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SUMMARY

An intriguing effect of short-term caloric restriction (CR) is the expansion of certain stem

cell populations, including muscle stem cells (satellite cells), which facilitate an accelerated
regenerative program after injury. Here, we utilized the MetRS-274G (MetRS) transgenic mouse
to identify liver-secreted plasminogen as a candidate for regulating satellite cell expansion during
short-term CR. Knockdown of circulating plasminogen prevents satellite cell expansion during
short-term CR. Furthermore, loss of the plasminogen receptor KT (Plg-Rkr) is also sufficient

to prevent CR-related satellite cell expansion, consistent with direct signaling of plasminogen
through the plasminogen receptor Plg-Rk1/ERK kinase to promote proliferation of satellite cells.
Importantly, we are able to replicate many of these findings in human participants from the
CALERIE trial. Our results demonstrate that CR enhances liver protein secretion of plasminogen,
which signals directly to the muscle satellite cell through Plg-Rk to promote proliferation and
subsequent muscle resilience during CR.

Graphical abstract
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Short-term caloric restriction (CR) has been shown to expand the muscle satellite cell pool and
accelerate the early phase of muscle regeneration. Bareja et al. report robust changes in the
liver-derived plasma proteome during CR and identify plasminogen as a contributing factor to the
satellite cell expansion, signaling through Plg-Rg.

INTRODUCTION

The beneficial effects of caloric restriction (CR) are exemplified by reproducible lifespan
and health span extension across a myriad of species, from C. e/egansto non-human
primates.? CR has known benefits for metabolism and/or function in several tissues,
including muscle,?3 brain,4, liver,> and hematopoietic® and cardiac’ tissues. Beyond these
effects, CR enhances tissue resilience, especially in muscle tissues.8° In rodent skeletal
muscle, CR promotes expansion of muscle stem cells, referred to as satellite cells,

after short-term (3-month) CR.810.11 There are emerging hypotheses suggesting that the
beneficial effects of CR are mediated via the release of therapeutic secretory factors.
However, the majority of studies examining the mechanism(s) of CR action have focused on
intracellular effects, such as enhanced autophagy and mitochondrial function.8:11:12 Further
investigation is warranted to determine the systemic/extracellular effects of CR and how this
could alter stem cell function and tissue resilience.

The recently developed MetRS-274G transgenic mousel314 allows for the generation of
labeled proteins and can be made tissue specific via the Cre//oxP system. This technology
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can be leveraged to identify secreted plasma proteins derived from their respective

tissues using mass spectrometry-based proteomics. The MetRS-274G model has been used
previously to identify muscle and brain-derived proteins.13:15 This proteomics technology
has not been used to identify CR-responsive proteins and secretion patterns for individual
tissues.

Over the last few decades, multiple studies have shown that plasminogen and/or

plasmin play a role in multiple processes beyond their canonical role in hemostasis,
including tissue resilience and regeneration. Plasminogen-deficient mice show regenerative
perturbations across several tissues, including skeletal muscle,6 liver,17:18 and skin.19.20
More specifically, plasminogen regulates myoblast function /in vitro,?! leading to our
hypothesis that plasminogen is a viable candidate to enhance tissue resilience during CR.
Moreover, plasminogen activator inhibitor 1 (PAI-1), the negative regulator of plasmin
generation, decreases during CR in the mouse,?2 and its function is inversely correlated
with metabolic health and longevity in humans.23 The role of plasminogen as a regulator of
CR-related biology has not been described and could elucidate a tissue crosstalk mechanism
between liver and muscle.

Several plasminogen receptors have been identified.24-30 In skeletal muscle, a-enolase has
been proposed to bind plasminogen in primary myoblasts and regulate plasma activation
and associated myoblast fusion and muscle regeneration.2131 However, there is no evidence
to suggest that a.-enolase can generate downstream cellular signaling. The most recently
identified plasminogen receptor is a transmembrane protein with a C-terminal lysine
exposed on the cell surface of macrophages32 and platelets,33 referred to as the plasminogen
receptor KT (Plg-Rk).32:34 This receptor is capable of downstream signal transduction3®
and serves as a candidate direct mechanism for plasminogen signaling on the satellite

cell. Currently, no plasminogen receptor has been identified that regulates satellite cell
proliferation, function, or downstream signaling in the context of CR.

This study demonstrates that short-term CR enhances liver protein secretion of plasminogen,
which binds directly to the muscle satellite cell to promote proliferation and subsequent
muscle resilience during CR.

CR promotes plasminogen secretion and activation

To achieve tissue-specific protein labeling, we crossed the MetRS-274G transgenic
mousel314 with Cre lines specific to liver, skeletal muscle, or adipose tissue, generating

a MetRSL274G(+1-) 3 Cre(*/~) mouse. Each mouse line was given a short-term (3-month)

CR diet, and in the final week, the methionine surrogate azido-nor-leucine (ANL) was
administered. This allowed us to label and isolate all proteins secreted by their respective
tissue under ad /ibitum (AL) or CR diets (Figures 1A and 1B). The short-term CR diet
resulted in a gradual reduction in body weight over the 3 months (Figure S1), similar to what
has been reported previously.8 Qualitative analysis of secreted proteins in plasma showed
that the liver contributed the greatest quantity of labeled proteins under the AL diet; this is
not surprising since the liver is the primary producer of plasma proteins. With this technique,
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compared with background levels of labeled protein in plasma, we did not observe any
contribution over background from either skeletal muscle or adipose tissue (Figure 1B). In
mice fed a CR diet, we observed a robust induction of proteins secreted from the liver, which
was not evident in proteins secreted by muscle or adipose tissue (Figure 1B).

From these data, we focused on liver-derived plasma proteins during CR. To maximize
labeling for proteomics, we bred the MetRS-474C transgene to homozygosity, generating

a MetRS-274G(+ %) [albumin Cre(*) mouse. The homozygous MetRS-274G |ine gave more
abundant labeling (Figure S2A) and, importantly, maintained the transgene only under Cre
activation (Figure S2B). Using this mouse line, we collected blood at 2, 6, and 10 weeks of
CR to determine the temporal nature of hepatic protein expression. We observed a similar
expression pattern in plasma at 2, 6, and 10 weeks of CR (Figure S2C). We then performed
quantitative mass spectrometry on the liver-derived proteins containing the ANL label at
10 weeks of CR (Table S1); this demonstrated a pronounced role of coagulation-related
proteins, as these comprised more than half of the top Gene Ontology (GO) terms (Figure
1C). Our top downregulated GO terms were related to inflammatory processes (Figure
S2D). At the individual protein level, we were not surprised to observe an effect of CR to
increase several proteins involved in hemostasis, including kininogen-1, Serpindl, Serpinf2,
vitronectin, and plasminogen (Figure 1D).

The emergence of plasminogen’s role during tissue regeneration and wound healing6:18.20
and known regulation of skeletal muscle progenitor function16:31 helped generate our
hypothesis that plasminogen could be a factor mediating the muscle satellite cell expansion
and improved resilience under CR. We validated the increased circulating plasminogen
expression after 10 weeks of CR via ELISA (Figure 1E). Although plasminogen is primarily
secreted from the liver, other tissues have been reported to express plasminogen, including
muscle, kidney, and adipose tissue.16:38 To determine whether extrahepatic tissues were
increasing plasminogen mRNA expression after CR, we measured transcript levels in
muscle, white adipose tissue, liver, and kidney (Figure S2E). Only the liver showed an
increased expression of plasminogen, giving support to the theory that the liver is the source
of the hypersecretion of plasminogen.

In addition to plasminogen, we observed a reduction in circulating PAI-1, the negative
regulator of plasminogen activation (Figure 1F), along with increases in the plasminogen-
processing proteins tissue plasminogen activator (tPA; Figure 1G) and urokinase
plasminogen activator (UPA; Figure 1H). Moreover, we observed an increase in plasma
plasmin activity (Figure 11), which indicated a systemic upregulation of the plasmin(ogen)
pathway with CR.

Suppression of plasminogen secretion prevents satellite cell expansion during CR

We next aimed to determine whether the induction of liver plasminogen secretion is
necessary for the satellite cell expansion seen with CR. We administered an AAV8 carrying
shRNA (short hairpin RNA) to Plg in young mice 2 weeks before the short-term CR diet

to knock down hepatic gene expression and subsequent secretion of plasminogen (Figure
2A). In AL-fed mice, the AAV (adeno-associated virus) decreased hepatic plasminogen gene
expression and plasma protein expression by roughly 50% and 40%, respectively (Figures
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2B and 2C). The AAV-induced knockdown of plasminogen did not affect circulating PAI-1,
uPA, or plasmin activity, as these levels were not different from the scrambled control group
(Figures S3A-S3C). In CR mice, the knockdown returned both liver gene expression and
secreted plasminogen protein back to AL levels (Figures 2B and 2C). Again, the knockdown
did not affect CR-related reduction in PAI-1 or increase in uPA secretion (Figures S3A and
S3B) but did reduce plasma plasmin activity (Figure S3C). We also measured Plg expression
in muscle, kidney, and adipose tissue in all four groups to ensure specific targeting of the
knockdown to the liver since plasminogen expression, although negligible, has been reported
in these tissues.38 We observed little effect of CR or the SARNA AAV on Plg mRNA
expression across all tissues (Figures S3D and S3F).

