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Summary

Due to lack of nuclei and de novo protein synthesis, post-translational modification (PTM) is
imperative for erythrocytes to regulate oxygen (O5) delivery and combat tissue hypoxia. Here we
report that erythrocyte transglutminase-2 (eTG2)-mediated PTM is essential to trigger O, delivery
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by promoting bisphosphoglycerate mutase proteostasis and the Rapoport-Luebering glycolytic
shunt for adaptation to hypoxia, in healthy humans ascending to high altitude and in two

distinct murine models of hypoxia. In a pathological hypoxia model with chronic kidney disease
(CKD), eTG2 is critical to combat renal hypoxia-induced reduction of S/c22a5 transcription

and OCNT?2 protein levels via HIF-1a-PPARa signaling to maintain carnitine homeostasis.
Carnitine supplementation is an effective and safe therapeutic approach to counteract hypertension
and progression of CKD by enhancing erythrocyte O, delivery. Altogether, we reveal eTG2

as an erythrocyte protein stabilizer orchestrating O, delivery and tissue adaptive metabolic
reprogramming and identify carnitine-based therapy to mitigate hypoxia and CKD progression.

eTOC blurb

Xu et al. define erythrocyte transglutminase-2 (eTG2) as a master regulator of oxygen (O5)
delivery by promoting bisphosphoglycerate mutase (BPGM) proteostasis to counteract tissue
hypoxia and maintain carnitine-dependent metabolic reprogramming by inhibiting HIF-1a-
PPARa axis-mediated reduction of renal S/c22a5 transcription. Carnitine supplementation
mitigates hypertension and CKD by enhancing O, delivery.
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Introduction

Hypoxia is the central challenge to healthy individuals when they ascend to high

altitude (Bértsch and Gibbs, 2007; Hackett and Roach, 2001; Luks et al., 2008; West,
2004) and plays a pivotal role in hypoxic tissue damage and progression of almost

all human diseases including chronic kidney disease (CKD), cardiovascular disease,
neurodegenerative disease, chronic pulmonary obstructive disease, hemolytic disorders,
trauma, hemorrhage(D’Alessandro et al., 2017) and even cancer(Arce, 2017; Basnyat,
2013; Bernauer et al., 2021; Fu et al., 2016; Semenza, 2014; Voit and Sankaran, 2020).
Currently, substantial effort and research have largely focused on hypoxic damage and
dysfunction of end organs. Hypoxia inducible factor (HIF) is considered a master regulator
of human adaptation to high altitude and hypoxic disease pathobiology(Hammarlund et

al., 2020; Lee et al., 2020). As the most abundant and only cell delivering oxygen (O,),
erythrocytes play a vital role to maintain bioenergetics and survival of every organ. To
adapt to hypoxia, erythrocytes transport more O to peripheral tissues to maintain tissue
function and survival(Lenfant et al., 1968). Because erythrocytes lack nuclei, HIF-mediated
transcriptional control and ongoing de novo protein synthesis, they rely on posttranslational
modifications (PTMs) for adaptive metabolic responses that regulate O, off-loading to
improve tissue oxygenation in the face of hypoxia(Lewis et al., 2009; Liu et al., 2016;
Rogers et al., 2013; Sun et al., 2016). However, how PTMs affect erythrocyte protein
homeostasis and in turn control peripheral tissue metabolic reprogramming for adaptation to
hypoxia in health and disease remains poorly understood.

Notably, transglutaminase 2 (TG2) catalyzes the PTM of proteins by forming intra- or
inter-protein covalent bonds between the e-amino group of lysine and -y-carboxamide group
of peptide-bound glutamine(Fesus and Piacentini, 2002). TG2 is involved in the regulation
of a wide range of cellular functions and implicated to have roles in the pathogenesis of
numerous diseases(Eckert et al., 2014; lismaa et al., 2009). Although it has been known for
over 30 years that TG2 is highly enriched in erythrocytes (eTG2)(Bergamini, 1988) and that
TG2 gene expression is activated by HIF-1a in nucleated cells(Jang et al., 2010), nothing is
known about the function of TG2 in response to hypoxia in enucleated erythrocytes under
health and disease conditions.

Here, given the vital role of erythrocytes in O, delivery throughout the body, we sought to
capture the function, metabolic and molecular events of erythrocyte TG2 (eTG2) in humans
and mice with a goal to identify new therapeutics to increase tissue oxygenation and slow
hypoxia-driven disease progression.
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eTG2 activity correlates with elevated bisphosphoglycerate mutase (BPGM) activity and
carries out PTM of BPGM in healthy humans ascending to high altitude

Recent studies demonstrated that the increased erythrocyte O, offload in the face of hypoxia
is mediated by adaptive hypoxic metabolic reprogramming that results in the activation of
BPGM, a key rate limiting enzyme of the erythroid specific Rapoport-Luebering glycolytic
Shunt (RLS) to generate 2,3-BPG(Liu et al., 2016; Sun et al., 2016), a negative allosteric
modulator decreasing O, and hemoglobin (Hb) binding affinity. Thus, to determine if eTG2
is involved in hypoxia-induced metabolic adaptation, we carried out human high-altitude
studies and chose to quantify the activity of eTG2 and its relationship to hypoxia-induced
BPGM activity, 2,3-BPG levels and P50 in young healthy human volunteers participating

in the AltitudeOmics study(Subudhi et al., 2014) (Table S1). We found that eTG2 activity
was induced by high altitude hypoxia along with activation of BPGM, elevated 2,3-BPG and
increased P50 (defined as the partial pressure of O, required for 50% hemoglobin binding
to Oy), indicating O releasing capacity was increased in the erythrocytes of both males and
females in a time-dependent manner (Figure 1a). Moreover, we found that not only 2,3-BPG
and P50 were correlated, but also eTG2 activation was positively correlated with elevated
BPGM activity (Figure 1a).

