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Abstract

The long-lived, hypoxic-tolerant naked mole-rat well-maintains cardiac function over its three-
decade-long lifespan and exhibits many cardiac features atypical of similar-sized laboratory
rodents. For example, they exhibit low heart rates and resting cardiac contractility, yet have a large
cardiac reserve. These traits are considered ecophysiological adaptations to their dank
subterranean atmosphere of low oxygen and high carbon dioxide levels and may also contribute to
negligible declines in cardiac function during aging. We asked if naked mole-rats had a different
myofilament protein signature to that of similar-sized mice that commonly show both high heart
rates and high basal cardiac contractility. Adult mouse ventricles predominantly expressed a.-
myosin heavy chain (97.9 £ 0.4%). In contrast, and more in keeping with humans, B myosin heavy
chain was the dominant isoform (79.0 £ 2.0%) in naked mole-rat ventricles. Naked mole-rat
ventricles diverged from those of both humans and mice, as they expressed both cardiac and slow
skeletal isoforms of troponin 1. This myofilament protein profile is more commonly observed in
mice in utero and during cardiomyopathies. There were no species differences in phosphorylation
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of cardiac myosin binding protein-C or troponin I. Phosphorylation of both ventricular myosin
light chain 2 and cardiac troponin T in naked mole-rats was approximately half that observed in
mice. Myofilament function was also compared between the two species using permeabilized
cardiomyocytes. Together, these data suggest a cardiac myofilament protein signature that may
contribute to the naked mole-rat’s suite of adaptations to its natural subterranean habitat.
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Introduction

The naked mole-rat (Heterocephalus glaber) has emerged as a rodent model of exceptional
biomedical interest [22, 27, 51], best known for both its extraordinary longevity [7] and
healthspan [8, 16] and concomitant resistance to cancer [28, 50] as well as anoxic conditions
[34]. Previously, we have reported that naked mole-rats exhibit unusually low basal cardiac
function for a mouse-sized (~ 45 g) rodent [16, 17]; however, this low level of function is
maintained well into its third decade, ages thought to be equivalent to nonagenarian humans.
It has an exceptionally low heart rate of 250 bpm for an unanesthetized small rodent (e.g.,
mice 700 bpm) and a diminished (28%) fractional shortening relative to similar-sized
rodents [17]. Equivalent values in other laboratory rodents would be indicative of systolic
dysfunction. However, the naked mole-rat heart clearly is not dysfunctional. Naked mole-
rats have a very strong p-adrenergic response resulting in an almost twofold greater cardiac
reserve in comparison to mice [17]. It is likely that this cardiac profile of low basal function
yet high cardiac reserve reflects ecophysiological adaptations to an unforgiving and
energetically constrained subterranean habitat that naked mole-rats have occupied since the
early Miocene (23-16 million years ago) [6].

Naked mole-rats are strictly subterranean rodents native to the arid and semi-arid regions of
the eastern horn of Africa. There, they rest in deep subterranean chambers 6-8 ft below
ground. The nests are shared by numerous conspecifics as well as microorganisms, which
together with plant roots, all respire, depleting the already limited underground supply of
oxygen, since gas exchange with the air above ground occurs primarily by diffusion through
soil, a slow process dependent upon soil porosity [5]. Naked mole-rats have a low basal
metabolic rate—66 to 75% that of a mouse [9, 13]—reducing oxygen consumption and heat
production and, thereby, the need for both gas exchange and evaporative cooling while at
rest [5]. Naked mole-rats have, however, a very large metabolic scope and are able to
increase their metabolic rate more than fivefold when actively excavating burrows in search
of underground food sources [30]. This harsh, energetically constrained habitat of highly
variable oxygen availability and high levels of carbon dioxide relative to that experienced
above ground is, thus likely to have shaped both their metabolic physiology and their
cardiovascular system. In many cardiovascular disease states, adult mammalian hearts, like
those of healthy naked mole-rats, also have to contend with the stressful conditions of
hypoxia and hypercapnia [23, 39, 45]. Such diseased states are also responsible for
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disrupting cardiac homeostasis and causing dysregulation of the contractile protein signature
[39, 42, 43].