Short-term CR has been shown to increase muscle satellite cell number and enhance early-
stage muscle regeneration capacity.810:11 We were able to repeat these findings, as 3 months
of CR increased satellite cell numbers, as quantified by flow cytometry (Figures 2D-2F) and
histology (Figures S3G and S3H). The knockdown of plasminogen had no effect on satellite
cell numbers of AL-fed mice (Figures 2E and 2F) but prevented CR-induced satellite cell
expansion (Figures 2D-2F, S3G, and S3H). To determine the regenerative consequences of
plasminogen knockdown during CR, we injured the tibialis anterior (TA) muscle with BaCl,
and quantified the cross-sectional area (CSA) of myofibers positive for the early regenerative
marker embryonic myosin heavy chain (eMHC) 5 days after injury. In the scrambled

control AAV groups, the TAs from CR-fed mice showed enhanced recovery with a 31%
increase in CSA of eMHC(+) fibers compared with AL mice (Figures 2G and 2H). With the
plasminogen knockdown, the CR effect was lost, and the TA CSA was similar to that of AL-
fed mice (Figures 2G and 2H). Hypersecretion of plasminogen appears to be necessary for
CR-induced satellite cell expansion and enhanced early myogenic recovery. To investigate
the effect of plasminogen knockdown on a later time point of regeneration, we measured

the myofiber CSA 30 days post injury (Figures 21 and 2J). To account for differences in
pre-injury CSA between AL and CR TA muscle, we normalized the CSAs to their respective
uninjured values and presented the data as a percentage change compared with the uninjured
TA muscle. We observed an increase of 15% in CSA in the AL-fed scrambled control AAV
group, which was partially attenuated following plasminogen knockdown. In contrast, the
CR-fed scrambled control AAV group did not hypertrophy beyond uninjured values, while
the plasminogen knockdown group showed a significant reduction in CSA, preventing the
return to pre-injury values.

Plasminogen signals directly to the satellite cell, activating ERK

Next, we sought to determine whether plasminogen signals directly to satellite cells.
Activation of the ERK (extracellular signal-regulated kinase) pathway has been reported
after plasminogen treatment of fibroblasts.3” Moreover, ERK signaling is involved in
satellite cell proliferation,38 leading us to focus on ERK as a potential downstream signaling
node regulating the CR outcomes. For /n vitro signaling experiments, satellite cells were
isolated from both AL and CR-fed mice, plated in serum-free medium, and treated with
recombinant plasminogen. Plasminogen treatment of AL satellite cells moderately induced
(p = 0.09) phospho-ERK (p-ERK); however, treatment of CR satellite cells produced

a synergistic 2-fold increase in p-ERK (Figure 3A). To associate ERK activation with
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proliferative function, we aimed to determine the effect of plasminogen treatment on
proliferation of cells isolated from AL and CR mice. Plasminogen treatment did not affect
proliferation of cells from AL mice (Figure 3B). In contrast, CR increased proliferation

of satellite cells independent of plasminogen treatment and showed a further 57% increase
in proliferation with plasminogen treatment (Figure 3B). We next demonstrated that ERK
signaling was necessary for the proliferative effects of CR and plasminogen treatment.
Satellite cells from AL- and CR-fed mice were treated with or without the ERK inhibitor
LY3214996 (Figure 3C). Inhibition of ERK reduced proliferation in AL satellite cells
regardless of plasminogen treatment (Figure 3C). ERK inhibition had similar effects on
CR satellite cells as the induction of proliferation with CR, and the further increase with
plasminogen treatment was negated with ERK inhibition (Figure 3C). Since downstream
ERK signaling appears to be necessary for plasminogen-induced satellite cell proliferation,
we tested how these manipulations would affect typical gene markers of satellite cell/
myoblast proliferation. Plasminogen treatment of satellite cells from AL-fed mice had

no effect on the proliferation markers Myf5, CyclinD1, or MyoD (Figures 3D-3F).

ERK inhibition reduced proliferation gene expression in AL satellite cells regardless of
plasminogen treatment (Figures 3D—3F). Satellite cells from mice fed a CR diet showed a
modest 58%, 82%, and 87% increase in Myf5, CyclinD1, and MyoD, respectively (Figures
3D-3F). With plasminogen treatment, we observed a more robust induction of gene markers
of satellite cell proliferation, which was ablated with concurrent ERK inhibition (Figures
3D-3F).

The plasminogen receptor Plg-Rkt regulates downstream signaling and proliferation

Our next question was to identify the receptor through which plasminogen is signaling.

CR induced several genes in satellite cells related to plasminogen activation, including the
receptor UPAR and the plasminogen receptor Plg-Ry (Figure 4A). This gene expression
pattern was specific to satellite cells, as we did not see any effect of CR on whole-muscle
gene expression (Figure S4A). In agreement with our gene expression data, we observed a
low protein expression of PIg-Rkr in satellite cells sorted from AL-fed mice but a nearly
4-fold increase in Plg-Rk protein in satellite cells sorted from mice on the CR diet (Figure
4B). We confirmed the increased protein abundance at the cell surface through histology and
fluorescence-activated cell sorting (FACS) analysis. Using immunofluorescence on cultured
satellite cells, we again observed a low expression of Plg-Rk in satellite cells isolated
from AL-fed mice (Figures S4B and S4C). After CR, we observed an increased protein
expression of Plg-Rk (Figures S4B and S4C). Supporting these data, our FACS analysis
showed that CR resulted in a robust induction in the frequency and intensity of Plg-Rkr
expression in freshly isolated satellite cells (Figure 4C). Interestingly, this effect was again
specific to the satellite cell. We measured Plg-Ry T expression on other cell types in muscle,
including fibro-adipogenic progenitors (FAPs), myeloid cells, and endothelial cells. We did
not observe any differences in the expression of Plg-Rk (Figures S4D and S4E) between
cells isolated from mice fed AL and CR diets or the percentage of each cell type (Figure
S4F).

After validation of both mRNA and protein expression of Plg-RkT on the satellite cell, we
aimed to determine downstream signaling after plasminogen treatment. To test whether the
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ERK signaling is dependent on Plg-RkT, we put both wild-type and Plg-RkT knockout (KO)
mice on short-term CR and treated their sorted satellite cells with recombinant plasminogen.
We again observed a robust induction in p-ERK of the CR satellite cells; however, this
effect was lost in the CR Plg-Rkt KO cells (Figure 4D). To determine whether Plg-Rkt
was required for the proliferative effects of CR and/or plasminogen treatment, we added
plasminogen to satellite cells sorted from AL- or CR-fed wild-type or Plg-Rkt KO mice.
The loss of Plg-Rkr had no effect on satellite cell proliferation in AL-fed mice. However,
the loss of Plg-RkT prevented the proliferative effects of plasminogen on the CR cells
(Figure 4E).

We next asked whether plasminogen is sufficient to signal to the satellite cell or whether
active plasmin is needed. It appears that satellite cells from CR-fed mice have increased
capacity to activate plasminogen, as plasmin activity is increased in the medium after
plasminogen treatment (Figure S5A). This effect was not seen in the medium from satellite
cells from mice on the AL diet. Furthermore, the loss of Plg-RkT prevented the CR-
induced increase in plasmin activity (Figure S5B). Based on these data, both plasminogen
and plasmin are available in the medium to signal to CR satellite cells. To test each
individual effect on ERK signaling, we treated satellite cells from CR-fed mice with either
plasminogen or plasmin at similar doses. We observed similar effects of ERK activation
with each signaling molecule (Figure 4F). Moreover, activation of ERK upon treatment with
either plasminogen or plasmin was lost with the deletion of Plg-RkT (Figure 4F). In regards
to proliferation, we observed similar outcomes, as treatment with either plasminogen or
plasmin increased proliferation to a similar extent, which was again lost in the Plg-Rkt KO
cells (Figure 4G).

As our in vitro data demonstrated that plasminogen acted directly on satellite cells only
after CR, we hypothesized the induction of Plg-RyT is necessary for the CR effect on
muscle satellite cell number and regeneration /n vivo. Using the same CR regimen and

time course as in the previous experiment, we put wild-type and Plg-Rkt KO mice on

AL or CR diets for 3 months (Figure 5A). The loss of Plg-Rkr did not affect circulating
plasminogen (Figure 5B), PAI-1 (Figure 5C), or uPA (Figure S5D) proteins under AL or CR
diets. However, it did reduce plasma plasmin activity in both AL- and-CR fed mice (Figure
S5E). Deletion of Plg-Rk had no effect on satellite cell numbers in the AL-fed mice but
prevented the CR-induced expansion of satellite cells when analyzed as a percentage of total
cells or satellite cells per gram of tissue (Figures 5D-5F). Furthermore, the loss of Plg-Rkr
perturbed the early regenerative process. AL-fed Plg-Rkt KO mice had a reduction in CSA
of eMHC(+) fibers 5 days after BaCl, injury. The Plg-Rkt KO mice also failed to show any
improvements of CSA with CR (Figures 5G and 5H).

