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Neuronatin (NNAT) is a transmembrane protein in the endoplasmic reticulum

involved in metabolic regulation. It shares sequence homology with sarcolipin

(SLN), which negatively regulates the sarco(endo)plasmic reticulum Ca2+-

ATPase (SERCA) that maintains energy homeostasis in muscles. Here, we

examined whether NNAT could uncouple the Ca2+ transport activity of

SERCA from ATP hydrolysis, similarly to SLN. NNAT significantly reduced

Ca2+ uptake without altering SERCA activity, ultimately lowering the appar-

ent coupling ratio of SERCA. This effect of NNAT was reversed by the

adenylyl cyclase activator forskolin. Furthermore, soleus muscles from high

fat diet (HFD)-fed mice showed a significant downregulation in NNAT con-

tent compared with chow-fed mice, whereas an upregulation in NNAT content

was observed in fast-twitch muscles from HFD- versus chow- fed mice. There-

fore, NNAT is a SERCA uncoupler in cells and may function in adaptive

thermogenesis.
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The sarco(endo)plasmic reticulum Ca2+-ATPase (SERCA)

pump is responsible for maintaining Ca2+ homeostasis in

innervated cells. Using the energy harnessed from ATP

hydrolysis, it catalyzes the transport of Ca2+ ions from the

cytosol against a concentration gradient (˜ 10 000-fold)

and into the sarco(endo)plasmic reticulum (SR/ER) in

striated muscles [1,2]. SERCA is well-known for its role in

muscle where it regulates muscle relaxation by restoring

resting intracellular calcium ([Ca2+]i) and indirectly ensur-

ing sufficient SR Ca2+ load for subsequent contractions

[3–5]. Furthermore, SERCA plays a significant role in

energy homeostasis in muscles, where it accounts for a

large proportion (40–50%) of resting energy expenditure,

and up to 20% of total daily energy expenditure [6–8].
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Thus, SERCA has become recognized as a metabolic hub,

and altering its energetic contribution in muscle may alter

whole body energy homeostasis [8,9]. Based on its struc-

tural design and thus binding capacity, SERCA has an

optimal coupling ratio of 2 Ca2+ ions transported per 1

ATP hydrolyzed [1,2,10–14]; however, lowering the Ca2+

transport efficiency of SERCA can increase its energy

expenditure, having implications for conditions such as

obesity [9,15–17].
There are two well-studied regulators of SERCA—

phospholamban (PLN) and sarcolipin (SLN) [18–23].
Each interacts and negatively regulates SERCA activ-

ity by reducing its affinity for intracellular Ca2+ [18–
21]; however, SLN has the unique feature of uncou-

pling Ca2+ transport from ATP hydrolysis [22,23]. Evi-

dently, altering this coupling ratio can change SERCA

energy expenditure and thus whole-body energy bal-

ance in vivo. For example, Sln-null mice have lowered

whole-body energy expenditure and are more suscepti-

ble to diet-induced obesity in comparison to wild-type

(WT) littermates [15,24]. Conversely, skeletal muscle-

specific overexpression of SLN in mice results in

higher energy expenditure and protects against diet-

induced obesity [25]. Given the rising rates of obesity

worldwide, impetus has been placed on finding novel

ways to increase SLN expression or in the discovery of

proteins akin to SLN that also uncouple SERCA in

skeletal muscle.

Neuronatin (NNAT) was initially discovered in rat

brain tissue where it was shown to regulate the intra-

cellular Ca2+ signals necessary for brain development

[26–28]. The NNAT gene is alternatively spliced into

an 81-amino acid a (canonical) isoform and a 54

amino acid b isoform [29]. We have recently shown

the a isoform to be consistently expressed in murine

skeletal muscle [30], which is highly conserved across

mammalian genomes, with only one different amino

acid between human and mouse NNAT (Fig. S1A). In

addition to muscle, NNAT has been previously

detected in the hypothalamus [31], pancreatic b-cells
[32], and adipose tissue [33], suggesting it is involved