Cardiac function is fundamentally regulated by the composition of the contractile machinery,
including the expression of different isoforms of cardiac myofilament proteins and post-
translational modifications of these proteins. The different isoforms of myofilament proteins
within the heart can cause differences in calcium sensitivity, contraction, and rates of cross-
bridge cycling. For instance, myosin heavy chain (MHC) regulates contractility differently
depending upon which isoform is predominantly expressed in the heart. Expression of a-
MHC is associated with a high force of contraction, while p-MHC causes lower contractility
[24]. Additionally, changes in troponin | isoforms can modulate the calcium sensitivity and
cross-bridge cycling of cardiomyocytes [25].

Post-translational modifications of these proteins can also largely affect cardiac function,
and such modifications often become dysregulated in the setting of homeostatic imbalance.
Of these modifications, phosphorylation of myofilament proteins is the most well-studied [3,
25, 32]. Depending upon the myofilament protein, and even the specific site within the
protein that is modified, the functional outcomes can differ widely [25, 48, 49]. Given their
unusual cardiac function phenotype as well as their numerous ecophysiological adaptations
to the challenges encountered living below ground, we hypothesized that the naked mole-rat
may exhibit unique features in its cardiac myofilament profile.

Materials and methods

Animals

Male and female naked mole-rats (2-5 years) and C57BL6/J mice (3—6 months) housed at
the University of Texas Health Science Center at San Antonio (UTHSCSA) were used in
this study. The selected ages allowed for physiological age matching between species such
that both were at approximately equivalent percentages of their maximum lifespan (6-15%
of maximum lifespan for naked mole-rats and 6-13% of that for mice). Both species were
maintained on a 12-h light-dark cycle. The captive-bred naked mole-rats were
predominantly third generation descendants of animals captured in the wild in Africa in
1980. The naked mole-rats were housed in family groups in simulated burrow systems
consisting of tubes and cages of varying sizes. Climatic conditions also approximated their
native habitat (30 °C; 50% relative humidity), although atmospheric conditions were
normoxic. Naked mole-rats met all their nutrient and water needs through an ad libitum
supply of fruit and vegetables, supplemented with a protein-and vitamin-enriched cereal
(Pronutro, Bokomo, South Africa).

We chose the extensively studied C57BI/6 strain of mice as an “experimental control” with
which to evaluate naked mole-rat data to assure that measurements made in our laboratory
were comparable to those previously published and used these as the basis with which to
evaluate our naked mole-rat data. C57BI/6 mice were obtained from Envigo (formerly
Harlan) and group housed (n=5 per cage) at 25 °C and were given ad libitum access to
mouse chow (Harlan Teklad 7912) and water.
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Naked mole-rats are neither moles nor rats and are phylogenetically distant from both these
organisms. Rather, they are a unique species, taxonomically isolated in a distinct family, the
Heterocephalidae in the Hystricognath suborder of Rodentia and are evolutionarily
equidistant from both mice and rats. Given that cardiac function scales allometrically with
body size [40], we chose the more similarly sized mouse (25 vs. 45 g naked mole-rat) as
controls rather than laboratory rats (250 g) or other species of African mole-rats
(Bathyergidae 160-2000 g) that are phylogenetically more closely related to naked mole-
rats, but are poorly characterized.

Both naked mole-rats and mice were sacrificed by isoflurane inhalation. Tissues were
rapidly harvested and flash frozen in liquid nitrogen and then stored at —80 °C for protein
and cardiomyocyte analyses or fixed for imaging. These studies were approved by the
IACUC at UTHSCSA (protocol #13007x).

Electron microscopy

Several hearts were then sectioned through the mid-papillary region of the ventricles and
placed in cold fixative buffer containing 4% formaldehyde and 1% glutaraldehyde. Tissue
was embedded in polybed 812 resin and sections were cut at 90 nm and placed on copper
grids. Sections were stained with uranyl acetate for 30 s followed by Reynolds lead citrate
for 20 s. Samples were then visualized with a JEOL 1230 transmission electron microscope.