Human CALERIE samples show increased circulating plasminogen and muscle stem cell
expansion with CR

To validate whether plasminogen and/or related factors are altered in human plasma
under a CR diet, we analyzed samples from the NIH CALERIE trial. CR participants
were prescribed a 25% reduction in caloric intake from baseline, but actual CR achieved
varied among participants. Thus, we stratified participants based on actual percent CR
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and presented the data as percent change from their baseline value. For circulating
measurements, we used three groups as follows: isocaloric (0% CR), moderate CR (7%-—
12% CR), and high CR (13%-35% CR). We measured plasma plasmin activity as a global
measure of plasminogen processing. We observed an increase in plasmin activity in both
moderate and high CR groups (Figure 6A), which was correlated with percent CR (Figure
6B). These data corresponded with an increase in circulating plasminogen in both moderate
and high CR groups (Figure 6C), which was also correlated with the extent of CR (Figure
6D). In contrast, circulating PAI-1 levels, similar to what we observed in the mouse, were
reduced in the high CR group (Figure 6E), which was negatively correlated with the percent
CR (Figure 6F).

In support of the circulating PAI-1 data, we also conducted analysis of predicted PAI-1
protein secretion from blood and adipose DNA methylation datasets using a published
algorithm (hereafter called DNAmMPAI-139). Since the methylation data were generated
previously by Waziry et al.,*? we maintained a 12-month completer analysis, keeping all
subjects in their preassigned groups, who provided samples at baseline and the 12-month
follow-up. In blood analyses, consistent with analyses of circulating PAI-1, CR was
associated with downregulation of DNAmPAI-1 levels at the 12-month follow-up (Figure
6G). In adipose tissue analyses, there were no differences in DNAmMPAI-1 at the 12-month
follow-up (Figure 6H), which suggests that the changes we observed in circulating PAI-1 at
12 months of CR may not be due to CpG-site DNA methylation alterations in adipose tissue.

We next investigated whether the muscle phenotypes persisted in the CALERIE participants.
For these experiments, we analyzed muscle biopsies from a subpopulation of the subjects
who provided blood samples. We again assigned groups used for muscle histology
measurements based on actual CR by the 12-month follow-up, which included isocaloric
(0%CR) controls and high CR (19%-32% CR) participants. Compared with baseline values,
CR was associated with a reduction in muscle cross-sectional fiber area (Figures 7A and
7B). There was no difference in fiber area between baseline and 12 months in the isocaloric
group. Since CR increases muscle satellite cell numbers in rodent models, we investigated
this phenomenon in humans. We observed a 30% increase in muscle satellite cell numbers
after 12 months of CR compared with baseline; this was evident by the number of Pax7-
positive cells normalized to fiber number (Figure 7C). We did not observe any increase in
satellite cells in the isocaloric subjects (Figure 7C). In addition to satellite cell numbers,

we measured the expression of Plg-Ryr on satellite cells to again determine whether our
observations in the mouse would translate to human CR. Satellite cell PIg-RkT expression
in human muscle also increased by 69% after 12 months of CR, while there was no change
in the isocaloric group (Figures 7D and 7E). To determine whether gene expression changes
related to plasminogen activation would be detected in whole-muscle CALERIE samples,
we use RNA sequencing (RNA-seq) data from Das et al.*1 Similar to the mouse data,
whole-muscle mRNA expression of plasminogen receptor or genes related to plasminogen
activation (PLAUR, PLAU, PLAT, or PLGRKT) was not altered by CR (Figure 7F). Taken
together, the human CALERIE samples recapitulated several phenotypes of our murine data
across blood and muscle tissues.
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DISCUSSION

Using an unbiased proteomics approach, we report here that CR promotes a hypersecretion
of proteins from the liver, including those involved in coagulation and fibrinolysis. We also
demonstrated the role of liver-derived plasminogen in mediating satellite cell expansion and
enhanced muscle regeneration during CR. We showed that the mediation was accomplished
by an upregulation of the plasminogen receptor Plg-Rk specifically on muscle satellite
cells, promoting downstream ERK signaling and subsequent proliferation. We therefore
propose that CR induces a distinct crosstalk between liver and muscle that increases muscle
resilience.

The majority of studies examining the mechanism of CR action have focused on intrinsic
cellular effects across different tissues.24243 Using the MetRS£274C/bio-orthogonal non-
canonical amino acid tagging (BONCAT) model to characterize an organ-specific secretome
in vivo, our study aimed to investigate the systemic and extracellular effects of CR and

how this could alter tissue resilience. We chose to investigate metabolic tissues with known
effects of CR, including liver, skeletal muscle, and adipose tissue. We were intrigued by the
induction of secreted proteins from the liver with CR, which was not evident in proteins
secreted by either adipose or muscle tissues. The induction of the secretome was observed
just 2 weeks after CR and continued throughout the 3-month CR period. Interestingly,

CR increased secretion of proteins associated with the resolution of both coagulation and
hemostasis. Although not the focus of this paper, these findings suggest increased secretion
of fibrinolytic factors from the liver as a possible mechanism to improve cardiovascular
health with CR, given that elevated hemostatic factor levels are typically associated with
worsened clinical cardiovascular outcomes, such as increased risk of cardiovascular death.44
Conversely, CR dampened secretion of proteins associated with increased inflammation,
which is consistent with known anti-inflammatory effects of CR*° and further validates our
proteomics approach.

Our serum proteomics analysis identified several liver-derived secreted proteins increased
with CR. Since we were searching for factors to promote satellite cell expansion and muscle
regeneration, the supporting evidence for the plasminogen/plasmin system in wound repair
and tissue resiliencel6-20 |ed to our focus on plasminogen. It is also worth noting that
plasmin has been shown to promote myoblast proliferation and fusion /n vitro,?! giving
more support to the focus on plasminogen as a mediator of liver-muscle crosstalk during CR.
Here, our knockdown experiments showed the necessity of plasminogen hypersecretion to
expand the satellite cell pool during CR, even in the absence of acute injury.

In addition to the increased circulating plasminogen, we observed a reduction in circulating
PAI-1 protein during CR. PAI-1 inhibits the activation of plasminogen by inhibiting both
tPA and uPA. Time-restricted feeding promotes plasminogen gene expression in the mouse
liver,%8 signifying that plasminogen could be secreted under conditions of metabolic stress.
In contrast, PAI-1 levels have been shown to be inversely correlated with metabolic health
and longevity in humans.23 PAI-1 is also known to be a key contributor to the senescence-
associated secretory phenotype (SASP) and has been shown to be both a marker and
mediator of senescence.*’ In addition to increased plasminogen secretion, we observed

Cell Rep. Author manuscript; available in PMC 2024 May 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bareja et al.

Page 11

increased circulation of tPA and uPA and elevated levels of plasma plasmin activity as a
result of CR. The broad level of activation of the plasminogen system during CR suggests
targeting of multiple tissues, as we do not believe that the plasminogen activation on the
satellite cell is sufficient to increase circulating plasmin activity. Further research is needed
to understand which tissues are also processing plasminogen and which biological functions
are affected as a result.

Our work indicates that CR sensitized satellite cells to plasminogen by the upregulation

of the plasminogen receptor Plg-RkT and related processing proteins. While several
plasminogen receptors have been identified,24-30:32:34 we focused on Plg-Rk 73234 since

it is a validated transmembrane protein with a C-terminal lysine32 with known signaling
transduction.3# Alpha-enolase has been suggested as a functional plasminogen receptor on
myoblasts.2131 However, a-enolase appears to play a more prominent role in myoblast
differentiation and not during proliferation,2! which appears to be the relevant mechanism
during CR. Moreover, a-enolase lacks a transmembrane domain and has no known signaling
capacity. While the current study does not rule out a role of a-enolase in plasminogen
activation under CR, we do not believe that it serves as a key signaling receptor for satellite
cell activation. Interestingly, Plg-Rk expression decreased in adipose tissue and adipocytes
in mice on a high-fat diet,*8 suggesting an inverse association between caloric intake and
plasminogen sensitivity in certain cell types. Taken together, these results show substantial
changes in Plg-R expression and related signaling in response to caloric challenges to
promote proliferation in the satellite cell under CR.

Plasminogen treatment increased ERK signaling only in satellite cells isolated from

CR mice with high Plg-Rg expression. Downstream ERK signaling and satellite cell
proliferation with plasminogen treatment were dependent on the presence of Plg-RkT.
Although ERK signaling increases after plasminogen treatment of fibroblast cell lines,3”

no downstream signaling pathway has been established in the satellite cell. Considering
that the ERK signaling pathway regulates satellite cell proliferation and not fusion,38 it is
reasonable to suggest that ERK signaling is activated during CR, where we see proliferation
and expansion in cell numbers. Furthermore, we demonstrated the importance of Plg-Rit
when the Plg-Rkt KO mouse failed to show expanded satellite cell numbers or enhanced
regeneration after CR despite elevated circulating plasminogen.