in appetite regulation, insulin secretion, and adipocyte

differentiation, respectively, thereby highlighting its

versatile metabolic role [30]. Unlike the topology of

PLN and SLN where the C-terminal is in the SR

lumen and N-terminal is in the cytosol, NNAT has

been predicted [29], and later shown [34], to have “re-

verse” topology with its N-terminal in the SR and C-

terminal in the cytosol. In this orientation, NNAT has

shown sequence homology with PLN (ref. [29] and

Fig. S1B), and SLN—specifically in its transmembrane

domain (Fig. S1C). Based on this sequence homology

with both PLN and SLN, NNAT could have a

putative role in regulating the SERCA pump. In sup-

port of this, both isoforms possess a single transmem-

brane domain and have been found localized to the

ER in the aforementioned tissues [27,28,35,36]. Fur-

thermore, we have shown NNAT a can bind to both

SERCA1a and SERCA2a in murine muscle [30].

Finally, multiple studies have shown that both NNAT

isoforms can increase [Ca2+]i in neurons [26–28], adipo-
cytes [36], pancreatic b-cells [35], and human osteosar-

coma cells [37]; however, whether NNAT can promote

SERCA uncoupling similar to that of SLN has not

been investigated. Indeed, like Sln-null mice, Nnat-null

mice were previously shown to have lowered whole

body energy expenditure and increased susceptibility

to high fat diet (HFD)-induced obesity and glucose

intolerance compared with WT mice [38]. Further-

more, work investigating epigenetic determinants of

obesity found that obesity can be triggered in an “on/

off” manner with the “on” state characterized by

reduced Nnat expression [39]. Importantly, the under-

lying cellular mechanisms behind these findings remain

unknown. Thus, in this study, we examined the role of

NNAT as a SERCA uncoupler using human embry-

onic kidney (HEK) cells co-transfected with SERCA1a

or SERCA2a and increasing amounts of NNAT. In

addition, we measured NNAT protein levels in skeletal

muscles of chow- and HFD-fed mice to determine

whether NNAT protein expression is altered in

response to high-fat feeding.

Materials and Methods

Cell culture and co-transfection of HEK-293 cells

HEK-293 cells were maintained in Dulbecco’s modified

eagle medium supplemented with 10% FBS, penicillin, and

streptomycin. Plasmid DNA encoding for rabbit SER-

CA1a, rabbit SERCA2a, and human NNAT (Genescript,

Clone ID, OHu21175D, Piscataway, NJ, USA) were used

for co-transfection experiments. pBluescript was included

as a filler plasmid as indicated in figures. All cells (passages

8–12) were transfected with a total 6 lg of DNA using

polyethylenimine reagent as previously described [40]. Co-

transfection of SERCA1a or SERCA2a with NNAT was

done at 1 : 1 (1 lg SERCA + 1 lg NNAT + 4 lg of

pBluescript DNA) and 1 : 5 cDNA ratios (1 lg
SERCA + 5 lg NNAT). Cells transfected with 1 lg of

SERCA1a or SERCA2a DNA and 5 lg of pBluescript

served as our controls (SERCA : NNAT, 1 : 0). All cells

were harvested 48 h after transfection in an ice-cold solu-

tion of PBS (137 mM NaCl, 10 mM phosphate, 2.7 mM

KCl, pH 7.4) containing 5 mM EDTA. The cells were then

pelleted by centrifugation at 1500 g for 5 min at 4 °C and

washed twice in ice-cold PBS alone. After removal of the
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supernatants, the cells were resuspended in assay buffer

(250 mM Sucrose, 5 mM HEPES, 0.2 mM PMSF, 0.2%

NaN3, pH 7.5) and stored at �80 °C.

Animals

Forty-eight male C57BL/6 mice (16 weeks old, Jackson

Laboratories) were housed in an environmentally controlled

room (23–24 °C) with a standard 12 : 12 h light-dark cycle.