Next, we used an antibody that specifically recognizes lysine-glutamine isopeptide bonds
to determine whether increased TG2 activity upon exposure to high altitude leads to TG2-
catalyzed PTM(Mi et al., 2017). Consistent with the increased eTG2 activity, a similar
time-dependent increase in lysine-glutamine isopeptide bond formation in erythrocytes
was observed in humans ascending to high altitude from day 1 until day 16 (Figure 1b).
Particularly, we showed that elevated erythrocyte TG2 catalyzed the PTM of BPGM by
forming intra-protein covalent bonds between lysine and -y-carboxamide groups of peptide-
bound glutamines in response to high altitude without an effect on BPGM protein levels
(Figure 1b). Thus, eTG2 activity is rapidly induced by hypoxia, TG2 activity positively
correlates with elevations in BPGM activity, and the level of isopeptide bonds —a TG2-
catalyzed reaction — increases in BPGM following ascent to high-altitude.

Ablation of eTG2 abolishes hypoxia-induced BPGM activation and O, delivery

To determine the role of eTG2 in hypoxia metabolic adaptation, we generated erythrocyte-
specific TG2 knockouts by mating mice with floxed TG2 alleles ( 7gm2™) with mice
containing a transgene expressing Cre recombinase only in the erythroid lineage (EpoR-
Cre*)(Heinrich et al., 2004) (Figure S1a-S1c). The Tgm” EpoR-Cre* mice are fertile

and morphologically indistinguishable from littermates through adulthood. First of all,

to validate that BPGM is modified by eTG2 in mice as seen in humans (Figure 1b),

we performed pull-down experiments with isopeptide-specific antibodies followed by
proteomics in erythrocytes purified from 7gm2”"EpoR-Cre* and EpoR-Cre* mice under
normoxia. Proteomics analyses identified 23 candidate protein targets of eTG2 in mouse
RBCs, including proteins involved in metabolism, cellular processes and adhesion (Figure
S2a & S2b). Importantly, proteomics confirmed that BPGM is a target of eTG2 in mouse
erythrocytes at normoxia (75% sequence coverage - Figure S2c).

Cell Metab. Author manuscript; available in PMC 2023 February 01.
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Next, to mimic human high-altitude studies, we exposed 7gm27EpoR-Cre* mice and
EpoR-Cre* mice to hypoxia (10% O,) for 48 hours (Figure 1c). Similar to humans in

the AltitudeOmics study, hypoxia significantly induced eTG2 and BPGM activity as well

as P50 in erythrocytes of EpoR-Cre” control mice, while loss of eTG2 abolished hypoxia-
induced BPGM activation and P50 (Figure 1c). Thus, we conclude that eTG2 is required for
hypoxia-induced BPGM activation and O, delivery in mice.

eTG2-mediated PTM promotes BPGM proteostasis vs proteolysis

To probe the molecular basis underlying eTG2-mediated hypoxia-induced activation of
BPGM, we compared erythrocyte BPGM protein levels between controls and 7gm27EpoR-
Cre” mice under normoxia and hypoxia. Similar to the human studies, hypoxia did not

alter erythrocyte BPGM protein levels in control mice (Figure 1d-e). Surprisingly, however,
loss of eTG2 decreased the amount of BPGM protein to about half normal levels under

both normoxia and hypoxia compared to the EpoR-Cre* controls (Figure 1d-e). Although
Tgm2""EpoR-Cre* mice have half the amount of BPGM protein, they maintain a normal
level of BPGM activity as the controls under normoxia. However, the reduced amount of
BPGM protein in 7gm27/EpoR-Cre* mice cannot be further activated by the challenge of
hypoxia. These findings rule out the possibility that TG2-mediated PTM directly induces
BPGM activity, but strongly support the possibility that eTG2-mediated PTM is essential to
maintain BPGM proteostasis. As such, increased TG2 activity under hypoxia is critical to
stabilize BPGM protein levels and prevent its loss in both humans ascending to high altitude
(Figure 1a) and control mice (Figure 1c) exposed to hypoxia.

Next, to determine if the reduced BPGM protein level in 7gm2”TEpoR-Cre* mice is
mediated by decreased transcription at an early erythroid stage, we compared BPGM
mRNA in isolated CD71* erythroblasts between controls and 7gm27"EpoR-Cre* mice
under normoxia. No difference in BPGM mRNA levels was found in isolated CD71*
erythroblasts between controls and 7gm27"EpoR-Cre* mice under normoxia, ruling out the
possibility that downregulation of BPGM protein levels in 7gm2”fEpoR-Cre* mice is due
to reduced BPGM gene transcription at an early stage in the erythroid lineage (Figure
S1d). Thus, our findings implicate that TG2 controls BPGM proteostasis vs proteolysis
and maintains BPGM homeostasis. Intriguingly, we found that erythrocyte ubiquitinated
proteins were slightly induced by hypoxia in the control mice and humans (Figure 1f) along
with elevated TG2 activity (Figure 1a,1c). However, erythrocyte polyubiquitinated proteins
were significantly higher in 7Tgm2”fEpoR-Cre* mice than the controls under normoxia and
further induced in 7gm2”fEpoR-Cre* mice under hypoxia (Figure 1f), suggesting that TG2
interferes with polyubiquitination and in turn stabilizes erythrocyte proteins and maintains
protein homeostasis both in human and mice facing hypoxia.