Protein isolation and analysis

Myofilament-enriched fractions and total homogenates were isolated in various buffers, all
containing Halt Protease and Phosphatase Inhibitor (Life Technologies). Atrial and
ventricular tissues were homogenized in ice-cold F60 buffer to isolate myofilament proteins.
Protein content in these homogenates was analyzed using BCA assays (Life Technologies).
Five micrograms of protein were loaded per well on large format Hoefer SDS-PAGE gels
which were run at 30 mA for 26 h at 4 °C to separate MHC isoforms. The gels were then
fixed and stained with SYPRO Ruby (Life Technologies) as described previously [1].
Aliquots of ventricular samples in F60 buffer were resuspended in 4 M urea buffer in order
to solubilize myofilament proteins. Bradford assays (Bio-Rad) were used to determine
protein quantity, and 4 ug of the urea samples were run at 90 V on 4-15% unstained Bio-
Rad TGX mini gels. These gels were stained with Pro-Q Diamond and SYPRO Ruby (Life
Technologies), to assess myofilament phosphorylation and total myofilament protein levels,
respectively, according to previously described procedures [54]. Each sample in both the
MHC and myofilament protein phosphorylation experiments were run in triplicate and the
averages were then used for statistical analyses. All protein levels from gels were quantified
with ImageJ (NIH).

Ventricular and quadriceps tissues were homogenized in RIPA buffer and total protein
content was analyzed with BCA assays. Twenty microgram aliquots of these samples were
run on 4-20% Bio-Rad TGX mini gels and then transferred to nitrocellulose membranes at
50 V for 2 h. Blots were probed with the following antibodies: internal and C-terminal
regions of troponin 1-SS (sc-20645 and sc-8119, respectively; Santa Cruz) both at 1:1000,
cardiac troponin | (ab19615; Abcam) at 1:5000, and GAPDH (G8795; Sigma) at 1:20,000.
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The antibodies used in these Western blot analyses were chosen after confirmation with
BLAST that each epitope had good homology with both the mouse and naked mole-rat
proteins. LI-COR secondary antibodies for the respective primary antibody hosts were used
(mouse 926-32,210, rabbit 926-68,021, and goat 925-68,024), each at a concentration of
1:10,000. The blots were then imaged using an Odyssey Infrared Imaging System (LI-COR
Biosciences).

Mass spectrometry

Ventricular myofilament-enriched samples homogenized in F60 buffer were also used for
mass spectrometry. Proteins were separated by SDS-PAGE (2-cm separation; Criterion XT
Bis-Tris 12% gel; Bio-Rad). After staining with Coomassie blue, each gel lane was divided
into seven slices and the proteins digested in situ with trypsin (sequencing grade; Promega).
The digests were analyzed by capillary HPLC-electrospray ionization tandem mass
spectrometry (HPLC-ESI-MS/MS) on a Thermo Fisher LTQ Orbitrap Velos mass
spectrometer. On-line HPLC separation of the digests was accomplished with an
Eksigent/AB Sciex NanoLC-Ultra 2-D HPLC system: column, PicoFrit™ (New Obijective;
75 um i.d.) packed to 15 cm with C18 adsorbent (Vydac; 218MS 5 um, 300 A). Precursor
ions were acquired in the Orbitrap in centroid mode at 60,000 resolution (/7/z 400); data-
dependent collision-induced dissociation (CID) spectra of the six most intense ions in the
precursor scan were acquired at the same time in the linear trap (30% normalized collision
energy). Mascot (Matrix Science) was used to search the spectra against the rodent subset of
the NCBInr database (v140522) concatenated with a database of common protein
contaminants. Cysteine carbamidomethylation was set as a fixed modification and
methionine oxidation and deamidation of glutamine and asparagine were considered as
variable modifications; trypsin was specified as the proteolytic enzyme, with one missed
cleavage allowed. Subset search of the identified proteins by X! Tandem, cross-correlation
with the Mascot results and determination of protein and peptide identity probabilities were
accomplished by Scaffold (Proteome Software). The thresholds for acceptance of peptide
and protein assignments in Scaffold were 95 and 99%, respectively.