To demonstrate the relevance of our findings to human biology, we analyzed tissues from the
CALERIE trial of human CR. We observed replication of many of the mouse phenotypes,
including increased circulating plasminogen, decreased PAI-1, satellite cell expansion, and
increased Plg-Rk T expression on the satellite cells of human CALERIE study participants.
PAI-1 is increased with obesity in humans and reduced with weight loss,*® but here we
show a reduction in circulating PAI-1 in healthy adults after CR. This study also reports

the expansion of satellite cells in human muscle with CR. This finding is critical to suggest
translational relevance to the rodent data observed for more than a decade. Moreover, the
increased expression of the plasminogen receptor Plg-Rkt observed on human satellite cells
during CR provided additional support for the theory that our rodent model is relevant to
human biology.
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In summary, the MetRS model is a powerful approach that has been used to interrogate cell/
tissue-specific proteomes in C. elegans,>0 Drosophila melanogaster,>t and Mus musculus1*
We now demonstrated how this model can also be used to characterize organ-specific
secretomes /n vivo, an approach we plan to extend to other organ systems and interventions.
We demonstrated that plasminogen plays a critical role in mediating the stimulatory effects
of CR on satellite cell proliferation and skeletal muscle resilience through the Plg-Ryt
receptor.

Limitations of the study

A limitation of this study is that we only evaluated the effects of one type of short-term

CR. Recent work by Acosta-Rodriguez et al.> has demonstrated significant differential
effects of different types of CR on gene expression profiles and longevity. Importantly, they
demonstrated that mice fed at night experienced the greatest increase in longevity. Given that
the mice in this study were all fed during the day, it would therefore be useful to repeat this
study using CR mice fed at night and/or under different durations of CR.

A further limitation of this study is our approach to track organ-specific secretomes using
the MetRS mouse. We understand the difficulties surrounding plasma proteomics and
acknowledge that the technique will not identify all secreted proteins/peptides from each
tissue. We used this technology to identify changes in plasma protein secretion patterns
with CR and to investigate whether any secreted proteins were differentially secreted with
CR. We do not claim or believe that our proteomics coverage is comprehensive of the
liver secretome. Moreover, recent studies have utilized additional approaches to measure
plasma proteins in a tissue-specific manner. Yang et al.>2 described the development of

a transgenic mouse model that expresses an endoplasmic reticulum-directed biotin ligase,
BirA*G3, that can be used to characterize the secretomes of individual organs, including
the liver. In addition, Wei et al.>3 used a proximity biotinylation strategy to label proteins
in a cell-type-selective method. A comparison of these techniques would be valuable to
understand the relative merits and weaknesses of our model compared with this approach.

Finally, our study used only male mice, while our human cohort from CALERIE used both
men and women. Gender differences in longevity and various outcomes of CR have been
reported across species.>*-26 While our human data are reassuring, the conclusions from our
mouse results may or may not be relevant to females on a CR diet. Further investigation is
needed to determine whether similar effects across genders can be observed under a similar
CR regimen.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—Further information and requests for reagents/resources should be directed
to and will be fulfilled by the lead contact, James White (james.white@duke.edu).

Materials availability—Unique reagents generated in this study will be made available
under a standard material transfer agreement on request from the lead contact.
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Data and code availability

. All proteomic data generated or analyzed during this study are included in this
published article (and its supplemental information files) and have been uploaded
to ProteomeXchange with identifier PXD043644. Human skeletal muscle RNA-
seq data were deposited in CALERIE bio repository that they can be obtained by
request from the CALERIE bio repository.

. This study did not generate original code.

. Any additional information required to reanalyze the data reported in this
manuscript is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mouse models—All animal care followed the guidelines and was approved by the
Institutional Animal Care and Use Committees (IACUCS) at Duke Medical Center. Male
C57BL/6J (Wild-type, Wt) mice were used at 2 months of age. Plg-RkT gene targeted

mice were backcrossed ten generations into the C57BL/6J background.>” The Plg-RkT
mice were bred at heterozygosity and littermate Plg-Rk(+/+) and Plg-RkT(~/-) mice were
used for experimental cohorts. The Skeletal alpha actin-Cre (#025750), Adiponectin-Cre
(#028020) and Albumin-Cre (#003574) mice were purchased from Jackson laboratories.
Mice containing the CAG-floxed-Stop-eGFP-mMetRSL-274C (MetRS*) transgene were a
kind gift from the Schuman lab (Erin Schuman, Max Planck Institute for Brain Research,
Frankfurt Germany), and details for the generation of this transgenic can be found in.14 We
refer to these mice simply as “MetRS” in this manuscript. All Cre and MetRS mice were
initially crossed to generate heterozygous mice that were used for preliminary experiments.
F1 progeny containing both the Albumin-Cre and MetRS alleles were crossed to eventually
generate mice that were homozygous for the MetRS allele. Male mice with homozygous
MetRS alleles were used for subsequent experiments as indicated in the main text and
elsewhere in the methods section. All genotyping was performed by Transnetyx (Tennessee,
USA) using tail snips.

Muscle stem cell isolation—Mouse muscles (triceps, quadriceps, hamstrings, tibialis
anterior, gastrocnemius, soleus and plantaris) were collected, digested and prepared into

a single cell suspension for flow cytometry or fluorescence-activated cell sorting (FACS)
using the methods detailed by Liu et al.58 Muscles were dissected, minced using scissors,
digested in 10mL of F10 + 10%(v/v) horse serum and 1000U/mL Collagenase, Type 2
(Worthington) for 60 min at 37C in a shaking water bath, washed in F10 media, digested
again for 30 min at 37C in F10 + 10%(v/v) horse serum +1.1U/mL dispase (Gibco) and
100U/mL type 2 collagenase, washed, passed through 40uM cell strainer and stained with
antibodies for flow cytometry. Cells were identified using flow cytometry by forward scatter
and side scatter parameters. Muscle stem cells were identified as APC-(CD45, CD11b,
CD31, TER119) negative, FITC-SCA1 negative, and PE-CD106(VCAML1) positive. Flow
cytometry and FACS were performed on Sony MA900 cell sorter equipped with 4 lasers
and appropriate detector filter sets. Cell sorting was performed in a biosafety cabinet at 4C
using 100uM microfluidic chip at a pressure near 20PSI. Cells were collected in media used
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for culturing but washed once prior to seeding to remove FACS sorting sheath fluid. All
antibodies used for these experiments are listed in the Key Resources Table.

CALERIE subjects—The Comprehensive Assessment of the Long-term Effects of
Reducing Intake of Energy (CALERIE) trial (clinical trial registry # NCT00427193)
randomized 220 healthy, non-obese (BMI 22.0 % BMI <28.0 kg/m?), adults aged 21-50
years to either a 25% caloric restriction (CR) intervention condition or ad /ibitum (AL)
control at a 2:1 (CR:AL) ratio across three sites (Pennington Biomedical Research Center,
Washington University, and Tufts University)(Rickman et al., 2011; Rochon et al., 2011).
Participants were excluded from the study if they had significant medical conditions,
abnormal laboratory markers, present or potential psychiatric or behavioral problems,
regular use of medications (except oral contraceptives), currently smoked, were highly
physically active, or were pregnant or breastfeeding. Randomization was stratified by study
site, sex and BMI. The trial duration was 24 months.>® Further information about the
CALERIE trial can be found at https://calerie.duke.edu. Throughout this study, a subset of
participants were used based on their tissue availability and/or percentage caloric restriction.
More detail on the study design and N’s can be found in the results and respective figure
legends.

METHOD DETAILS

Mouse model of caloric restriction—Muice were raised on an ad /ibitum diet and
switched to CR at 2 months of age. Mice were then subjected to 3 months of CR (1 week at
20% restriction followed by 10-11 week at 40% restriction as in 8.) All mice were fed daily
between 8 and 9 a.m., and monitored weekly for any abnormal weight loss.

Flow cytometry and cell sorting—Mouse muscles (triceps, quadriceps, hamstrings,
tibialis anterior, gastrocnemius, soleus and plantaris) were collected, digested and prepared
into a single cell suspension for flow cytometry or fluorescence-activated cell sorting
(FACS) using the methods detailed by Liu et al.>® Muscles were dissected, minced using
scissors, digested in 10mL of F10 + 10%(v/v) horse serum and 1000U/mL Collagenase,
Type 2 (Worthington) for 60 min at 37C in a shaking water bath, washed in F10 media,
digested again for 30 min at 37C in F10 + 10%(v/v) horse serum +1.1U/mL dispase (Gibco)
and 100U/mL type 2 collagenase, washed, passed through 40uM cell strainer and stained
with antibodies for flow cytometry. Cells were identified using flow cytometry by forward
scatter and side scatter parameters. Muscle stem cells were identified as APC-(CD45,
CD11b, CD31, TER119) negative, FITC-SCAL negative, and PE-CD106(VCAM1) positive.
Flow cytometry and FACS were performed on Sony MA900 cell sorter equipped with 4
lasers and appropriate detector filter sets. Cell sorting was performed in a biosafety cabinet
at 4C using 100uM microfluidic chip at a pressure near 20PSI. Cells were collected in media
used for culturing but washed once prior to seeding to remove FACS sorting sheath fluid. All
antibodies used for these experiments are listed in the Key Resources Table.