TG2-mediated PTM stabilizes erythrocyte BPGM and maintains protein homeostasis by
competing against polyubiquitination and degradation.

In addition to forming isopeptide bonds by transamination, TG2 is reported to be a
guanine nucleotide signaling protein(Nakaoka et al., 1994), a kinase(Mishra et al., 2006),
a protein disulfide isomerase(Hasegawa et al., 2003) and a scaffolding factor(Akimov et
al., 2000). Protein ubiquitination forms a glycine-lysine bond between ubiquitin and its
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acceptor, whereas TG2-mediated PTM forms a glutamine-lysine isopeptide bond(Hershko
et al., 2000; Komander and Rape, 2012). Thus, we hypothesized that eTG2-mediated
transamination directly inhibits polyubiquitin conjugations and in turn stabilizes proteins.
To address this possibility, we treated purified human erythrocytes with cystamine, a
specific inhibitor of transglutaminase(Siegel and Khosla, 2007) (Figure 2a). Cystamine
treatment successfully inhibited TG2 activity in a dose and time-dependent manner (Figure
2b). Like the /n vivo studies with mice carrying a genetic ablation of eTG2 (Figure 1f),
pharmacological inhibition of eTG2 activity via cystamine treatment induced RBC protein
polyubiquitination and subsequent degradation of BPGM in a dose and timedependent
manner (Figure 2c¢). Next, we conducted co-immunoprecipitation (co-IP) experiments using
antibodies specific for the Ne-(y-glutamyl)-lysine isopeptide bond, ubiquitin or BPGM
followed by western blot analysis to probe the specific effects of cystamine on isopeptide
modification and polyubiquitination conjugation on BPGM. Isopeptide modification of
BPGM was reduced by cystamine treatment, whereas polyubiquitination of BPGM was
increased (Figure 2d). Similar results were seen with cultured mouse RBCs (Figure 2e-2g).
Altogether, we revealed that eTG2-mediated PTM controls proteostasis by interfering with
polyubiquitination and proteolysis in erythrocytes, in particular for BPGM.

eTG2-mediated BPGM proteostasis promotes erythrocyte metabolic reprogramming and
O, offload in hypoxia-driven CKD

The importance of eTG2 in physiological hypoxia immediately suggests its essential role
in combating pathological hypoxia, a major driving force for numerous diseases(lentile

et al., 2007). Thus, to explore the role of eTG2 in hypoxia-driven disease progression,

we chose a well-established experimental model of chronic kidney disease (CKD) based

on infusion with angiotensin Il (Ang Il), a potent vasoconstrictor(Forrester et al., 2018;

Xie et al., 2020b). Similar to physiological hypoxia, Ang Il induced eTG2 and BPGM
activity in control mice, while loss of eTG2 completely abolished Ang Il-induced BPGM
activity in 7gm2”'EpoR-Cre* mice (Figure 3a). Total polyubiquitinated protein levels were
substantially induced, while isopeptide modified protein levels were significantly reduced
in Ang ll-infused 7gm2”fEpoR-Cre* mice compared to controls (Figure 3b & Figure S3a).
Similar to hypoxia, basal BPGM protein levels were reduced by half in 7gm2”"EpoR-Cre*
mice independent of Ang Il infusion (Figure 3b & Figure S3a). Unlike BPGM, loss of eTG2
did not affect the protein levels of GAPDH and G6PD, enzymes involved in glycolysis

and pentose phosphate pathway (PPP), respectively (Figure 3b & Figure S3a). Thus, eTG2-
mediated PTM is essential to stabilize BPGM protein and in turn promote Ang Il-induced
BPGM activity.

To gain a comprehensive understanding of how eTG2 controls erythrocyte metabolism,

we performed metabolomics analyses of purified mature erythrocytes from control and
Tom27 EpoR-Cre* mice with and without Ang 11 infusion. A total of 299 metabolites were
identified in the purified mouse erythrocytes (Table S3). Among the metabolic pathways
examined, glycolysis and RLS intermediates including 2,3-BPG were significantly affected
in Tgm27 EpoR-Cre* mice with Ang Il infusion compared to the controls (Figure 3c). We
validated our metabolomic analysis by performing additional targeted quantitative analysis
of 2,3-BPG (Figure 3d). Functionally, Ang Il induced P50 in the control mice but not the
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mutant mice (Figure 3d). Additional /n vivo tracing experiments with [1,2,3]-13C3-glucose
allowed us to confirm significant increases in fluxes through glycolysis and RLS vs PPP,
leading to increased 2,3-BPG production in £poR-Cre* mice, but not in 7gm2”fEpoR-Cre*
mice following Ang I1 infusion (full list of labeled isotopologue intermediates for these
pathways is shown in Figure 3¢). Although the first product of the PPP (6PGL) was

not induced by Ang Il in eTG2-deficient mice, S7P, one of the important downstream
metabolites of 6PGL in the PPP was significantly induced in mutant mice (Figure 3e),
implicating that the PPP is increased and rapidly converts 6PGL to S7P in eTG2 mutants.
Supporting this possibility, lactate (M2+), the end product generated from 6PGL in the PPP,
was significantly higher in mutant mice than the controls with Ang Il infusion (Figure