Steady-state force measurements

Cardiomyocytes were isolated from frozen ventricular tissue and chemically skinned for
analysis of force as previously described [2]. The tissue was mechanically homogenized and
then filtered through a 70 um strainer. After centrifugation at 120xg for 1 min at 4 °C, the
pellet was resuspended in 1% Triton X-100 in relaxing solution (97.92 yM KOH, 6.24 yM
ATP, 10 UM EGTA, 10 UM Na,CrP, 47.58 uM Kprop, 100 uM BES, and 6.54 uM MgCl5)
and rocked for 15 min at room temperature. Two subsequent centrifugations were carried out
as above and the remaining pellet was resuspended in relaxing solution without Triton. This
solution, now containing skinned cardiomyocytes, was examined using an inverted
microscope (Leica DM IRB). Individual cardiomyocytes were singled out and attached to a
force transducer and high-speed piezo translator (ThorLabs) using UV-sensitive glue. To
measure force generation, cells were perfused with buffers containing different calcium
concentrations (pCa 10-pCa 4.5). Force transduction was measured at two sarcomere
lengths (SLs)—1.9 and 2.3 um—in order to determine differences in length-dependency of
calcium sensitivity of force development. Fitting of the force curves was done by using a
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modified Hill equation (P/Pg = [Ca2*]7/(K" + [Ca2*]™), where nis the Hill-slope and Kis
the pCasp). Data were acquired using custom-made LabView software (National
Instruments).

Statistical analyses

Results

Data from all experiments, other than the mass spectrometry analyses, were analyzed using
Student’s ttests. F-tests for equality of variance were also conducted, and a Welch’s
correction was made if there were unequal variances. MHC and phosphorylation
measurements include both male and females of each species (with each sex representing
approximately half of the sample size for each species) and were subsequently grouped
together as there were no detected sex differences. The steady-state force measurements
were conducted on only males of each species. The number of individuals in an experiment
is noted in each figure legend. GraphPad Prism 5 software (GraphPad) was used for all
statistical calculations. Data are expressed as mean * standard error of the mean (SEM).

Cardiac form and function of mice and naked mole-rats

We have previously reported on the differences in cardiac function in young, healthy mice
and naked mole-rats [17], finding that naked mole-rats displayed much lower heart rates and
fractional shortening compared to mice (Table 1). We also previously found that naked
mole-rats have increased cardiomyocyte cross-sectional area (216 + 10 vs. 178 + 7 mm?)
compared to mice, but this is accompanied by greater diastolic wall thicknesses (0.87 + 0.02
vs. 0.77 £ 0.03 mm) and larger hearts overall (190 £ 10 vs. 130 = 10 mg), as such it is
unlikely that naked mole-rat cardiomyocytes are hypertrophied. Despite these differences in
form and function of the two species’ hearts, electron micrographs taken of ventricles there
showed no obvious differences in sarcomeric organization or striation patterns between both
mice and naked mole-rat, despite the large differences in cardiac form and function (Fig. 1).
Naked mole-rats had no overt changes in overall architecture, including sarcomere hallmarks
such as Z-disks and M-lines when compared to mice.

Naked mole-rats have increased B-MHC in their hearts

We assessed if myosin heavy chain (MHC) isoform composition, known to regulate
contractility, may partially explain the low basal fractional shortening previously observed in
naked mole-rat hearts (Table 1). Like mice, naked mole-rats expressed mostly a-MHC in
their atria (75.5 + 4.0%). Strikingly, however, naked mole-rats predominantly expressed p-
MHC (79.0 + 2.0%) in their ventricles (Fig. 2). This MHC distribution was in stark contrast
to mice which expressed almost no B-MHC in their hearts but, rather, had mainly a-MHC in
both their atria (98.1 + 0.4%) and ventricles (97.9 £ 0.4%). Of note, in both mice and naked
mole-rats, the MHC isoform contributions were similar in the left and right ventricles, so the
ventricular data reflect the isoform content in both ventricles, both here and in all following
experiments using ventricular tissue.
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Naked mole-rats have similar or lower phosphorylation of cardiac myofilament proteins to