Mice were acclimatized to Brock University’s animal facil-

ity for 1 week prior to experimental interventions. The mice

were then randomly divided into a chow diet (2014 Teklad

standard chow, 13% kcal from fat; n = 24) or a HFD

(D12492 Research Diets, 60% kcal from fat; n = 24) and

had access to food and water ad libitum for 12 weeks. Fol-

lowing the 12-week dietary period, mice were anesthetized

with sodium pentobarbital (5 mg/100 g body weight,

intraperitoneal injection) and the soleus, extensor digitorum

longus (EDL), red gastrocnemius (RG), and white gastro-

cnemius (WG) muscles were dissected, homogenized

(250 mM Sucrose, 5 mM HEPES, 0.2 mM PMSF, 0.2%

NaN3, pH 7.5) and stored at �80 °C until further analysis.

All animal procedures were approved by the Brock Univer-

sity Animal Care and Utilization Committee (file #19-04-

01) and were carried out in accordance with the Canadian

Council on Animal Care guidelines.

Western blotting

Western blotting was used to assess NNAT, SERCA2a,

and SERCA1a protein content in the HEK cell lysates and

skeletal muscle homogenates as previously described

[30,41]. A bicinchoninic acid assay was used to determine

protein concentration and a total protein load of 15 lg was

used for NNAT in HEK cells, soleus, EDL, and RG and

40 lg for the WG. Three micrograms of protein was

loaded to detect SERCA2a in HEK cells and soleus and

10 lg was loaded for the EDL, RG, and WG. Finally,

10 lg of protein was loaded to detect SERCA1a in HEK

cells and the soleus and 3 lg was loaded for the EDL, RG,

and WG. HEK cell lysates and skeletal muscle homoge-

nates were solubilized in Laemmli buffer (#161-0747;

BioRad, Hercules, CA, USA), separated by SDS/PAGE

with TGX BioRad PreCast 4–15% gradient gels (#4568086;

BioRad), and transferred to a polyvinylidene difluoride

membrane using the BioRad Transblot Turbo. All mem-

branes were blocked in 5% (w/v) non-fat milk in Tris-

buffered saline + 0.1% (V/V) Tween 20 [tris-buffered sal-

ine tween (TBST)] for 1 h at room temperature before the

addition of primary antibody. The primary antibody for

NNAT was obtained from Proteintech (26905-1-AP, Rose-

mont, IL, USA) and was applied at a 1 : 1000 dilution in

5% milk overnight at 4 °C. The SERCA1a and SERCA2a

antibodies were obtained from ThermoFisher Scientific

(Waltham, MA, USA, MA3-911, and MA3-919) and were

applied at a 1 : 5000 dilution in 5% milk overnight at

4 °C. After washing 3X in TBST, corresponding anti-rabbit

(NNAT, 1 : 10 000) and anti-mouse (SERCA1a and SER-

CA2a, 1 : 20 000) antibodies were then applied the next

day for 1 h at room temperature in 5% milk. Following

another three washes in TBST, the antigen-antibody com-

plexes were captured using Immobilon� enhanced chemilu-

minescence Ultra Western horseradish peroxidase Substrate

(MilliporeSigma, Burlington, MA, USA) and a BioRad

ChemiDoc Imager. A Ponceau stain was used to assess

total protein loads. All images, including Ponceau stains

were quantified using IMAGELAB software (BioRad) and tar-

get protein amounts were normalized to total protein

detected with a Ponceau stain.

qRT-PCR analyses

Two days following transfection, total RNA extraction

from transfected HEK-293 cells was performed with TRI-

zol (Sigma, T9424, Oakville, ON, Canada) according to

manufacturer’s instruction. RNA integrity was assessed by

measuring 28S and 18S intensity via bleach gels as previ-

ously described [42]. Both reverse transcription-mediated

cDNA synthesis (ThermoFisher Scientific, 4387406) and

real-time quantitative PCR (qRT-PCR) assays (Thermo-

Fisher Scientific, 4367659) were performed per manufactur-

ers’ instructions and were compliant with the minimum

information for publication of quantitative real-time PCR

experiments guidelines [43]. qRT-PCR assays were con-

ducted in CFX384 Real-Time PCR system (Bio-Rad). Vali-

dated primers are listed below. 50-AGA AGA CAG TCC

TCT CAC ATC TGG G-30 (Rabbit Serca forward primer).