Muscle injury—Barium chloride (BaCl,) was used to induce muscle damage in tibialis
anterior muscle (TA) via intramuscular injection of 30uL of 1.2%(v/v) BaCl, in PBS using
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30g needle.1? Uninjured controls were injected with an equal volume of PBS. The TA was
allowed 5 or 30 days of recovery after injury for histological assessment.

Satellite cell culture—Satellite cells were isolated as described above and seeded in
plates coated with collagen | (1 ug mL-1, BD Bioscience) and laminin (10 ug mL-1, BD
Bioscience) in myogenic growth media (20% heat-inactivated horse serum, 1% pencillin/
streptomycin and 5 ng mL-1 bFGF in F10). 384-well plates were used for all EdU
proliferation assays using ~2,000 cells per well. 24-well plates were used for signaling
experiments using ~150,000 cells. Cells were treated with recombinant plasminogen
(Abcam) at 5 pg/ml or 54 nmol/L or plasmin (Abcam) at 5 pg/ml or 57 nmol/L. Additional
groups were treated with the ERK inhibitor LY 3214996 (MedChemExpress) at 2.3 ug/ml or
5 umol/L.

Immunoblotting—Protein extraction and immunoblot were performed as previously
described.®0 Proteins were resolved on SDS-PAGE and transferred to nitrocellulose
membranes (Thermo Fisher Scientific). All primary antibodies were added at a
concentration of 1:1000. Proteins were visualized on an Odyssey western blot imager
(L1-COR) or chemiluminescence film. All antibodies and materials used for immunoblotting
in this manuscript can be found in the STAR Methods section.

Real time gPCR—RNA extraction was performed using TRIzol reagent following
manufacturer’s instructions (Thermo Fisher Scientific). Reverse transcription was performed
using the High-Capacity cRNA Reverse Transcription Kit following manufacturer’s
instructions (Thermo Fisher Scientific). Real-time PCR was performed on Quant Studio

6 system (Life Technologies) using Power SYBR Green PCR mastermix (Life Technologies)
All primers used in this manuscript can be found in Table S2.

Histology and IF in muscle cryosection—OCT-mounted muscle sections (10 um)
were cut on a cryostat and dried at room temperature for 10 min. Sections were then
blocked for 0.5 h with 10% goat serum, followed by an overnight incubation with a mouse
anti-eMHC antibody (Developmental Studies Hybridoma Bank (DSHB), AB_10571455,
1:50). After staining, slides were washed with TBS followed by a 1 h incubation with a

goat anti-mouse Alexa Fluor 647 (Invitrogen, AB_2633282 1:1000). After staining, slides
were washed with TBS and mounted with mounting medium containing DAPI (Vector
Laboratories, cat. no. H-1200). Images were taken using a fluorescent microscope (Olympus
IX70). For quantification, 3—4 images (20X) were taken per muscle, ~200 fibers and eMHC
(+) myofibers were analyzed for CSA, 5 days after injury. For uninjured myofiber CSA,
Pax7 and Plg-Rk staining, OCT-mounted muscle sections (10 um) were stained with Pax7
5ug/mml, (University of lowa Developmental Studies Hybridoma Bank) and Plg-Rk 1:100
(Invitrogen, Cat #: PA5-98932) overnight, followed by a 2-h incubation with anti mouse and
rabbit secondary antibodies, respectively. Sample were washed by TBS and incubated with
wheat germ agglutinin (WGA) Alexa Fluor 555 (1:1000) for 20 min, washed with TBS and
mounted with mounting medium containing DAPI. Images were taken using a fluorescent
microscope (Olympus 1X70). For quantification of Pax7(+) satellites cells, Pax7(+)/DAPI(+)
cells were counted in 3—4 images (20x, ~150 fibers) and normalized to the total fibers
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per field. Plg-Rkt expression was measured by mean fluorescent intensity (MFI) of each
Pax7(+)/DAPI(+) cell, normalized to the satellite cell CSA.

Myofiber cross-sectional area analysis—Myofiber cross-sectional analysis was
performed as previously described.®1:62 In brief, digital images from WGA or eMHC
stained muscle sections (10 pm) a 20X magnification were taken and analyzed for fiber
cross-sectional area using cellSens Dimension Desktop 1.7 (Olympus). Each fiber was
traced with a handheld mouse and the number of pixels traced was calibrated to a defined
area in micrometers squared. The researcher, blinded to the group, traced approximately
150 fibers per sample. All fibers in the cross-sectional images were quantified unless the
sarcolemma was not intact.

EdU labeling—For EDU incorporation assay, EdJU was added to culture media at

10uM at indicated time. Cells were incubated with EdU for ~12 h before fixation with
10% formalin. Click reaction was used to conjugate EdU with AZDye488 using Click
Chemistry 488 imaging Kit per manufacturer instructions (Cat# 1350, Click Chemistry
Tools, Scottsdale, AZ, USA) and imaged using FITC and DAPI fluorescence filter sets on
Olympus Epifluorescent, inverted microscope.

In vivo ANL administration—Deep labeling of /77 vivo proteomes was achieved by
administering ANL (Jena Bioscience #CLK-AA009-500) at a concentration of 0.2 mmol/kg
via daily IP injections for 6 days via IP injection. Tail vein blood draws were performed one
day after the final injection using Sarstedt Microvette CB300 LH capillary blood collection
tubes (Fisher Scientific# NC9046728). Plasma was collected from the tubes following
manufacturer’s instructions, and either immediately used or frozen.

Bio-orthogonal non-canonical amino acid tagging (BONCAT)—Plasma proteins
were biotinylated as described in 1° using the Click-&-Go Protein Reaction Buffer Kit
following manufacturer’s instructions (Click Chemistry Tools #1262). Biotinylated proteins
were visualized via western blotting using IRDye 800CW Streptavidin at a concentration
of 1:1000 (LI-COR). For detection and quantification via mass spectrometry, biotinylated
proteins were enriched by affinity purification using Dynabeads MyOne Streptavidin C1
(ThermoFisher #65001) as described in 63,

MS sample preparation and analyses

Sample preparation: Samples were supplemented with SDS for a final concentration of
5% for digestions and spiked with undigested casein at a total of 120 or 240 fmol. Samples
were then reduced with 10 mM dithiothreitol for 30 min at 80C and alkylated with 20

mM iodoacetamide for 30 min at room temperature. Next, they were supplemented with

a final concentration of 1.2% phosphoric acid and 517 uL of S-Trap (Protifi) binding
buffer (90% MeOH/100 mM TEAB). Proteins were trapped on the S-Trap, digested using
20 ng/uL sequencing grade trypsin (Promega) for 1 h at 47C, and eluted using 50 mM
TEAB, followed by 0.2% FA, and lastly using 50% ACN/0.2% FA. All samples were then
lyophilized to dryness and resuspended in 12 uL 1% TFA/2% acetonitrile containing 12.5
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fmol/L yeast alcohol dehydrogenase. A QC Pool was created by taking 3 pL from each
sample, which was run periodically throughout the acquisition period.

Quantitative analysis, methods: Quantitative LC/MS/MS was performed on 4 pL (25%)
of each sample, using a nanoAcquity UPLC system (Waters Corp) coupled to a Thermo
Orbitrap Fusion Lumos high resolution accurate mass tandem spectrometer (Thermo) via

a nanoelectrospray ionization source. Briefly, the sample was first trapped on a Symmetry
C18 20 mm x 180 um trapping column (5 mul/min at 99.9/0.1 v/v water/acetonitrile), after
which the analytical separation was performed using a 1.8 pm Acquity HSS T3 C18 75 um
x 250 mm column (Waters Corp) with a 90-min linear gradient of 5-30% acetonitrile with
0.1% formic acid at a flow rate of 400 nL/min (nL/min) with a column temperature of 55C.
Data collection on the Fusion Lumos mass spectrometer was performed in a data-dependent
acquisition (DDA) mode of acquisition with an r = 120,000 (@ m/z 200) full MS scan from
m/z 375-1500 with a target AGC value of 4e5 ions. MS/MS scans were acquired at Rapid
scan rate (lon Trap) with an AGC target of 1e4 ions and a max injection time of 100 ms. The
total cycle time for MS and MS/MS scans was 2 s. A 20s dynamic exclusion was employed
to increase depth of coverage. The total analysis cycle time for each sample injection was
approximately 2 h.