mice

We also questioned if there were species differences in levels of ventricular myofilament
phosphorylation, as these modifications influence contractility (Fig. 3a, b). When corrected
for total protein content, phosphorylation of both cardiac troponin T (TnT) and myosin light
chain 2 (MLC-2) in naked mole-rats was half (p < 0.0001) that observed in mice (Fig. 3c).
There were, however, no species differences in phosphorylation of cardiac myosin binding
protein-C (cMyBP-C) or troponin I (Tnl). Intriguingly, we observed pronounced
interspecific differences in the molecular weights of the protein bands for TnT, Tnl, and
MLC-2 and questioned if these differences reflected variation in myofilament isoform
expression.

Young, healthy naked mole-rats express slow skeletal troponin in their ventricles

Mass spectrometry analysis conducted on myofilament preparations from ventricular tissue
detected the presence of all of the common cardiac isoforms of ¢cTnT, cTnl, and MLC-2 in
both species (Table 2). However, slow skeletal troponin | (ssTnl) was also detected in the
naked mole-rat samples. Upon cluster analysis of the mass spectrometry data, it was found
that naked mole-rat ssTnl shared no peptides with other protein hits (Supplementary Table
S1), thus substantiating its presence in naked mole-rat ventricles. To confirm that ssTnl was
present in naked mole-rat ventricles, Western blot analyses were undertaken (Fig. 4) using
quadricep skeletal muscle as a positive control. Antibodies to both the internal and C-
terminal regions of ssTnl showed, as expected, that both mouse and naked mole-rat
quadriceps express ssTnl. Ventricles of both species expressed the cardiac isoform, cTnl.
However, only the naked mole-rat ventricular tissue also expressed ssTnl, confirming the
presence of both cardiac and skeletal troponin in the hearts of young, healthy adult naked
mole-rats.

Mechanical properties and force development in naked mole-rat and mouse ventricular
cardiomyocytes

We questioned if species differences in contractile proteins affect the kinetics of
cardiomyocyte contractility. Therefore, the steady-state force-calcium relationship was
compared between species. These measurements were taken at two different sarcomere
lengths (SLs) to approximate cardiomyocyte lengths at rest (short, 1.9 uM) and under
maximal tension in vivo (long, 2.3 uM). At both short and long SLs, the naked mole-rat and
mouse cardiomyocytes displayed comparable calcium sensitivity to force of contraction
(ECsg), maximal force of contraction (Ayax) and Hill coefficients (/;j), @ measure of
cooperativity of the contractile proteins (Table 3, Fig. 5). Importantly, both the mice and
naked mole-rats exhibited increased force generation at the longer SL, compared to short
sarcomere lengths. The naked mole-rat cardiomyocytes also exhibited a trend towards a
higher length-dependent increase in force development than observed in mice (= 0.051).

Discussion

This study set out to determine if there were interspecific differences in the expression of
protein isoforms and their post-translational modifications that may contribute to the low

Pflugers Arch. Author manuscript; available in PMC 2018 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Grimes et al.

Page 8

basal cardiac function and enhanced cardiac reserve (Table 1) observed in the naked mole-
rat [17]. We found that the naked mole-rat has a 4-fold increased expression of B-MHC in
the ventricles compared to mice. Additionally, the unexpected expression of ssTnl was
identified, which was verified by mass spectrometry. Unique myofilament phosphorylation
states were also identified in the naked mole-rat. In addition, we observed that naked mole-
rat cardiomyocytes exhibit a trend towards higher length-dependent increase in force
development compared to those of mice. These species differences could contribute to the
disparate basal contractility and cardiac function that we have previously observed (Table 1).
Although the cardiac myofilament signature and low levels of phosphorylation are more in
keeping with end stage heart failure in other species, such as humans [4, 44], it is unlikely
that this is the case for naked mole-rats. Rather, we postulate that this cardiac myofilament
protein profile stems primarily from ecophysiological adaptations to the energetic
constraints encountered below ground, where gas exchange is poor and oxygen availability
is low.