50-CGA TGA TGC AGA TCA GCA GGA GA-30 (Rabbit

Serca reverse primer). 50-TAT GAC CCC TAT CAC TCC

TG-30 [TATA-box binding protein (TBP) forward primer].

50-TTC TTC ACT CTT GGC TCC TGT-30 (TBP reverse

primer).

Calcium uptake, SERCA activity, and coupling

ratio

Rates of Ca2+ uptake were measured in the HEK cells

using the Indo-1 Ca2+ fluorophore as previously described

[15,44–46], but fitted onto a 96-well plate. Briefly, resus-

pended cells were added to reaction buffer (200 mM KCl,

20 mM HEPES, 10 mM NaN3, 5 lM N,N,N0,N0-tetrakis(2-
pyridylmethyl)ethylenediamine, 15 mM MgCl2, pH 7.0)

along with Indo-1 (4 lM final concentration; 57180, Sigma-

Aldrich). Samples were plated in duplicate and Ca2+ uptake

was initiated with ATP (10 mM final concentration). A

Molecular Devices M2 plate reader was used to kinetically

(shaking the wells prior to each read) measure fluorescence

of Ca2+-bound Indo-1 (405 nm emission) and Ca2+-free

Indo-1 (485 nm emission) upon excitation at 355 nm at

37 °C. The ratio of Ca2+-bound to Ca2+-free Indo-1 (405/
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485 nm) along with the known dissociation constant of

250 nM was used to calculate [Ca2+]free [46]. The rates of

Ca2+ uptake were then measured as the instantaneous

velocity (tangent analyses) at [Ca2+]free of 1000 or 1500 nM

with all rates then normalized to total protein content.

To calculate the coupling ratio we then performed Ca2+-

dependent SERCA activity assays in the same resuspended

HEK cells using the corresponding [Ca2+]free of 1000 or

1500 nM. This enzyme-linked spectrophotometric assay

indirectly measures ATP hydrolysis through nicotinamide

adenine dinucleotide hydrogen disappearance at 37 °C
[41,47]. After normalizing the activity rates to total protein

content, SERCA coupling ratio was calculated by dividing

the rate of Ca2+ uptake by the rate of ATP hydrolysis (i.e.,

SERCA activity) [15,48].

All Ca2+ uptake experiments and SERCA activity assays

were first performed both in the absence of oxalate and cal-

cium ionophore (A23187; Sigma C7522), respectively, to

mimic physiological conditions [15]. Similar conditions were

used to investigate the effect of SLN on SERCA’s apparent

coupling ratio [15]. In addition, Ca2+ uptake experiments

and SERCA activity assays in SERCA2a transfected cells

were performed in the presence of oxalate and calcium

ionophore to represent non-limiting conditions. For these

experiments, Ca2+ uptake and SERCA activity assays were

also performed on SERCA2a transfected cells after a

30 min incubation with or without 50 lM forskolin (F6886;

Sigma) on ice prior to each assay.

Statistics

All data are presented as means � standard error of the

mean (SEM). A one-way ANOVA with a Tukey’s post-hoc

test was used to compare NNAT and SERCA isoform con-

tent across all SERCA : NNAT co-transfected cells (1 : 0

vs 1 : 1 vs 1 : 5) as well as to assess differences in Ca2+

uptake, SERCA activity, and coupling ratio, specifically

comparing means against the control co-transfected HEK

cells (1 : 0 SERCA : NNAT). A Student’s t-test was used

for comparisons between SERCA : NNAT 1 : 1 vs

SERCA : NNAT 1 : 5 and for HFD vs chow experiments.

GRAPHPAD PRISM (San Diego, CA, USA) 8 was used to per-

form all statistical tests, and statistical significance was set

at P ≤ 0.05. Any outliers detected with the ROUT method

(Q = 2%) on GRAPHPAD PRISM 8 software was removed

prior to analyses.