3e). Thus, despite glucose metabolism channeling toward PPP over glycolysis/RLS in
eTG2-deficient mice, it is likely insufficient to counteract overwhelming oxidative stress
generated by autooxidation of the oxyhemoglobin (oxyHb) that accumulates because of
reduced 2,3-BPG. Supporting this possibility, Ang Il infusion led to a significantly higher
amount of reactive oxygen species (ROS) and a substantial higher ratio of GSSG/GSH in the
mutants than the controls (Figure 3d). Altogether, eTG2 catalyzes isopeptide bond formation
and inhibits polyubiquitin-conjugation, in turn stabilizes BPGM protein level, enhances
glucose metabolism toward glycolysis-RLS instead of PPP to induce 2,3-BPG production
and promote O, release. After O, (the source of oxidative stress) is released from oxyHb,
the oxidative stress generated by autooxidization of oxyHb is reduced and thus the demand
for antioxidants generated by PPP in erythrocytes is reduced. (Figure 3f).

eTG2 is required for L-carnitine-dependent renal metabolic reprogramming in CKD

Systemically, loss of eTG2 did not affect Ang Il-induced hypertension (Figure 4a). However,
impaired erythrocyte O release in Ang Il-infused 7gm2”fEpoR-Cre* mice compared to
the controls aggravated renal hypoxia, kidney damage and fibrosis. Specifically, renal
injury score, proteinuria, plasma urea and creatinine, tissue fibrosis measured by Masson’s
trichrome staining and the expression of fibrotic marker genes such as fibronectin (FN)

and collagens (Collal, Col3aland Col4al) were significantly elevated in Ang Il-infused
Tgm2"fEpoR-Cre* mice compared to the controls (Figure 4b-4d & Figure S4a). In addition
to kidneys, severe hypoxia and fibrosis were also induced in heart and liver of Ang
lI-infused 7Tgm2"f EpoR-Cre* mice compared to the controls (Figure 4c), indicating that
erythrocyte TG2 is required to combat chronic Ang ll-induced tissue hypoxia, damage and
fibrosis.

Next, we determined whether eTG2 deficiency has any impact on the local renal RAS in the
Ang ll-induced CKD model. We found no significant differences in the renal mRNA levels
of RAS components between EpoR-Cre* and 7gm27fEpoR-Cre* mice with or without Ang
Il treatment (Figure S4d). Thus, our studies provide proof-of-principle genetic evidence that
TG2-mediated PTM is critical to maintain BPGM proteostability, 2,3-BPG production and
O, release from erythrocytes to increase renal oxygenation and reduce kidney damage, renal
dysfunction and progression to CKD independent of hypertension and local RAS-mediated
renal vasoconstriction.
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Kidney is the major organ that produces erythropoietin and CKD is associated with
anemia(Voit and Sankaran, 2020). Ang Il is a growth factor for erythroid progenitors in
cooperation with erythropoietin. However, a complete blood count showed no significant
differences in erythrocyte numbers and Hb concentration between 7Tgm2”'EpoR-Cre* mice
and controls with or without Ang Il infusion (Figure S4b), ruling out the possibility

that the severe CKD phenotype observed in 7gm2”fEpoR-Cre* mice is due to decreased
erythropoiesis. Thus, consistent with human and mouse studies under physiological hypoxia,
in this Ang ll-induced model of CKD we confirmed that eTG2-mediated modification of
BPGM promotes proteostasis vs proteolysis, controls erythrocyte metabolic reprograming-
induced 2,3-BPG production and O delivery and thus attenuates hypoxia-driven disease
progression.

We set out to identify the metabolic basis underlying severe tissue hypoxia, damage and
disease progression seen in our model of CKD in eTG2-deficient mice. To this end, we
conducted untargeted metabolomics in plasma, kidney and urine in addition to erythrocytes
from controls and Tgm27"EpoR-Cre* mice following saline or Ang Il infusion (Figure 4e &
Table S3). Tgm2”"EpoR-Cre* mice infused with Angll were characterized by an insufficient
O, supply, increased renal glycolysis and decreased TCA cycle (Figure 4f). Consistent with
the metabolic data, renal mMRNA levels of several glycolytic enzymes, such as hexokinase
(HK), pyruvate kinase (PK) and lactate dehydrogenase 2 (LDH2) were induced in mutant
mice (Figure S4c). Unexpectedly, the most significantly and commonly reduced metabolites
among kidney, plasma and erythrocytes are L-carnitine and acyl-carnitines in Ang ll-infused
Tgm27 EpoR-Cre* mice compared to the controls (Figure 4f & Figure S4e). In contrast,
urine metabolomics revealed that the L-carnitine levels were increased in the mutant mice
with Ang Il infusion in a time-dependent manner (Figure 4g). L-carnitine is a rate-limiting
substrate to generate acyl-carnitines, both for fatty acid transport into mitochondria for
O,-dependent fatty acid oxidation and energy production and for the preservation of

lipid homeostasis in equilibrium with acyl-CoA counterparts, as part of damage repair
mechanisms such as the Lands’ cycle(El-Hattab and Scaglia, 2015). L-carnitine is mainly
obtained from the diet and a small portion is synthesized endogenously. Kidneys play

a role in carnitine biosynthesis from lysine and methionine(Guder and Wagner, 1990).
Metabolomics showed that neither lysine nor methionine levels were reduced (Figure S4f),
ruling out impaired renal carnitine biosynthesis.