The expression of ssTnl, like that of B-MHC, in adult naked mole-rat hearts concurs with
several other reports of the retention of neotenous features into adulthood in this species.
Adult naked mole-rats are extremely tolerant of low oxygen availability. Indeed, it was
recently reported that naked mole-rats can survive 18 min without any oxygen, a trait
attributed to the switching of carbohydrate fuels from glucose to fructose metabolism [34].
Moreover, like mammalian fetuses, naked mole-rats utilize a neonatal NMDA receptor and
exhibit a blunted calcium response to hypoxic conditions [36, 37]. Both brain and lung
tissues appear to be structurally malleable and retain morphological and molecular features
commonly seen in utero (e.g., a double capillary system in lung [31] as well as the
maintained expression of neuregulin-1, a neurotrophic growth factor, in the brain [12]).
Recently, it was also shown that naked mole-rats have a very protracted period of brain
development that is thought to allow for neuroplasticity and could be a major factor in their
resilience to neurodegenerative diseases [35]. Although speculative, it is possible that the
myofilament proteins of the naked mole-rat heart also reflect that cardiac developmental
processes are not switched off postnatally and that neotenous features are retained, enabling
the maintenance of proliferative capacity and/or a youthful phenotype well into adulthood
[16]. Furthermore, our unexpected data support the idea that the naked mole-rat’s
maintained expression of genes that are expressed in utero in other species may be indicative
of evolved adaptations to atmospheres low in oxygen and high in carbon dioxide. For
example, adult naked mole-rat expression of ssTnl in the heart could provide a mechanism
for tolerating fluctuations in pH conditions that may occur in response to elevated levels of
carbon dioxide and concomitant carbonic acid in deep burrows and the organism’s inability
to expel excess carbon dioxide into this milieu. ssTnl has been previously shown to protect
against the reduction in sarcomeric force production that occurs during acidosis [55].

Similarly, the predominant expression of ventricular B-MHC (Fig. 2) is consistent with
limited oxygen availability and reduced energetic expenditure and the low basal cardiac
function we previously observed in naked mole-rat [17]. The B-MHC isoform reduces actin
gliding velocity in in vitro motility assays and exhibits a significantly lower ATPase activity
compared to that of a-MHC [24, 38]. Similarly, B-MHC is associated with a more
energetically economical contractility and has a lower tension cost compared to a-MHC
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[29], requiring less ATP, and as a result thereof, less oxygen, for force generation [33, 53].
Like other mammalian species [44], naked mole-rats express mostly a-MHC in their atria. It
is interesting to note, however, that the naked mole-rat atria contained 25% p-MHC, five
times more than that seen in mouse atria.

Fetal mouse and rat hearts express p-MHC, but switch to mostly a-MHC shortly after birth.
In adulthood, expression of B-MHC in laboratory rodent hearts increases after induction of
pathological conditions [43]. When rat cardiomyocytes were experimentally induced to
express B-MHC, the cells exhibited a greater length-dependence of shortening velocity than
those naturally expressing a-MHC [24]. This is similar to the trend towards higher length-
dependent increases in force development observed in the B-MHC expressing naked mole-
rat cardiomyocytes.

The expression of f-MHC in the naked mole-rat ventricle is similar to that of humans, who
maintain high expression of ventricular B-MHC throughout development and adulthood [2].
Intriguingly, both humans and naked mole-rats have average heart rates that are
approximately half that predicted allometrically on the basis of their body sizes (humans,
127 bpm predicted vs. 70 bpm observed; and naked mole-rats, 483 bpm predicted vs. 250
bpm observed) (Table 1) [15, 17]. In a multi-species comparison, larger mammals, which
tend to have lower resting heart rates, also have ventricles that are mainly composed of the
B-MHC isoform. Small mammals with resting heart rates above a threshold of 300 tend to
express more ventricular a-MHC [18]. The low heart rate of the naked mole-rat heart thus
correlates well with the predominance of B-MHC in the species’ ventricles.