Results and Discussion

NNAT promotes SERCA uncoupling

We previously showed, through co-immunoprecipitation

assays, that NNAT interacted with SERCA2a and SER-

CA1a in mouse soleus muscles [30]. The function of these

protein interactions, however, remains completely

unknown. Here, we first examined whether NNAT would

promote uncoupling of SERCA2a in HEK-293 cells co-

transfected with SERCA2a and NNAT cDNA at increas-

ing NNAT concentrations. As depicted through our Wes-

tern blot analyses, NNAT was absent in the control

(1 : 0, SERCA2a : NNAT) HEK cells; however, NNAT

increased progressively from 1 : 1 and 1 : 5 SERCA2:

NNAT co-transfected cells (Fig. 1A,B) with no changes

in SERCA2a (Fig. 1C). Our Ca2+ uptake assays showed

significant and drastic reductions in the rate of Ca2+

uptake when NNAT was transfected at a 1 : 1 and 1 : 5

ratio with SERCA2a (Fig. 1D,E). In measuring the rates

of SERCA ATPase activity, no significant differences

were observed between groups (Fig. 1F). In calculating

SERCA’s apparent coupling ratio (Ca2+ uptake/SERCA

activity), significant reductions were seen in both the

1 : 1 and 1 : 5 SERCA2a : NNAT co-transfected cells

compared with the control cells (Fig. 1G). Together,

these results suggest that NNAT promotes SERCA2a

uncoupling in transfected HEK cells.

We next sought to determine whether NNAT would

promote uncoupling of SERCA1a similarly to SER-

CA2a in transfected HEK-293 cells. Again, Western

blot analyses show an absence of NNAT in the 1 : 0

SERCA1a : NNAT co-transfected cells with a progres-

sive increase from 1 : 1 to 1 : 5 cells (Fig. 2A,B).

Interestingly, we also found a significant and progres-

sive increase in SERCA1a protein from 1 : 0, 1 : 1,

and 1 : 5 SERCA1a : NNAT co-transfected cells

(Fig. 1A,C). As NNAT protein content increased so

too did SERCA1a; however, the reasons for this asso-

ciation remain unknown. In contrast, analyses of

SERCA1 mRNA levels show that SERCA1 expression

was significantly reduced upon NNAT co-transfection

(Fig. S2). A similar finding was observed when exam-

ining SERCA2 mRNA levels (Fig. S2). There is a dis-

connect between mRNA and protein levels for both

SERCA1a and SERCA2a as presented in Figs 1 and

2, and Fig. S2, though protein and mRNA content are

not always proportionate with one another [49]. Poten-

tially offering an explanation for the increased SER-

CA1a protein observed along with NNAT transfection

(Fig. 2C), a previous study by Gramolini et al. [50]

showed that SLN-SERCA2a binding stabilized one

another, thereby increasing SERCA protein half-life.

In other P-type ATPases such as the Na+/K+ ATPase,

regulatory subunits are known to serve as a chaper-

ones for the catalytic subunits [51,52]. Although specu-

lative, a similar phenomenon between NNAT and

SERCA1a may also occur, where NNAT may chaper-

one and/or stabilize SERCA1a, however this requires

further investigation. In any event, we conducted Ca2+

uptake and SERCA activity experiments to determine
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whether NNAT could still show an uncoupling effect.

Upon examination of Ca2+ uptake, we found that the

rates were not significantly different between the 1 : 0

control cells and the 1 : 1 SERCA1a : NNAT cells;

however, the 1 : 5 SERCA1a : NNAT cells showed a

significant reduction in Ca2+ uptake compared with

control cells (Fig. 2D,E). We did not observe any

changes in SERCA ATPase activity (Fig. 2F),

although the calculated coupling ratio showed trending

reductions in the presence of NNAT (Fig. 2G), in both

1 : 5 and 1 : 1 SERCA1a : NNAT transfected cells.

Thus, despite the complications met with SERCA1

and NNAT transfection, we still observed a significant

reduction in Ca2+ uptake with no change in SERCA

activity leading to trending reductions in SERCA’s

apparent coupling ratio. This data, though limited,

suggest that NNAT inhibits SERCA1a-mediated Ca2+

uptake, potentially uncoupling it from ATP hydrolysis.