L-carnitine is excreted from the kidney and an organic cation/carnitine transporter 2
(OCTN2)(Wu et al., 1999), is involved in tubular reabsorption of filtered carnitine. In view
of our findings that L-carnitine levels were increased in the urine but decreased in kidney,
erythrocytes and plasma in Ang Il-infused mutant mice, it is possible that increased renal
excretion of L-carnitine is associated with impaired L-carnitine reabsorption. Supporting this
possibility, OCTN2 protein and S/c22a5 (the gene encoding OCTN2) mRNA levels were
significantly reduced in the kidneys of Ang Il-infused 7gm2”’EpoR-Cre* mice compared
to controls (Figure 4h & Figure S4qg). Unlike kidneys, there were no differences in OCTN2
protein levels in erythrocytes between mutants and controls with or without Ang Il infusion
(Figure 4h & Figure S4g). Thus, our studies raise an intriguing and compelling hypothesis
that eTG2 ablation leads to downregulation of renal OCTN protein levels, decreased renal
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reabsorption of L-carnitine and increased loss to the urine, resulting in impaired L-carnitine-
dependent metabolic reprogramming.

L-carnitine supplementation improves tissue oxygenation and combats progression of
CKD.

To test above hypothesis and determine if L-carnitine is an effective and safe treatment for
CKD, we treated Ang Il infused control and 7gm27"EpoR-Cre* mice with supplementary
L-carnitine from Day 7 to Day 21 (as the increased L-carnitine in urine was observed on
Day 7, Figure 4g) and harvested samples on Day 21 for analyses (Figure 5a). L-carnitine
supplementation rescued the Ang Il-induced severe CKD phenotype in eTG2 knockouts
and attenuated CKD development in control mice by reducing hypertension and tissue
hypoxia and slowing down the kidney damage and the progression to fibrosis (Figure 5b-5f).
Moreover, L-carnitine supplementation significantly lowered ROS levels in the erythrocytes
of both controls and 7Tgm27/EpoR-Cre* mice infused with Ang Il (Figure 5g). L-carnitine
had no obvious effect on either 2,3-BPG levels or BPGM activity in either Ang ll-infused
controls or Tgm2”"EpoR-Cre* mice. Instead, L-carnitine significantly increased erythrocyte
ATP levels in Ang ll-infused Tgm2"/EpoR-Cre* mice (Figure 5g). Like 2,3-BPG, ATP

can bind to Hb and lower Hb-O, binding affinity to enhance O, delivery(Benesch and
Benesch, 1969; Ellsworth et al., 2009). As such, L-carnitine restored erythrocyte O,
delivery capacity of Ang ll-infused 7gm27”"EpoR-Cre* mice (Figure 5g). Thus, in Ang
I1-infused eTG2 knockouts, L-carnitine supplementation-mediated rescue of severe CKD
phenotype is due to dual therapeutic effects including anti-hypertension-mediated enhanced
blood flow to kidneys and improved O, delivery and decreased ROS in the erythrocytes.

In Ang ll-infused control mice, L-carnitine supplementation-mediated improvement of

the mild CKD phenotype is largely due to anti-hypertension and anti-ROS therapeutic
effects in erythrocytes. Overall, L-carnitine is an essential metabolite underlying adaptive
metabolic reprogramming and has multiple therapeutic effects on both peripheral tissues and
erythrocytes to combat hypoxiadriven CKD progression.

Molecular Links of eTG2-mediated enhanced erythrocyte O, offload in combating CKD
Hypoxia-mediated downregulation of OCTN2 via HIF-1a-PPARa axis inking eTG2 ablation
to Ang ll-induced carnitine loss, renal damage and severe CKD

Our preclinical studies described above demonstrate that decreased S/c22a5 (the gene
encoding OCTN2) mRNA and OCTNZ2 protein resulted in excess urinary carnitine loss,

a central pathogenic feature of CKD in eTG2 knockouts. However, how eTG2 ablation

is linked to decreased renal S/c22a5 transcription and reduced OCTN2 protein remained
unknown. Severe hypoxia, renal damage and the CKD phenotype that developed in Ang
I1-infused eTG2 knockouts are not due to either hypertension or elevated local renal RAS-
mediated vasoconstriction. Realizing that HIF-1a. is a master transcription factor induced by
hypoxia (lyer et al., 1998) (McGettrick and O’Neill, 2020) and that hypoxia is reported to
reduce OCTN2 levels (Chang et al., 2011; Wojtal et al., 2014), we immediately considered
the possibility that elevated HIF-1a. underlies reduction of renal S/c22a5 transcription and
OCTN2 production in Ang ll-infused eTG2-deficient mice (Figure 6a). Due to complexity
of an intact animal, we chose to conduct experiments using primary mouse renal organ
culture closely mimicking kidney to determine if HIF-1a functioning downstream of renal
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hypoxia directly downregulates S/c22a5 transcription independent of hypertension and

renal RAS changes. We found that hypoxia exposure or treatment with HIF-1a stabilizer,
dimethyloxalylglycine (DMOG), induced HIF-1a protein levels and in turn reduced S/c22a5
mRNA and OCTN2 protein levels, while the reduction was significantly attenuated by
Chrysin, a specific prolyl hydroxylase activator that promotes degradation of HIF-1a

(Figure 6b-c). These findings led us to conclude that elevated HIF-1a underlies hypoxia-
mediated downregulation of renal S/c22a5 transcription.

