicates indicate that data were obtained using different mice 
or different plates of cultured cells.  Significance was assessed using an unpaired, two-
tailed t-test or using one-way ANOVA with Bonferroni adjustment for multiple 
comparisons of preselected pairs, and p values indicated in the figures.  Differences 
were considered significant at p<0.05.  No statistical tool was used to pre-determine 
sample sizes; rather, the availability of materials and previous experience determined 
the number of biological replicates that were used.   
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Figure S1. (Related to Figure 1) Metabolic characterization of MTKO mice.   
(A – C) Body weights and composition were measured in 17-week old WT and MTKO 
mice.   
(D) Basal plasma glucose was measured prior to turnover studies in fasting 19-week old 
mice.   
(E) Quadriceps-specific 2-deoxyglucose uptake was measured in fasting 19-week old 
mice.  
(F) Water intake was measured in 22-week old WT and MTKO mice in metabolic cages.   
(G – L) The indicated parameters were measured in 17-week old WT and MTKO mice 
in metabolic cages.   
(M – O) Weights were measured before and after introduction of a high-fat diet (HFD) in 
15-week old MTKO and WT mice.  Mice were 18 weeks old at the end of the study. 
(P) Immunoblots were done as indicated on mice fed a HFD for 3 weeks.  
(Q – U) Body weights and composition were measured in 18-week old mice that had 
been fed a HFD for 3 weeks.  
All data were analyzed using t tests and are presented as mean ± SEM. 
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Figure S2
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Figure S2. (Related to Figure 1) Characterization of MTKO mice on a high-fat diet 
or housed at 30° C.   
(A – C) Body weights and composition of HFD-fed 14-week old MTKO and control (WT) 
mice. 
(D – H) HFD-fed 14-week old MTKO and WT mice were housed in metabolic cages and 
the indicated parameters were measured.  
(I) Linear regression analysis of energy expenditure in HFD-fed 14-week old UBX, 
MTKO, and WT mice. 
(J) Food intake per mouse in 14-week old HFD-fed MTKO and WT mice. 
(K) Body weights were measured in male MTKO and WT mice housed at 30° C from 
weaning.  All mice were maintained on regular chow.  N = 9 MTKO and 11 WT mice.  
(L) Body weights were measured in female MTKO and WT mice housed at 30° C from 
weaning.  All mice were maintained on regular chow.  N = 8 MTKO and 12 WT mice.   
(M and N) Gonadal white adipose tissues from 20-week old mice used for data in 
panels K and L were weighed. 
Data comparing two groups were analyzed using t tests and are presented as mean ± 
SEM. 
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Figure S3. (Related to Figure 2) The TUG C-terminal product binds PPARg and 
PGC-1a, and controls PGC-1a abundance and mitochondrial morphology.   
(A) Nuclear fractions were prepared from quadriceps of mice that had been fasted, 
treated with intraperitoneal injection of insulin-glucose solution or saline control, and 
euthanized 30 min. after injection.  WT, UBX, and MTKO mice were used, and 
immunoblots were done as indicated.   
(B and C) Proteins were expressed by transient transfection of 293 cells, and 
immunoprecipitations (IP) and western blots (WB) were performed, as indicated.   
(D) Recombinant proteins were produced as GST fusions, immobilized on glutathione 
beads, and incubated with a recombinant protein corresponding to the TUG C-terminal 
cleavage product (residues 165-550).  Bound TUG protein was eluted and western blots 
were performed as indicated.  
(E) Recombinant proteins were produced, immobilized, and incubated with soluble 
recombinant PPARg2 protein.  Bound PPARg2 protein was eluted and western blots 
were performed as indicated.   
(F) Truncated forms of TUG were produced as GST fusions and the GST was cleaved 
off to yield soluble TUG fragments.  These were incubated with immobilized GST, PGC-
1a, and PPARg2 as indicated.  Bound proteins were eluted and immunoblotted as 
indicated.   
(G) Peptides corresponding to the 37 residues at the N-termini of PPARg1 or PPARg2, 
containing a C-terminal biotin, were immobilized on streptavidin beads.  Lysates were 
prepared from MEFs stably expressing the TUG C-terminal product (beginning with a 
Met residue) using a retrovirus, and were incubated with the beads.  Bound proteins 
were eluted and immunoblotted as indicated.   
(H) Peptides corresponding to the 29 N-terminal residues of PPARg2, containing Pro12 
or Ala12 residues, were immobilized on beads and incubated with lysates of MEFs 
stably expressing the TUG C-terminal product.  Bound proteins were eluted and 
immunoblotted as indicated.   
(I) Peptides used in (H) were incubated with lysates prepared from HEK 293 cells, and 
bound endogenous (human) intact TUG was eluted and immunoblotted.   
(J) WT and MTKO mice were treated by IP injection of insulin-glucose solution, then 