Quantitative LC-MS/MS analysis: Following UPLC-MS/MS analyses, data were imported
into Proteome Discoverer 2.4 (Thermo Scientific Inc.) and analyses were aligned based on
the accurate mass and retention time of detected ions (“features”) using Minora Feature
Detector algorithm in Proteome Discoverer. Relative peptide abundance was calculated
based on area-under-the-curve (AUC) of the selected ion chromatograms of the aligned
features across all runs. The MS/MS data were searched against the SwissProt M.

musculus database (downloaded in Nov 2019), and an equal number of reversed-sequence
“decoys” for false discovery rate determination. Mascot Distiller and Mascot Server (v

2.5, Matrix Sciences) were utilized to produce fragment ion spectra and to perform

the database searches. Database search parameters included fixed modification on Cys
(carbamidomethyl) and variable modification on Meth (oxidation) and Asn and Gln
(deamidation). Peptide Validator and Protein FDR Validator nodes in Proteome Discoverer
were used to annotate the data at a maximum 1% protein FDR. Missing values were imputed
after sample loading and trimmed-mean normalization in the following manner — if less than
half of the values are missing in a treatment group, values are imputed with an intensity
derived from a normal distribution defined by measured values within the same intensity
range (20 bins). If greater than half the values are missing for a peptide in a group and a
peptide intensity in > 5e6, then it was concluded that the peptide was misaligned and its
measured intensity was set to 0. All remaining missing values are imputed with the lowest
5% of all detected values.

In vivo AAV8-mediated Plg knockdown—The AAV8-U6-PLG-shRNA and scramble
control vector were generated by Vector Biosystems (Malvern, PA). The AAV8 was
administered via the tail vein at 1x1011 vector genomes per mouse, which was diluted in
100uls PBS.
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Plasmin activity assay—Plasmin activity assays were performed on plasma (100 pug
total protein) in 96-well black micro-assay plates (Greiner Lot: 08 27 01 15) using the
Plasmin Activity Assay Kit (Fluorometric) following manufacturer’s instructions (abcam
#ab204728).

Mouse ELISA—Mouse plasminogen, PAI-1, tPA and uPA were measured by ELISA
(Abcam: #ab198511, #ab197752, #ab233615 and #ab245727, respectively). Intra-assay CVs
were <%7%.

CALERIE analysis

Human ELISA: Human plasminogen and PAI-1 proteins were measured by ELISA
(Abcam: ab108893 and ab269373, respectively) as per manufacturer’s instructions. Inter-
assay CVs were <6% and intra-assay CVs were <3%.

DNA methylation analysis

Blood DNAm: DNA methylation (DNAm) profiling was conducted in the Kobor Lab
from whole-blood DNA stored at —80°C. After quality controls and normalization, DNAm
datasets were generated for n = 595 samples from 214 individuals (125 CR, 65 AL). Briefly,
750 ng of DNA was extracted from whole blood and bisulfite converted using the EZ DNA
Methylation kit (Zymo Research, Irvine, CA, USA). Methylation was measured from 160
ng of bisulfite converted DNA using the Illumina EPIC Beadchip (Illumina Inc, San Diego,
CA, USA). Quality control and normalization were performed using methylumi (v. 2.32.0)
from the R statistical programming environment (v 3.6.3). Probes with detection p values
>0.05 were coded as missing; probes missing in >5% of samples were removed from the
dataset (final probe n = 828,613 CpGs). Normalization to eliminate systematic dye bias in
the 2-channel probes was carried out using the methylumi default method).

Adipose DNAmM—Adipose tissue was sampled according to protocols established by

the CALERIE trial investigators (CALERIE Biorepository, 2007). Adipose tissue samples
were obtained from the CALERIE biorepository and DNA was extracted using the Qiagen
kit. DNAm profiling was conducted in the UNGC core facility at UCLA from adipose
DNA stored at —80°C. After quality controls and normalization, DNAm datasets were
generated for n = 86 samples from 43 individuals (29 CR, 14 AL). Briefly, 250 ng of

DNA was extracted from adipose tissue samples and bisulfite converted using [the EZ
DNA Methylation kit (Zymo Research, Irvine, CA, USA)]. Methylation was measured from
160 ng of bisulfite converted DNA using the Illumina EPIC Beadchip (Illumina Inc, San
Diego, CA, USA). Normalization was performed using the normal-exponential out-of-band
(noob) normalization method from the minfi package within the R statistical programming
environment.64

DNAmMPAI1L—DNAmMPALIL is an algorithm-based measurement that predicts levels of PAI-1
in a tissue from DNA methylation data. DNAmMPAI1 can be interpreted as an estimate of the
quantity of PAI1 protein in the tissue. DNAmMPAI1 was measured from blood and adipose
DNAm datasets based on the algorithm developed from analysis of serum PAIL in the
Framingham Heart Study Offspring Cohort.3° Blood and adipose DNAmMPAI1 levels were
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calculated using the Horvath Lab’s online calculator (http://labs.genetics.ucla.edu/horvath/
dnamage/).

DNAm estimates of immune cell composition of blood DNA samples—
Estimates of immune cell counts (CD4T, CD8T, Natural Killer (NK), and B-cell
lymphocytes, monocytes, and neutrophils) were computed from blood DNAm datasets using
algorithms developed for the EPIC array by Salas et al.%°

Muscle biopsies—\Vastus lateralis biopsy samples (~150 mg) were taken after local
anesthesia using the Bergstrom technique as previously described.6 Fat and connective
tissue were removed from the biopsy sample and muscle was snap frozen in liquid nitrogen
and stored at —80°C.

RNA extraction—RNA extraction and sequencing were performed as previously
described.*! In brief, sections of frozen skeletal muscle (quadriceps) (~50 mg) were
homogenized using bead-based Qiagen TissueLyser Il in | mL TRIzol Reagent (Invitrogen
ThermoFisher #15596026). Following homogenization, total RNA was extracted using
Qiagen RNeasy Mini Kit (Qiagen #74104) and stored at —80°C.

Sample preparation and next generation sequencing—cDNA libraries were
prepared from the extracted RNA and total RNA was isolated using QlAcube, Qiagen.
Next, cDNA was synthesized using the NuGen Ovation v2 system. Illumina libraries were
generated from the cDNA with the TruSeq Stranded Total RNA Library Preparation Kit

and RNA was sequenced using lllumina NovaSeq 6000 sequencing system at a depth

of >80 million paired-end reads. Sequencing data, in the form of FASTQ files, were

filtered and aligned using BBDuk (decontamination using kmers), a program included in the
BBTools suite (https://jgi.doe.gov/data-and-tools/software-tools/bbtools/). Short reads were
aligned using STAR Aligner (version 2.7.10a) and then processed using featureCounts8’
from the Rsubread package (version 2.0.1).88 Sequencing reads were then mapped to the
reference human genome 38 (hg38) with Ensembl v104. The aligned reads were then
filtered and normalized using the BioConductor package edgeR.5° Briefly, raw sequencing
counts (n = 19,900) were read into R (version 4.2.0; R Core team, 2020) and subsequently
filtered to remove low expressors (n = 3,450) using a counts per million (CPM) threshold,
corresponding to a row sum of ~50 counts while also requiring =2 samples to meet this
threshold criteria to be included in the filtered dataset (n = 16,450). Following filtering,
normalization factors were calculated using the trimmed mean of M-values (TMM) method,
and dispersion was estimated.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis—Data were analyzed by two-tailed, unpaired Student’s t-test for two-
group comparisons, one-way ANOVA for three-group comparisons and two-way ANOVA
for 4-group comparisons. Post hoc ANOVA analysis was performed using Tukey’s post

hoc analysis or targeted Student’s t-test. Chi square analysis was performed to determine
significant changes in myofiber cross sectional area. Linear regression analysis was
performed to determine correlation coefficients and significance. All data are reported as
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mean + SEM or mean £ SDM. Statistical analysis was performed using GraphPad Prism

6 software. Exploratory data analysis and plotting was performed in R (version 4.0.5) and
RStudio (version 1.4.1106). Statistical parameters, including number of biological replicates
and statistical tests are reported in the figure legends.

Statistical analysis for DNAmM—We tested CALERIE treatment effects on DNAmMPAIL
following the method established by the CALERIE investigators.’0 Briefly, at the 12-month
follow-up, we computed change scores by subtracting a participant’s baseline from their
DNAmMPAI1 value at that assessment. Analysis included participants with data at baseline
and at least one follow-up assessment (Blood n = 197; Adipose n = 48). We then fit linear
mixed effects models to the change scores using the R package /me4.”* Models included an
indicator variable coding treatment group, an indicator variable coding the 12-month follow-
up, and a product term for the interaction between treatment group and follow-up. Models
included as covariates participants’ ages at baseline, sex, BMI stratum (<25, 25-29), the
first three principal components estimated from genome-wide SNP data, and participants’
baseline levels of DNAmMPAIL. For blood, an additional model specification was run that
included DNAm estimates of immune cell counts (CD4T, CD8T, NK, Bcell, monocytes,
and neutrophils). All models included a random intercept for subject ID. In this model, the
coefficient for treatment group tests the effect of CALERIE intervention on DNAmMPAI1

at 12-month. Treatment effect estimates were scaled according to the standard deviation of
DNAmMPAIL at pre-treatment baseline to approximate a standardized treatment effect on the
scale of Cohen’s D.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Short-term caloric restriction (CR) drastically alters the liver-derived plasma
proteome

Circulating plasminogen increases with CR, which is necessary for satellite
cell expansion

During CR, plasminogen signals to the satellite cell via the plasminogen
receptor Plg-Rk1

Loss of Plg-RkT prevents CR-induced SC expansion and associated
regenerative enhancements
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Figure 1. Proteomics analysis identifies liver-derived plasminogen secretion during short-term

CR

(A) Study design using the MetRS transgenic mouse bred with muscle, adipose, and liver-
specific Cre lines. Each line was put on a 40% CR or AL diet for 3 months and then given
ANL to track secreted plasma proteins from their respective tissue. Plasma was collected
to isolate labeled proteins and determine changes in respective protein immunoblots with
streptavidin, comparing CR and AL groups.
(B) Representative immunoblot of labeled plasma protein for each tissue under the AL or

CR diet.