Notably, early studies showed that PPARa. directly controls transcription of S/c225aby
binding to PPARa specific regulatory elements (Luo et al., 2014; Maeda et al., 2008;

Wen et al., 2010) and that HIF-1a is known to downregulate the transcription of the
PPARa gene (Narravula and Colgan, 2001). Thus, we hypothesized that HIF-1a-induced
downregulation of PPARa. is responsible for hypoxia-mediated reduction of renal S/c22a5
transcription and reduced OCTN2 protein production (Figure 6d). To test this hypothesis,
we cultured murine kidney organ explants challenged with hypoxia or treated with DMOG
in the presence or absence of Fenofibrate, a PPARa agonist. Early studies showed that
Fenofibrate not only functions as PPARa agonist, but at higher concentrations also induces
transcription of PPARa gene and increases its protein production (Hsu et al., 2020; Rahman
et al., 2009). Consistent with these earlier results, we found that Fenofibrate significantly
induced both mRNA and protein levels of PPARa at higher concentrations (Figure 6e). As
such, Fenofibrate significantly attenuated hypoxia or DMOG-induced reduction in S/c22a5
mMRNA and OCTN2 protein levels in a dosage-dependent manner (Figure 6e). Thus, we
identified that the HIF-1a-PPARa signaling axis underlies hypoxia-mediated reduction in
renal S/c22a5 transcription (Figure 6f).

Similar to the /n vitro kidney organ culture exposed to hypoxia, we demonstrated that renal
HIF-1a levels were significantly induced, while PPARa and OCTNZ2 proteins and S/c22a5
MRNA levels were significantly reduced as a result of the severe renal hypoxia in Ang 1l-
infused eTG2-deficient mice (Figure 7b-7c). However, Ang Il infusion in control mice only
induced mild renal hypoxia and mild CKD, which was insufficient to cause HIF-1la—-PPARa
axis-mediated reduction of S/c22a5 transcription in control mice (Figure 7b-7c). Taken
together, we provide both /n vitro and in vivo evidence that severe hypoxia signaling via
HIF-1a-PPARa axis-mediated reduction of renal S/c22a5 mRNA and OCTNZ2 protein levels
and subsequent impairment of renal carnitine reabsorption function as a positive feedforward
loop to promote excess carnitine loss and the progression of CKD in Ang Il-infused eTG2
knockouts (Figure 6f). Thus, eTG2 is critical to combat urinary carnitine loss, promote
carnitine-dependent metabolic reprogramming and attenuate severe CKD development by
enhancing erythrocyte O, offload and mitigating HIF-1a-PPARa axis-mediated reduction of
OCTN2.

Restoration of hypoxia-mediated HIF-1a-PPARa-dependent downregulation of renal
Slc22ab5 transcription underlies the improvement in CKD by carnitine supplementation in
Ang ll-infused eTG27/~ mice

L-carnitine supplementation rescued the severe hypoxia and CKD phenotype in eTG2-
deficient mice largely due to reduced hypertension and enhanced O, delivery capacity

Cell Metab. Author manuscript; available in PMC 2023 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Xu et al.

Page 11

from erythrocytes (Figure 5b-5f). Thus, we hypothesize that the improvement in CKD by
carnitine supplementation is associated with attenuated renal hypoxia-mediated elevation of
HIF-1a, allowing restoration of PPARa-mediated S/c22a5 transcription in Ang ll-infused
eTG2 deficient mice (Figure 7a). Supporting this possibility, we found that carnitine
supplementation significantly restored renal PPARa and OCTN2 protein and mRNA levels
along with reduced renal HIF-1a protein levels in Ang I1-infused eTG2 deficient mice
(Figure 7b-c). This finding led us to conclude that L-carnitine treatment attenuated severe
renal hypoxia-mediated elevated HIF-1a and restored renal S/c225a mRNA and OCTN2
protein levels via enhanced PPARa signaling and is a key mechanism underlying the
improved CKD phenotype in eTG2-deficient mice.

To determine if carnitine can directly attenuate hypoxia-induced reduction of renal OCTN2,
we exposed primary kidney organ cultures to hypoxia or DMOG in the presence or

absence of L-carnitine. We found that L-carnitine treatment had no effect on either OCTN2
protein levels, S/c22a5 mRNA levels or HIF-1a-PPARa expression in primary kidney organ
cultures under hypoxia (Figure 7d & Figure S5a-b)or with DMOG-treatment (Figure 7e &
Figure S5a-b). These finding rule out the possibility that L-carnitine treatment has a direct
effect on the hypoxia-mediated HIF-1a-PPARa-dependent downregulation of renal S/c22a5
transcription.

Overall, both in vivoand in vitro studies allow us to identify that L-carnitine treatment
improved erythrocyte O, delivery and attenuated hypertension as dual therapeutic effects
mitigating severe renal hypoxia-mediated reduced OCTN2 production via HIF-1la-PPARa
signaling, a key mechanism underlying rescue of the severe CKD phenotype in eTG2-
deficient mice. In Ang Il-infused control mice, L-carnitine mediated attenuation of the mild
CKD phenotype is largely due to anti-hypertensive and anti-ROS therapeutic effects in
erythrocytes without the impact of HIF-1a-PPARa-mediated reduction of S/c22a5 mRNA
and OCTNZ2 protein levels (Figure 7e)

Discussion

In conclusion, we report major unexpected discoveries showing that eTG2 is beneficial

to induce tissue adaptive hypoxic metabolic reprogramming by acting as an erythrocyte
critical “protein stabilizer”, “metabolic reprogrammer” and “O, delivery facilitator” to
combat both physiological and pathological hypoxia in humans and mice. Additionally, we
identified carnitine-based therapy to increase tissue oxygenation and slow hypoxia-driven
CKD progression.