euthanized after 3 h.  Lysates were prepared from quadriceps muscles, PGC-1a was 
immunoprecipitated, and immunoblots were done to detect PPARg, as shown in Fig. 2F.  
The relative abundances of PPARg in replicate experiments were quantified using 
densitometry and are plotted.   
(K) WT and MTKO mice were treated by IP injection of insulin-glucose, or saline control, 
then sacrificed at the indicated times after injection.  Quadriceps muscles were 
immunoblotted as indicated.   
(L and M) WT and MTKO mice were treated by IP injection of insulin-glucose, or saline 
control, then sacrificed after 3 h.  Lysates were prepared from quadriceps muscles, 
PGC-1a was immunoblotted, and the relative abundances in each sample were 
quantified using densitometry.   
(N) WT and MTKO mice were treated with IP insulin-glucose, or saline control, then 
sacrificed 3 h later.  RNA was prepared from quadriceps muscles, and Q-PCR was 
used to measure PGC-1a (Ppargc1a) mRNA abundance.   
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(O) WT and MTKO soleus muscles from mice that had been fed a HFD for 2.5 weeks 
were imaged using electron microscopy.  Lipid droplets were noted in MTKO muscles, 
but not WT muscles, and were adjacent to mitochondria, as shown.   
(P – S) Images of soleus muscles from HFD-fed WT and MTKO mice (N=3 each) were 
obtained by electron microscopy and were analyzed to quantify mitochondrial density, 
area, length, and width.  Mitochondria were traced manually on 5-9 images from each 
mouse.  Each data point represents the average of the measurements from a single 
image.  
Data were analyzed using t tests or ANOVA with adjustment for multiple comparisons, 
as appropriate, and are presented as mean ± SEM. 
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Figure S4. (Related to Figure 3) Sarcolipin and Ucp1 abundances are regulated by 
TUG and are decreased in diet-induced insulin resistance.   
(A) WT and MTKO mice were housed at 30° C from the time of weaning.  At age 20 
weeks, mice were fasted, treated with IP insulin-glucose or saline control, and sacrificed 
3 h later.  Hindlimb muscle lysates were immunoblotted as indicated.   
(B) WT and UBX mice were treated with IP insulin-glucose, or saline control, sacrificed 
after 30 min., and quadriceps muscles were immunoblotted as indicated.   
(C and D) WT and MTKO mice were treated with IP insulin-glucose, or saline control, 
and sacrificed after 30 min.  Hindlimb muscles were used for chromatin 
immunoprecipitation, together with PGC-1a and PPARg antibodies, as indicated.  PCR 
was used to detect an amplicon at -200 nucleotides relative to the sarcolipin 
transcription start site.   
(E) WT mice were fed regular chow (RC) or a high-fat diet (HFD) for 3 weeks, then 
treated for 30 min with IP insulin-glucose, or saline control.  Quadriceps muscles were 
immunoblotted to detect intact TUG and the 42 kDa C-terminal cleavage product, and 
bands were quantified using densitometry.  The ratio of cleavage product to intact TUG 
is plotted, normalized to basal control samples.   
(F) WT mice were fed RC or a HFD for 3 weeks, fasted, and sacrificed.  Hindlimb 
muscles were isolated and immunoblotted as indicated.   
(G) Subcellular fractions were prepared from basal and insulin-treated 3T3-L1 
adipocytes, and were immunoblotted as indicated to detect the TUG C-terminus.   
(H) Mice were fasted, treated by IP injection of insulin-glucose solution or saline control 
for 30 min., then gonadal white adipose tissue was isolated.  Cytosolic and nuclear 
fractions were prepared and immunoblotted as indicted.   
(I) WT and MTKO mice were fasted, treated by IP injection of insulin-glucose solution or 
saline control for 30 min., then hindlimb muscles were isolated.  Chromatin 
immunoprecipitations were performed using an antibody to the TUG C-terminus, and 
PCR was used to detect sequences at the indicated locations upstream of the Ucp1 
transcription start site.   
(J) Mice were treated with IP injection of insulin-glucose for the indicated time periods 
and gonadal white adipose tissue was immunoblotted as shown.   
(K) 3T3-L1 adipocytes were differentiated in the presence of roscovitine to induce a 
brown-like phenotype, stimulated with insulin for the indicated times, and immunoblotted 
as shown.   
(L) Chromatin immunoprecipitation was done as in (I) using GWAT from mice 
maintained on regular chow (RC) or fed a high-fat diet (HFD) for 3 weeks.  Mice were 
treated with insulin-glucose or saline for 30 min., as indicated prior to sample 
preparation.   
(M) Immunoblots were done on gonadal white adipose tissue from RC or HFD-fed mice, 
treated prior to euthanasia with IP injection of saline or glucose-insulin solution, as 
indicated.   
(N) Quantification of relative Ucp1 protein abundances in replicates of the experiment 
shown in (M).   
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Table S1 
 