Our experiments thus far have been performed in

the presence of a Ca2+ gradient, where the absence of

ionophore (SERCA activity) and oxalate (Ca2+

uptake) can lead to back-inhibition of the pump.

Though these conditions were also used to showcase

the uncoupling effect of SLN under more physiological

conditions [15], it is important to determine the effect

of NNAT in the absence of a Ca2+ gradient (i.e., non-

limiting conditions with oxalate and ionophore). In

this respect, we show that the rate of Ca2+ uptake and

ATP hydrolysis appears to be faster in SERCA2a-

transfected HEK-293 cells in the presence of oxalate

and ionophore, respectively, which was not entirely

surprising (Fig. 3). However, similar to our experi-

ments without oxalate or ionophore (presented in

Fig. 1), we find that NNAT significantly reduced Ca2+

uptake without altering SERCA activity (Fig. 3A–C).
When combined, we again found that NNAT reduced

SERCA’s apparent coupling ratio even in the absence

of a Ca2+ gradient. Therefore, our results both in the

absence/presence of ionophore and oxalate show that

NNAT specifically inhibits SERCA by reducing Ca2+
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uptake without altering its ability to hydrolyze ATP.

In turn, this mode of inhibition led to the reduction in

SERCA’s apparent coupling ratio and, in our hands,

resembles the Ca2+ slippage effect. That is, in the pres-

ence of the known uncoupler SLN, Ca2+ “slips” off of

the SERCA pump after ATP hydrolysis and prior to

its transport into the SR/ER [15,23,53], and future

studies should investigate whether NNAT regulates

SERCA in a similar manner.

NNAT has a potential phosphorylation site at Ser56

[54], though the physiological role and mechanism of

phosphorylation has yet to be investigated. Using

kinase-specific phosphorylation prediction software

[55], Ser56 phosphorylation is predicted to be mediated

through protein kinase A (PKA). As such, we pre-

treated HEK 293 lysates with 50 lM forskolin prior to

conducting the Ca2+ uptake and SERCA activity assays.

Forskolin is a known adenylyl cyclase activator [56],

and strikingly, our results show a complete restoration

of Ca2+ uptake in SERCA2a : NNAT (1 : 5) HEK cells

(Fig. 3A,B). Furthermore, forskolin had no effect on

SERCA activity, which is consistent with our results

showing that NNAT does not alter SERCA’s ability to

hydrolyze ATP. This ultimately restored SERCA’s

apparent coupling ratio (Fig. 3D). We attribute these

findings to a specific effect on NNAT as forskolin treat-

ment in SERCA2a : NNAT 1 : 0 (cDNA) cells had no

effect on Ca2+ uptake, SERCA activity or coupling ratio

(Fig. 3A–D). Though we suspect this is mediated

through NNAT Ser56 phosphorylation, future studies

with phosphorylation-specific NNAT antibodies are

required.

It should be noted that our apparent coupling ratio

values calculated in this study (with or without

NNAT) are far below the expected 2 Ca2+ ions trans-

ported per ATP hydrolyzed. Though our values are

consistent with recently published reports measuring

SERCA coupling ratio in the presence and absence of

a Ca2+ gradient [15,17,48,57], earlier studies have

shown coupling ratio values closer to 2 (Ca2+ : ATP)

[12,13,16,58]. Cornelius and Møller [12] measured the

electrogenicity of SERCA-mediated Ca2+ transport in

reconstituted proteoliposomes and found that ˜ 4 elec-

trostatic charges were transferred across the membrane

for every ATP hydrolyzed, corresponding to a cou-

pling ratio of 1.8 � 0.4 Ca2+ per ATP split. Orlowski

and Champeil [13] also found that two Ca2+ ions were

transported into the SR lumen after ATP hydrolysis,

and that the dissociation of these two Ca2+ ions from

SERCA and into the lumen occurred at a similar rate.

Thus, the apparent coupling ratio values presented in

this study, and those from recent reports [15,17,48,57]

are likely underestimating the true coupling ratio. The

reasons for this discrepancy remain unknown. It has

been suggested that the optimal SERCA coupling ratio

of 2 can be observed under steady state conditions in

the presence of high concentrations of oxalate [58].