Adult naked mole-rats, however, differ from humans, as well as rats and mice, by the
presence of ssTnl in their ventricles (Fig. 4). This protein is usually expressed highly in the
prenatal mammalian heart, but is rapidly downregulated after birth when hearts begin to
express predominantly cTnl [19]. Transgenic mice overexpressing ssTnl in their hearts
maintain ATP production during ischemia by upregulating glycolytic activity [39].
Expression of ssTnl in the adult mouse heart during heart failure can also help maintain
systolic function during respiratory hypercapnia. This is thought to be due to the fact that the
sequence of ssTnl allows it to be less modifiable by acidic pH. Acidosis reduces the affinity
of cTnl for troponin C, thereby inhibiting actin and myosin interaction [52]. Evolution may
have thus favored the presence of cardiac ssTnl into adulthood in this species so that naked
mole-rats could maintain contractile function under the hypercapnic conditions commonly
encountered in their poorly ventilated burrows.

Our investigation of myofilament protein phosphorylation further elucidated components of
the naked mole-rat’s unique cardiac function, but also yielded new questions for future
investigation such as how the naked mole-rat’s phospho-regulation of these proteins directly
affects the species’ unique cardiac function. There were species differences in migration of
MLC-2 on the Pro-Q and SYPRO gels (Fig. 3), which may be due to differences in protein
sequences and post-translational modifications. Mouse and human sequences of MLC-2
differ in the N-terminus: where mice have two serines at positions 14 and 15, however
human MLC-2 has only one phosphorylatable serine at position 15 and an asparagine at
amino acid 14, resulting in different post-translational modifications[47]. Interestingly, the
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naked mole-rat sequence is more like that of humans, with asparagine-14 and serine-15.
Consistent with the difference in sequences, naked mole-rat ventricles displayed a 50%
reduction in phosphorylation of MLC-2 compared to mice. Previously, phosphorylation of
MLC-2 had been shown to regulate contractility both under basal and p-adrenergic-
stimulated conditions in the heart [48]. However, more recent data show that MLC-2
phosphorylation is not changed by either p-adrenergic stimulation or inhibition and is
maintained at set levels in order to maintain cardiac function [10].

Unexpectedly, we noted that the calcium sensitivity of mice and naked mole-rats were
similar, despite having quite different myofilament protein expression and post-translational
modifications. Interestingly, it was shown that the expression of ssTnl in the mouse heart
results in a leftward shift of the force-pCa relationship, increasing the myofilament calcium
sensitivity [41, 55]. Conversely, reduced phosphorylation of MLC-2 results in a rightward
shift of the force-pCa relationship [11,20]. The combination of these two factors in the
naked mole-rat may at least partially explain why these two species exhibit similar
myofilament calcium sensitivities despite disparate protein phosphorylation.

In contrast to MLC-2, naked mole-rats do not have lower levels of cMyBP-C
phosphorylation compared to mice. The three main serines targeted for phosphorylation on
cMyBP-C are all crucial for normal cardiac function. Moreover, these are highly
phosphorylated under basal conditions in mice [46], and de-phosphorylated cMyBP-C is
extremely susceptible to proteolytic cleavage [14]. It may be that high basal phospho-
regulation of this protein is essential in naked mole-rats.

Phosphorylation of Tnl was also not different between species. This protein has several sites
which may become phosphorylated, and the differences in phosphorylation preference for
these sites can cause opposite effects on inotropy, energy consumption, and calcium
sensitivity [25]. To date, the specifics as to which phosphorylated region of cTnl is
responsible for certain functional outcomes remain unresolved and controversial [32, 52]. It
should also be noted that ssTnl lacks the N-terminal phosphorylation sites present on cTnl
that are critical in B-adrenergic control of systolic function [25].