KEGG Pathway Term Count % PValue Genes List Total Pop Hits Pop Total 
Fold 
Enrichment Bonferroni Benjamini FDR 

mmu04512:ECM-receptor 
interaction 21 1.1627907 6.48E-11 

TNC, NPNT, COL3A1, 
ITGA10, COL2A1, 
COL5A2, COL5A1, 
SDC3, CHAD, CD44, 
COMP, COL1A2, 
COL6A2, COL6A1, 
COL1A1, COL11A2, 
THBS1, COL11A1, 
THBS3, SPP1, FN1 236 83 5738 6.15162344 9.73E-09 9.73E-09 7.74E-08 

mmu03320:PPAR signaling 
pathway 19 1.05204873 1.63E-09 

SCD1, SCD3, EHHADH, 
PPARG, RXRG, AQP7, 
UCP1, ADIPOQ, PCK1, 
CYP27A1, PLIN1, 
FABP4, SCD4, GYK, 
ACSL3, SLC27A2, 
FABP5, ANGPTL4, 
ACSL5 236 79 5738 5.8475649 2.44E-07 1.22E-07 1.94E-06 

mmu04910:Insulin signaling 
pathway 22 1.21816168 1.41E-07 

PIK3CG, IRS3, SOCS2, 
SOCS3, PHKB, PHKA1, 
PRKAB2, ACACA, 
PDE3B, FBP2, PCK1, 
AKT1, PRKAR2B, 
PPP1R3D, PPP1R3C, 
PPP1R3B, GCK, PYGL, 
FASN, GYS2, SHC2, 
LIPE 236 138 5738 3.87607467 2.12E-05 7.06E-06 1.69E-04 

mmu04510:Focal adhesion 26 1.43964563 3.68E-07 

MYL2, TNC, COL3A1, 
ITGA10, COL2A1, 
CHAD, AKT1, COMP, 
COL6A2, COL6A1, 
PDGFC, COL11A2, 
THBS1, COL11A1, 
SHC2, THBS3, SPP1, 
FN1, PIK3CG, COL5A2, 
COL5A1, PRKCB, KDR, 
CCND1, COL1A2, 
COL1A1 236 198 5738 3.19268961 5.53E-05 1.38E-05 4.40E-04 

mmu04920:Adipocytokine 
signaling pathway 12 0.66445183 7.25E-05 

LEP, AKT1, IRS3, 
SOCS3, PRKAB2, 
RXRG, JAK2, ADIPOQ, 
ACSL3, CAMKK1, 
ACSL5, PCK1 236 67 5738 4.35466734 0.01081958 0.00217334 0.08656774 

mmu05414:Dilated 
cardiomyopathy 13 0.71982281 3.32E-04 

ADCY7, MYL2, TNNC1, 
MYL3, ADCY5, 
CACNG6, ITGA10, 
MYH7, MYH6, 
CACNA2D4, TPM3, 
ATP2A2, EMD 236 92 5738 3.43561164 0.04859592 0.00826836 0.39580829 

mmu05410:Hypertrophic 
cardiomyopathy (HCM) 12 0.66445183 5.67E-04 

MYL2, ATP2A2, 
TNNC1, MYL3, 
PRKAB2, CACNG6, 
ITGA10, MYH7, MYH6, 
EMD, CACNA2D4, 
TPM3 236 84 5738 3.47336562 0.08155016 0.01207902 0.67494718 

mmu01040:Biosynthesis of 
unsaturated fatty acids 6 0.33222591 0.00425532 

SCD1, SCD3, FADS1, 
HSD17B12, SCD4, 
ELOVL6 236 27 5738 5.40301318 0.47252849 0.07684447 4.96491505 

mmu04260:Cardiac muscle 
contraction 10 0.55370986 0.00430539 

MYL2, ATP2A2, 
TNNC1, MYL3, 
ATP1B4, CACNG6, 
MYH7, MYH6, 
CACNA2D4, TPM3 236 78 5738 3.11712299 0.47649175 0.06938664 5.02195989 

mmu00010:Glycolysis / 
Gluconeogenesis 9 0.49833887 0.00621004 

LDHC, ACSS1, PFKL, 
GCK, GM5506, 
PGAM1, BPGM, FBP2, 
PCK1 236 68 5738 3.21797109 0.60718233 0.08920822 7.16898157 

mmu04062:Chemokine 
signaling pathway 15 0.83056478 0.01666093 

PIK3CG, CXCL1, CCL2, 
ADCY7, ADCY5, CXCL9, 
CCL7, PRKCB, AKT1, 
CXCL14, TIAM1, CCR2, 
JAK2, GNG2, SHC2 236 182 5738 2.00386478 0.91955594 0.20475774 18.1789196 

mmu00561:Glycerolipid 
metabolism 6 0.33222591 0.04183022 

DGAT1, DGAT2, MGLL, 
GYK, PNPLA3, AGPAT2 236 47 5738 3.10385864 0.99835422 0.41382017 39.9666895 

mmu04930:Type II diabetes 
mellitus 6 0.33222591 0.04872569 

PIK3CG, IRS3, SOCS2, 
GCK, SOCS3, ADIPOQ 236 49 5738 2.97717053 0.99944299 0.43807033 44.9274872 

 
 
Table S1. (Related to Figure 2)  Pathway analysis of transcriptome alterations in 
quadriceps of UBX mice, compared to WT controls.  Genes with significantly different 
transcript abundances in UBX and WT mice were identified using RNA-seq (N=3 samples in 
each group), and were mapped using DAVID and the KEGG database. 
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