However, the addition of oxalate had little effect on

the apparent coupling ratio in this study. This was also

the case in another recently published study using the

same indo-1-based Ca2+ uptake assay and enzyme-

linked SERCA activity assay [57]. Nevertheless, these

two assays and similar experimental conditions were

used to showcase the uncoupling effect of SLN [15],

albeit again resulting in lower apparent coupling ratio

values in muscles obtained from WT and Sln-null

mice. Furthermore, in the absence of calculating a cou-

pling ratio, the effect of NNAT on reducing SERCA

Ca2+ uptake without any effect on SERCA activity

provides evidence of uncoupling, as was shown with

SLN [53].

NNAT protein content is altered in skeletal

muscles of mice fed a HFD

In response to high fat feeding, SLN protein is upregu-

lated 3–5 fold in mouse soleus muscles [22,24] and this

is an adaptive response made to combat excessive calo-

ric intake via SLN-mediated SERCA uncoupling. Sln-

null mice have reduced whole-body energy expenditure

and, when exposed to a HFD, show significantly

increased weight gain compared with WT counterparts

[15,24]. Similarly, Nnat-null mice present with signifi-

cant reductions in whole-body energy expenditure and

increased weight gain compared with the WT counter-

parts when fed a HFD [59]; yet the underlying cellular

mechanisms remain unknown. Our in vitro experi-

ments showing that NNAT promotes uncoupling of

SERCA2a and potentially SERCA1a may offer an

explanation. We next sought to determine whether

NNAT protein levels would be altered in murine skele-

tal muscles after high fat feeding. As expected, the

HFD group had significantly elevated weight gain

compared with the chow-fed mice after 12 weeks of

feeding (Fig. 4A). Western blot analyses of NNAT in

the soleus, a muscle abundant with NNAT [30], EDL,

RG, and WG revealed dynamic and muscle-specific

changes in protein content with high fat feeding

(Fig. 4B). A significant reduction in NNAT content

was observed in the soleus, which contrasted with all

other muscles analyzed where NNAT content was sig-

nificantly increased in the EDL, RG, and, though vari-

able, also in the WG (Fig. 4C). It should be noted

that NNAT detection in the WG was relatively diffi-

cult as more protein was required to detect NNAT in

this muscle (40 µg) compared with the other muscles
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analyzed (15 µg). In addition, these changes in NNAT

protein content were, overall, not accompanied with

any changes in SERCA2a or SERCA1a protein con-

tent (Fig. S3), except for the soleus where a significant

reduction in SERCA1a content was observed in the

HFD mice compared with the chow-fed mice

(Fig. S3B).

The reduction in NNAT protein content in the soleus

in response to high fat feeding is opposite of what was

previously observed with SLN, which was upregulated

3–5 fold [22,24]. This may represent a physiological

advantage, as the presence of both NNAT and SLN in

the soleus may cause an overdose of SERCA uncou-

pling/inhibition compromising muscle health and per-

formance. Conversely, in our hands, we have never

detected SLN in the EDL, RG, or WG from WT mice

(data not shown). Thus, the increase in NNAT in mus-

cles where SLN is absent, also presents a physiological

advantage when responding to HFD, as it could repre-

sent a compensatory response aimed at stimulating

muscle-based thermogenesis. Indeed, the increased

NNAT protein content observed in the EDL, RG, and

WG following high fat feeding appear to be in agree-

ment with previous experiments showing that Nnat-null

mice are more susceptible to an obese phenotype [39]

and diet-induced obesity [59]. Taken together, the pro-

motion of SERCA uncoupling in HEK cells and the

increases in protein content in muscles that do not

express SLN after high-fat feeding suggest that NNAT

may work with SLN to regulate muscle-specific energy

expenditure via SERCA uncoupling. However, future

studies examining the Ser56 phosphorylation status of

NNAT could also provide additional insight given our

work here showing that forskolin treatment prevents

NNAT-mediated SERCA uncoupling.