Many in vitro studies have shown that increased phosphorylation of cTnT, specifically at the
critical threonine-206 site, reduces ATPase activity and force production [49]. Our results
show that the naked mole-rat hearts have low phosphorylation of cTnT and low cardiac
contractility compared to mice. Naked mole-rats do express a threonine-206 in their cTnT
sequence; however, it has been recently proposed from mass spectrometry analyses that the
only phosphorylation site on cTnT is serine-2, and it only controls the stability of the
contractile apparatus and not contractility [21]. At present, given the incomplete annotation
and sequencing of the naked mole-rat genome [26] and, in particular, the sequence of the
cTnC A-terminal region (as seen in Tables 1 and S1), we currently cannot tell if the naked
mole-rat cTnT protein contains this important serine-2.

Here, we have shown that adult naked mole-rats express several myofilament proteins that
are only expressed in mice and rats in utero or during cardiomyopathies [10, 11]. This is the
first report to study the composition and function of the naked mole-rat cardiac myofilament.
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As such, there remain questions as to the exact mechanism and functions of the altered
myofilament composition. A possible explanation is that these myofilament proteins may
safeguard against the detrimental effects of hypoxia and hypercapnia on cardiac contractility.
How the regulation and expression of the myofilament proteins shown here contribute to the
naked mole-rat’s large cardiovascular functional range in the face of many stressors merits
further study to help better understand the species’ longevity and successful cardiovascular

aging.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Electron micrographs of mouse and naked mole-rat ventricles displaying no overt
differences in sarcomere organization or structure between species. M-lines and Z-disks are
denoted in the images
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Fig. 2.
Composition of myaosin heavy chain isoforms differs between mouse and naked mole-rat

(NMR) in regions of the heart. a Large format SDS-PAGE electrophoresis showed a- and 8-
MHC in both the ventricles (V) and atria (A). Naked mole-rats had significantly more -
MHC than mice, but still expressed predominantly a-MHC in their atria. b Naked mole-rats
had mostly B-MHC in their ventricles, making them more like humans (n7= 11 ventricles and
n= 6 atria/species)
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Fig. 3.

Phosphorylation of myofilament proteins is either lower or no different in naked mole-rat
(NMR) ventricles when compared to those of mice. a SYPRO Ruby stain showed all
myofilament fraction proteins. b Pro-Q Diamond stain showed total phosphorylation of
myofilament proteins, with specific proteins highlighted: cardiac myosin binding protein C
(cMyBP-C), troponin T (TnT), troponin | (Tnl), and myosin light chain 2 (MLC-2). ¢
Quantification of the highlighted proteins shows that naked mole-rats had significantly lower
phosphorylation of TnT and MLC-2 than mice, but there were no species differences in
cMyBP-C and Tnl phosphorylation (n7= 7/species)
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Fig. 4.

Wzstern blot analysis of troponin I proteins confirms expression of ssTnl in naked mole-rat
(NMR) ventricles. Quadriceps muscle from both species was loaded as a positive control for
ssTnl. cTnl is expressed in both mouse and naked mole-rat ventricles but not quadriceps, as
expected. Antibodies to both internal and C-terminal regions of ssTnl show that this protein
was expressed in both mouse and naked mole-rat quadriceps, but only in the ventricles of
naked mole-rats
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Force curves from steady-state force measurements on a mouse and b naked mole-rat
cardiomyocytes at short (1.9 um) and long (2.3 um) sarcomere lengths (SLs). (7= 4 samples
per species at each length, with 7= 2-5 cardiomyocytes per sample)
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Table 1

Average cardiac morphological and functional parameters of naked mole-rats and mice

Parameter Mouse Naked mole-rat
Average body size (g) ~25 ~45

Heart weight (mg) 130+ 10 190+ 10~
Heart rate (bpm) 704 £11 256 +8%
Fractional shortening (%) 39+2 28+2%

Diastolic ventricular wall thickness (mm) ~ 0.77+0.03 g7 +0.02"

Cardiomyocyte cross-sectional area (mm2) 178 £7 216+ 10~

Data from [17]. 7= 6-10 animals per species for each measurement

*
Denotes p < 0.05 versus mice
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