Unique among cells, enucleated erythrocytes have no ability to synthesize new proteins,

but retain a functional ubiquitin proteasomal system (UPS)(Kakhniashvili et al., 2004).
Hypoxia promotes the UPS in erythrocytes(Song et al., 2017). However, once a protein is
degraded by the UPS it is permanently lost due to the lack of ongoing transcription and
translation. Thus, “defensive” mechanisms controlling proteostasis versus proteolysis are
extremely critical in erythrocytes. However, very little is understood about how erythrocytes
properly maintain protein homeostasis under health and disease, in particular when facing
hypoxia. Here we report that eTG2 plays a key mechanistic role in erythrocyte proteostasis,
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metabolism and function to combat physiological and pathological hypoxia. Specifically,
we revealed that eTG2-mediated PTM is critical to prevent polyubiquitination and in

turn selectively stabilize specific erythrocyte proteins to maintain protein homeostasis.

Our proteomics data identified 23 potential TG2-modified substrates. Pathway analysis
indicates that those identified protein candidates are important in metabolism, adhesion,
locomotion and cellular structure. For example, Flotillin-2 (Flot2) and Gamma-adducin
(Add3) are prominent components of the erythrocyte membrane and involved in lipid raft
formation (Biernatowska et al., 2017; Robledo et al., 2010). Among identified targets we
provided both genetic proof-of-principle and pharmacological /n vitro evidence showing
that eTG2-mediated PTM is essential to maintain BPGM proteostasis by interfering with
polyubiquitination and subsequent proteolysis. As such, increased eTG2 activity is a critical
adaptive hypoxic response to stabilize BPGM protein levels and eventually enhancing O,
offloading from erythrocytes in both humans ascending to high altitude and mice challenged
with hypoxia or CKD. Notably, earlier studies showed increased BPGM activity, 2,3-BPG
levels and P50 in CKD patients (Xie et al., 2020a). Thus, it is important to validate if
elevated eTG2-mediated BPGM proteostasis contributes to its activation, 2,3-BPG induction
and enhanced O, offload in CKD patients. Additionally, carbamylation is a non-enzymatic
and irreversible PTM resulting from interaction between isocyanic acid and amino groups
of proteins. Carbamylation can modify lysine residues of polypeptide chains to generate an
e-carbamyl-lysine bond (/.e., homocitrulline). Given the fact that increased carbamylation is
reported in CKD (Berg et al., 2013) and end-stage renal disease (Berg et al., 2013) due to
elevated urea, the toxic end product of protein catabolism and a precursor of isocyanic acid,
and that TG2 catalyzes covalent bond-formation between the e-amino group of lysine and
y—carboxamide group of peptide-bound glutamine, it will be interesting to see whether TG2
activation affects carbamylation in erythrocytes of CKD patients.

Interestingly, although ablation of eTG2 reduces BPGM protein levels by 50%, it has no
impact on the basal level of BPGM activity and O, offload but only abolishes the enhanced
BPGM activation and O, delivery capacity facing the challenge of hypoxia and CKD. These
findings implicate that there is a TG2-independent mechanism responsible for maintaining a
normal level of BPGM activity and O, offloading in eTG2-deficient mice under normoxia,
while such a mechanism is lost in eTG2-deficient mice challenged with hypoxia or CKD.
Notably, erythrocytes are well equipped with a sophisticated regulatory system to activate
glycolytic enzymes to adapt to physiological and pathological hypoxia(D’Alessandro and
Xia, 2020; Lewis et al., 2009; Low et al., 1993; Rogers et al., 2009). For example, adenosine
mediated activation of the sphingosine-1-phosphate-PP2A-AMPK signaling cascade is
reported to regulate BPGM activation under hypoxia (Sun et al., 2016) and CKD(Peng et
al., 2019; Xie et al., 2020a). Thus, this hypoxia-sensitive signaling network is likely already
activated to induce BPGM activity and O, offload in eTG2-deficient mice as the control
mice under normoxia. However, such a compensatory adaptive response may be unable

to further activate BPGM in the eTG2-deficient mice in response to challenge of hypoxia
and CKD. Moreover, substantial studies reported that TG2 gene expression is regulated by
hypoxia and inflammation in nucleated cells(Su et al., 2021; Zonca et al., 2017). However,
how eTG2 enzyme activity is induced by hypoxia in enucleated mature erythrocytes remains
unresolved. Notably, early studies showed that adenosine induces TG2 activity in H9c2
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cells(Vyas et al., 2016). Given the critical role of the adenosine-sphingosine 1 phosphate-
PP2A-AMPK signaling axis in erythrocyte metabolic and hypoxic adaptation by inducing
BPGM activation (Xie et al., 2020b), this signaling cascade likely also controls eTG2
activation under hypoxia in mature erythrocytes. Taken together, our finding supports a new
working model that eTG2-mediated PTM and the adenosine-S1P-PP2A-AMPK signaling
axis are two critical components working together to promote TG2 activation, prevent
BPGM proteolysis and induce BPGM activation for adaptation to both physiological and
pathological hypoxia.