(C) Protein ontology analysis comparing enriched biological pathways between AL and CR

diets in the MetRS x Alb Cre mouse (n = 3).

(D) Wolcano plot comparing differential protein abundance of labeled plasma proteins
between AL and CR diets in the MetRS x Alb Cre mouse (n = 3). (E-H) Quantification
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of plasma proteins (E) plasminogen, (F) PAI-1, (G) tPA, and (H) uPA in mice fed AL and
CR diets for 3 months (n = 5).

(I) Plasma plasmin activity in mice fed AL or CR diets for 3 months (n = 5). Bar graphs
show mean + SE with each dot as an independent mouse. Statistical significance was tested
by an unpaired Student’s t test (E-I). *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 2. Knockdown of circulating plasminogen prevents satellite cell expansion during short-
term CR

(A) Study design showing AAV-induced expression of sh-Plg given 2 weeks before the CR
diet.

(B) Liver plasminogen gene expression with scramble and sh-Plg AAV treatment in mice on
the AL or CR diet (n = 6).

(C) Circulating plasminogen protein abundance with scramble and sh-Plg AAV treatment in
mice on the AL or CR diet (n = 6).

(D) Representative FACS gating strategy to isolate and quantify freshly sorted satellite cells
from muscle tissue from mice fed an AL or CR diet. (E and F) Quantification of satellite
cells by percentage of total cells (E) and satellite cells per gram of muscle tissue (F).

(G) Left: representative images of embryonic myosin heavy chain (eMHC) staining on
muscle cross-sections 5 days after BaCl, injury. Right: quantification of eMHC(+) fiber
CSA plotted as fiber size. Scale bars, 75 pm (n = 6).
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(H) Frequency distribution of eMHC(+) muscle fibers across all groups.

(1) Left: representative images of muscle cross-sections stained with wheat germ agglutinin
(WGA) 30 days after BaCl, injury. Right: quantification of percentage change in fiber CSA
versus uninjured muscle. Scale bars, 50 pm (n = 6).

(J) Frequency distribution of muscle fiber areas across all groups. Bar graphs show mean +
SE with each dot as an independent mouse. Statistical significance was tested by a two-way
ANOVA with Tukey’s multiple-comparisons test (B, C, E, F, G, and I) and chi-square test (H
and J). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 3. Plasminogen signals directly to satellite cells to activate the ERK pathway
(A) Top: immunoblot showing p-ERK and total ERK expression in cultured satellite cells

after treatment (5 pg/mL, 15 min) with plasminogen or control vehicle. Cells were isolated
from mice on the AL or CR diet. Bottom: quantification of relative expression (n = 3).

(B) Percent EdU (5-ethynyl-2’-deoxyuridine) incorporation in cultured satellite cells after
treatment (24 h) with plasminogen (5 pg/mL) or control (DMSO) vehicle. Cells were
isolated from mice on the AL or CR diet (n = 3).

(C) Percent EdU incorporation in cultured satellite cells after treatment (24 h) with vehicle
control, plasminogen, and/or the ERK inhibitor LY 3214996 (5 umol/L). Cells were isolated
from mice on the AL or CR diet (n = 3).

(D-F) Gene expression of satellite cell proliferative genes in cultured satellite cells after
treatment (24 h) with vehicle control, plasminogen, and/or the ERK inhibitor LY 3214996.
Cells were isolated from mice on the AL or CR diet. Shown is quantification of (D) Myf5,
(E) Cyclin D1, and (F) MyoD (n = 3).

Bar graphs show mean + SE with each dot as an independent mouse. Statistical significance
was tested by a two-way ANOVA with Tukey’s multiple-comparisons test. *p < 0.05, **p <
0.01, ***p < 0.001, ****p < 0.0001.
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Figure 4. The plasminogen receptor Plg-RKT is increased with CR and regulates satellite cell
signaling and proliferation

(A) Satellite cell gene expression of the plasminogen processing genes Plg-RgT, Plau, Plat,
and Plaur freshly sorted from mice fed the AL or CR diet (n = 3).

(B) Top: immunoblot showing Plg-RkT protein expression in freshly sorted satellite cells
isolated from mice on the AL or CR diet. Bottom: quantification of relative expression (n =
3).

(C) Top: flow plot illustrating Plg-RkT expression on satellite cells isolated from mice on the
AL or CR diet. Bottom: quantification of satellite cell Plg-Rgt intensity among AL and CR
groups, displayed as percentage of cells expressing high or low Plg-Rkt (n = 4).

(D) Left: immunoblot showing p-ERK and total ERK and Plg-Rk protein expression in
cultured satellite cells after treatment (5 pg/mL, 15m) with plasminogen. Cells were isolated
from wild-type or Plg-Rkt KO mice on the AL or CR diet. Right: quantification of relative
expression (n = 3).
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(E) Percent EdU incorporation in cultured satellite cells after treatment (24 h) with
plasminogen. Cells were isolated from wild-type and Plg-Rkt KO mice on the AL or CR
diet (N = 3).

(F) Left: immunoblot showing p-ERK and total ERK expression in cultured satellite cells
after treatment with plasminogen (5 pg/mL, 15m) and plasmin (5 pg/mL, 15m). Cells were
isolated from wild-type or Plg-Rkt KO mice on the AL or CR diet. Right: quantification of
relative expression (n = 3). ME, main effect.

(G) Percent EdU incorporation in cultured satellite cells after treatment (24 h) with
plasminogen (5 pg/mL) and plasmin (5 pg/mL). Cells were isolated from wildtype or
Plg-Rkt KO mice on the AL or CR diet (n = 3).

Bar graphs show mean + SE with each dot as an independent mouse. Statistical significance
was tested by an unpaired Student’s t test (A—C) and two-way ANOVA with Tukey’s
multiple-comparisons test (D-G). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 5. Loss of Plg-RKT inhibits satellite cell expansion during short-term CR
(A) Study design, showing 3 months of the CR diet in wild-type and Plg-Rxt KO mice.

(B and C) Circulating (B) plasminogen and (C) PAI-1 protein abundance in wild-type and
Plg-RkT KO mice on the AL or CR diet (n = 6).

(D) Representative FACS plots of freshly isolated satellite cells in wild-type and Plg-RkT
KO mice on the AL or CR diet (n = 6). (E and F) Quantification of satellite cells by percent
total cells (E) and satellite cells per gram of muscle tissue (F) (n = 6).

(G) Left: representative images of eMHC staining on muscle cross-sections 5 days after
BaCl, injury. Sections were taken from wild-type and Plg-Rkt KO mice on the AL or CR
diet. Scale bars, 75 pm (n = 6). Right: quantification of eMHC(+) fiber CSA plotted as fiber
size.

(H) Frequency distribution of eMHC(+) muscle fibers across all groups.

Bar graphs show mean + SE with each dot as an independent mouse. Statistical significance
was tested by a two-way ANOVA with Tukey’s multiple-comparisons test (B, C, E, F, and
G) and chi-square test (H). ***p < 0.001, ****p < 0.0001.
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Figure 6. Validation of plasminogen activation in the CALERIE cohort
(A) Plasma plasmin activity in participants in the CALERIE cohort, stratified by percent CR.

Percent CR was derived from percent change in calories consumed at the pre and 12-month
time point. The delta change was calculated as percent change from baseline to 12 months.
(B) Correlation between Aplasmin activity (y axis) and % CR (x axis).

(C) Circulating plasminogen protein across CR groups, presented as % A from baseline.

(D) Correlation between A plasminogen protein (y axis) and % CR (x axis).

(E) Circulating PAI-1 protein across CR groups presented as % A from baseline.

(F) Correlation between APAI-1 protein (y axis) and % CR (x axis). High CR group, n = 76;
moderate CR group, n = 43; isocaloric group, n = 33. Error bars represent SEM.

(G and H) DNAmPAI1 levels in (G) blood and (H) adipose tissue in the CALERIE trial

AL control group and CR treatment group at the 12-month followup. The y axis values
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are scaled by the standard deviation of DNAMPAIL at pre-treatment baseline. For (G): AL
group, n = 65; CR group, n = 125. For (H): AL group, n = 14, CR group, n = 29.

Graphs show mean + SD with each dot as an independent subject. Statistical significance
was tested by a one-way ANOVA with Tukey’s multiple comparison test (A, C, and E),
linear regression analysis (B, D, and F), and repeated-measures analysis of covariance
(ANCOVA) implemented under mixed models (G and H). *p < 0.05, ***p < 0.001, ****p <
0.0001.
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Figure 7. Human muscle analysis from the CALERIE trial shows similar effects of CR
(A) Representative images of muscle cross-sections stained with WGA, Pax7, and DAPI.