Future perspectives

In this study, we show for the first time that NNAT

promotes SERCA uncoupling by specifically lowering

Ca2+ uptake without altering ATP hydrolysis, similar to

what was found with SLN [53]. This suggests that like

SLN, NNAT lowers SERCA Ca2+ transport efficiency

thereby raising the energetic requirements of the

SERCA pump. Typically, two Ca2+ ions bind to

SERCA in its transmembrane domain, which thereafter

allows for the hydrolysis of ATP ultimately powering

Ca2+ transport into the SR/ER [15,23,60]. However, in

the presence of SLN, Ca2+ “slips” off of the SERCA

pump after ATP hydrolysis and prior to its transport

into the SR/ER [15,23]. Whether NNAT uncouples

SERCA via a similar slippage mechanism should be

investigated further. Moreover, forskolin experiments

conducted here suggest that PKA activation can pre-

vent NNAT’s ability to uncouple SERCA by restoring

Ca2+ uptake. Whether this is due to Ser56 phosphoryla-

tion of NNAT should be investigated further.

Through its promotion of SERCA uncoupling and

muscle-based thermogenesis, SLN has become an

attractive target in the fight against obesity. Based on

the findings presented here, future studies should also

determine whether NNAT may mediate muscle-based

thermogenesis via SERCA uncoupling. Importantly,

NNAT is more diversely expressed than SLN [30,61].

SLN is expressed solely in muscle, whereas NNAT

mRNA and protein can be found in both muscle and
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adipocytes [30,61]. Uncoupling protein 1 (UCP-1) is

another thermogenic protein found in brown and beige

adipocytes where it acts to uncouple mitochondrial

respiration from ATP production [62]. In the absence

of UCP-1, SERCA-dependent Ca2+ cycling has been

shown to compensate [63]; however, the exact mecha-

nisms remain undetermined. The role of NNAT as a

SERCA uncoupler and its known presence in adipose

tissue may provide a potential explanation. Therefore,

it is possible that NNAT may be a mediator of both

muscle- and adipose-based thermogenesis. Indeed,

human studies have also shown that NNAT mRNA is

lowered in adipose tissue obtained from obese individ-

uals [33]. In addition to lowered adipose NNAT

mRNA, single nucleotide polymorphisms in the NNAT

gene have been associated with childhood and adult-

hood obesity [64]. Thus, it would also be of a great

interest to determine whether these mutations alter

NNAT regulation of energy metabolism in skeletal

muscle and adipocytes via SERCA.

Conclusions

Based on its sequence homology with SLN, we

hypothesized and tested whether NNAT would also

uncouple SERCA-mediated Ca2+ transport from ATP

hydrolysis. Using HEK co-transfected cells, we found

that NNAT promoted uncoupling of SERCA2a and

potentially SERCA1a, though our findings were com-

plicated with unexpected increases in SERCA1a pro-

tein occurring with NNAT cDNA transfection.

Nonetheless, NNAT uncoupled SERCA2 in the pres-

ence and absence of a Ca2+ gradient, and this effect

was negated with forskolin pre-treatment, suggestive

of a role of PKA and NNAT phosphorylation. In vivo,

we found that mice fed a HFD showed muscle-specific

changes in NNAT protein content with a significant

reduction in NNAT in the soleus, but higher NNAT

content in the EDL, RG and WG. Collectively, these

findings provide a potential mechanistic explanation as

to why Nnat-null mice have lowered whole-body

energy expenditure and increased susceptibility to

HFD-induced obesity. Future studies should further

examine whether NNAT may uncouple SERCA specif-

ically in muscle and adipose tissue. This, in addition to

its other roles in metabolism [30] would make NNAT

a viable therapeutic target for obesity.
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Fig. S1. NNAT is highly conserved across mammalian

genomes and shares sequence homology with PLN and

SLN.

Fig. S2. SERCA1 and SERCA2 mRNA expression is

significantly reduced with NNAT co-transfection.

Fig. S3. SERCA2a and SERCA1a protein content in

skeletal muscles of mice fed a chow or HFD.
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