Sections are from baseline biopsies and after 12 months of CR. Scale bars, 50 pm. Arrows
indicate DAPI(+), Pax7(+) cells.

(B) CSA frequency distribution among baseline and 12-month time points in both CR and
isocaloric groups.

(C) Percent change in Pax7-positive cells normalized to fiber number from baseline to the
12-month followup.

(D) Representative images of muscle sections stained with WGA (red), Pax7 (green), DAPI
(blue), and Plg-Rk T (purple) across isocaloric and CR groups. The magnified inset shows a
representative satellite cell with Plg-Rkr staining. Scale bars, 100 pm.

(E) Percent change of satellite cell mean fluorescence intensity (MFI) of Plg-Rk staining
normalized to satellite cell area from baseline to the 12-month followup.
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(A-E) ISO group, n = 11; high CR group, n = 12.

(F) Whole-muscle mRNA expression of plasminogen processing genes after 12 months of
isocaloric or CR diet. Data were generated from muscle biopsies taking in the CALERIE
trial. Isocaloric, n = 9; high CR, n = 24. Graphs and bar graphs show mean + SE (B) and
+SD (C, E, and F) with each dot as an independent subject. Statistical significance was
tested by chi-square analysis (B) and an unpaired Student’s t test (C, E, and F). **p < 0.01.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Anti-p44/42 MAPK (Erk 1/2)
Anti-P-p44/42 MAPK (Erk 1/2)
Anti-alpha/beta-Tubulin

IRDye 800 CW Streptavidin
IRDye 800 CW Goat anti-Rabbit
Anti-Pax7

Anti-PIg-RKT
Alexa Fluor 647
Anti-eMHC_BF-G6

Anti-GFP

APC-CD45

APC-CD11b

APC-CD31

APC-Terl19

FITC-Scal/Ly6a

PE-VCAM1/CD106

Anti-rabbit PE secondary

Anti-rabbit Alexa Flour™ 647 Plus secondary
Anti-mouse FITC secondary
Anti-rabbit 1gG, HRP-linked Antibody
Hyperfilm™ ECL™

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
LI-COR
LI-COR

Developmental Studies Hybridoma
Bank, U of lowa

ThermoFisher
Invitrogen

Developmental Studies Hybridoma
Bank, U of lowa

Cell Signaling Technology
Biolegend

Biolegend

Biolegend

Biolegend

Biolegend

Biolegend

ThermoFisher
ThermoFisher
ThermoFisher

Cell Signaling Technology
Sigma-Aldrich

Cat# 9102S; RRID: AB_330744
Cat# 9101S; RRID: AB_331646
Cat# 2148S; RRID: AB_2288042
Cat# 926-32230

Cat# 926-32211; RRID: AB_621843
PAXT7; RRID: AB_2299243

Cat#PA5-98932; RRID: AB_2813545
Cat#A32733; RRID: AB_2633282
Cat#BF-G6; RRID: AB_10571455

Cat#2555; RRID: AB_10692764
Cat#157605: RRID: AB_2876537
Cat#101211; RRID: AB_312794
Cat#102410; RRID: AB_312904
Cat#116212; RRID: AB_313713
Cat#108105; RRID: AB_313342
Cat#105713; RRID: AB_1134164
Cat#P-2771MP; RRID: AB_2539845
Cat#A32733; RRID: AB_2633282
Cat#F-2765; RRID: AB_2536525
Cat#7074; RRID: AB_2099233
Cat#GE28-9068-36

Biological samples

CALERIE™ plasma
CALERIE™ muscle biopsies

CALERIE™ adipose tissue

CALERIE™ Bio repository
CALERIE™ Bio repository

CALERIE™ Bio repository

https://calerie.duke.edu/sites/default/files/

2022-05/phase2_protocol.pdf

https://calerie.duke.edu/sites/default/files/

2022-05/phase2_protocol.pdf

https://calerie.duke.edu/sites/default/files/

2022-05/phase2_protocol.pdf

Chemicals, peptides, and recombinant proteins

DAPI

EdU

WGA 555
Biotin-PEG4-Alkyne
6-Azido-L-lysine-HCI

Trizma hydrochloride solution

Sodium dodecyl sulfate
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ThermoFisher
Sigma-Aldrich
ThermoFisher

Click Chemistry Tools
Jena Bioscience
Sigma-Aldrich
Sigma-Aldrich

Cat#62248

Cat# 900584
Cat#W32464
Cat# TA105

Cat# CLK-AA009
Cat# T2194

Cat# 436143


https://calerie.duke.edu/sites/default/files/2022-05/phase2_protocol.pdf
https://calerie.duke.edu/sites/default/files/2022-05/phase2_protocol.pdf
https://calerie.duke.edu/sites/default/files/2022-05/phase2_protocol.pdf
https://calerie.duke.edu/sites/default/files/2022-05/phase2_protocol.pdf
https://calerie.duke.edu/sites/default/files/2022-05/phase2_protocol.pdf
https://calerie.duke.edu/sites/default/files/2022-05/phase2_protocol.pdf

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Bareja et al.

Page 39

REAGENT or RESOURCE SOURCE IDENTIFIER
Triton X-100 Sigma-Aldrich Cat# 11332481001
Bovine Serum Albumin Sigma-Aldrich Cat# 2153
Dimethyl sulfoxide Sigma-Aldrich Cat# D8418
Protease Inhibitor Cocktail Sigma-Aldrich Cat# P8340
PhosSTOP Sigma-Aldrich Cat# 04906837001
2-Mercaptoethanol Sigma-Aldrich Cat# M6250
Ponceau S solution Sigma-Aldrich Cat# P7170
NuPAGE MOPS SDS Running Buffer (20X) Thermo Fisher Scientific Cat# NP0001
NuPAGE MES SDS Running Buffer (20X) Thermo Fisher Scientific Cat# NP0002
NUPAGE Transfer Buffer (20X) Thermo Fisher Scientific Cat# NP00061
Gibco PBS, pH 7.4 Thermo Fisher Scientific Cat# 10010023
UltraPure Dnase/Rnase-Free Distilled Water Thermo Fisher Scientific Cat# 10977015
TRIzol Reagent Thermo Fisher Scientific Cat# 15596018
PowerUp SYBR Green Master Mix Thermo Fisher Scientific Cat# A25742
Dynabeads MyOne Streptavidin C1 Thermo Fisher Scientific Cat# 65001
LY 3214996 Cayman Chemicals Cat#27936
recombinant Plasminogen protein abcam Cat#200264
recombinant Plasmin protein abcam Cat#90928
Critical commercial assays
RC DC Protein Assay Kit I1 Bio-Rad Cat# 5000122
High-Capacity cDNA Reverse Transcription Kit Thermo Fisher Scientific Cat# 4368813
Click-&-Go Protein Reaction Buffer Kit Click Chemistry Tools Cat# 1262
Plasmin Activity Assay Kit (Fluorometric) abcam Cat# ab204728
Plasminogen ELISA (mouse) abcam Cat# ab198511
Plasminogen ELISA (human) abcam Cat# ah108893
PAI-1 (SERPINEL) (mouse) abcam Cat# ab197752
PAI-1 (SERPINEL) (human) abcam Cat# ab269373
UPA (mouse) abcam Cat# ab245727
tPA (mouse) abcam Cat# ab233615
Deposited data
Proteomics This paper ProteomeXchange with identifier
PXD043644
CALERIE™ Muscle RNAseq Das et al 4! https://doi.org/10.1111/acel.13963

Experimental models: Organisms/strains

Mouse: C57BL6/J
Mouse: C57BL/

6-GIl(ROSA)2650rtm1(CAG-GFPR-Mars*L.274G)Esml]

Mouse: B6.Cg-Speer6-ps179(Alb-cre)21Mgry
Mouse: B6.FVB-Tg(Adipog-cre)1Evdr/]
Mouse: B6.Cg-Tg(ACTA1-cre)79Jme/l

Cell Rep. Author manuscript; available in PMC 2024 May 07.

Jackson Laboratories

Jackson Laboratories

Jackson Laboratories
Jackson Laboratories

Jackson Laboratories

Cat# 000664
Cat# 028071

Cat# 003574
Cat# 028020
Cat# 006149
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REAGENT or RESOURCE SOURCE IDENTIFIER
Oligonucleotides
See Table S2 This paper N/A
Recombinant DNA
AAV8-UB-PLG-shRNA Vector Biosystems Cat# shAAV-268877

AAV8-GFP-U6-shRNA

Vector Biosystems

Custume order

Software and algorithms

R(v4.0.5)
RStudio(v1.4.1106)
GraphPad Prism 6

ImageJ

FlowJo

R Core Team
RStudio
GraphPad Software

ImageJ

FlowJo

https://www.r-project.org/
https://www.rstudio.com/

https://www.graphpad.com/scientific-
software/prism/

https://ImageJ.nih.gov/ij

https://www.flojo.com/
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