Erythrocytes deliver O, but do not use O,. Enhanced erythrocyte O, delivery is vital for
peripheral tissue metabolic reprogramming by fully oxidizing major nutrients to maximize
energy production for survival under stress. To our knowledge, regulatory mechanisms

of erythrocyte-induced tissue oxygenation and adaptive hypoxic metabolic reprogramming
remain largely unknown. Here we revealed that eTG2-mediated proteostasis of BPGM

and enhanced O delivery counteracts tissue hypoxia, renal dysfunction, progression to
CKD and enhances tissue adaptive metabolic reprogramming featured with decreased
glycolysis, increased fatty acid oxidization and TCA cycle metabolism, independent of
hypertension and local RAS-mediated renal vasoconstriction. L-carnitine is important for
fatty acid oxidation in mitochondria(El-Hattab and Scaglia, 2015) and for the Lands’ cycle
to repair oxidized membrane lipids in erythrocytes(Wu et al., 2016). However, the regulation
and function of eTG2 in carnitine metabolism has not been previously recognized. Here

we report that carnitine emerges as an important metabolite for both erythrocyte and

tissue metabolic reprogramming for hypoxia adaptation in Ang Il-induced CKD. Our
metabolomics led to an unexpected discovery that L-carnitine levels are decreased in kidney,
erythrocytes and plasma but increased in the urine due to downregulation of renal OCTN2
levels in eTG2 knockout mice with CKD. Mechanistically, we further revealed that eTG2-
deficiency resulted in renal hypoxia and the activation of a HIF-1a-PPARa signaling axis
that links renal damage and progression of CKD with reduced renal S/c22a5 transcription
and the loss of urinary carnitine reabsorption. As such, insufficient O, and L-carnitine work
together to aggravate tissue damage and dysfunction as a vicious cycle to promote disease
progression. Expanding on these findings, our preclinical, interventional studies revealed
that carnitine loss is a key pathology for CKD and a carnitine-based therapy may be a

safe and effective treatment for hypoxia-driven CKD. Mechanistically, carnitine treatment
lowers hypertension and restores enhanced erythrocyte O, delivery by attenuating renal
hypoxia-mediated downregulation of S/c22a5 transcription via HIF-1a-PPARa signaling.
As such, carnitine supplementation led to enhanced blood flow and O, supply and the
restoration of carnitine homeostasis to combat Ang Il-induced damage and progression

of CKD in eTG2-deficient mice. In contrast, eTG2-mediated stabilization of BPGM is
maintained in control mice with Ang Il infusion. Thus, BPGM activity, 2,3-BPG levels and
05, offload from erythrocytes are induced in Ang Il-infused control mice. As such, Ang Il
only induced mild hypoxia and a mild CKD phenotype without significant effects on the
HIF-1la-PPARa signaling axis and downregulation of S/c22a5 mRNAs and OCTNZ2 protein.
Carnitine supplementation lowered ROS in erythrocytes and enhanced BPGM homeostasis
to combat Ang Il-induced mild CKD in control mice (Figure 7f). Supporting our findings,
lower plasma carnitine(Bissinger et al., 2021; Di Liberato et al., 2014) and reduced renal
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fatty acid metabolic gene expression(Kang et al., 2015) are reported in CKD patients.
Moving forward, our mechanistic and preclinical studies establish a strong foundation for
carnitine-based therapy in CKD patients.

PTMs such as phosphorylation and ubiquitination are widely studied and well recognized
to regulate cell signaling, homeostasis and function. In contrast, TG2-mediated PTM in
erythrocyte proteostasis, metabolism and function for tissue hypoxia metabolic adaption
remained unrecognized prior to our studies presented here. Given the vital role of O,

and L-carnitine in bioenergetics in almost every cell within our body, we anticipate that

the newly identified signaling axis and metabolic network mediated by eTG2 could play

an important role in many diseases, beyond CKD, in which hypoxia is an etiological
contributor, including aging, neurodegenerative diseases, cardiovascular disease and cancer.

Limitations of the study

For the human studies, the role of eTG2-mediated PTM in promoting erythrocyte BPGM
proteostasis and enhancing O, delivery was determined only in healthy individuals
ascending to high altitude. To assess the generality of these findings it will be important

to examine other cases of tissue hypoxia, including hypertensive patients with CKD.
Moreover, eTG2-induced O, delivery to combat hypoxic tissue damage, HIFla-PPARa
signaling axis-mediated downregulation of renal S/c22a5 transcription, urinary carnitine loss
and progression of CKD was solely determined in an Ang ll-infusion induced model of
hypertensive CKD, making generalization to other CKD models not possible. Although
eTG2-mediated PTM was found to stabilize BPGM and promote adaptive hypoxic metabolic
reprogramming, the functional role of eTG2-mediated PTM on other proteins remains to

be determined. eTG2 activity was induced by hypoxia or Ang Il infusion. However, the
specific mechanisms underlying eTG2 activation by hypoxia or Ang Il were not determined
and will be the focus of future studies. Owing to the effective and safe use of carnitine
supplementation to treat Ang ll-induced CKD in mice, it will be important to investigate the
in vivo benefits of carnitine treatment in other hypoxic conditions such as humans ascending
to high altitude and in other mouse models of pathological hypoxia. The results of such
studies may show that carnitine-based therapies have broad clinical application.

STAR Methods
RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the Lead Contact, Yang Xia (yang.xia@uth.tmc.edu).

Material availability—Mouse lines generated in this study are available from the lead
contact upon request. This study did not generate new unique reagents.

Data and code availability

. Unprocessed data underlying the display items in the manuscript are presented in
Data S1 and S2 files as supplemental material.

. This paper does not report original code.
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. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human High-Altitude Studies—The human volunteer samples were obtained as part of
the AltitudeOmics project(Ryan et al., 2014; Subudhi et al., 2014). In brief, all procedures
conformed to the Declaration of Helsinki and were approved by the Institutional Review
Boards at the University of Colorado and University of Oregon and the US Department

of Defense Human Research Protection Office. The detailed experimental protocols were
described previously(Ryan et al., 2014; Subudhi et al., 2014). Each participant in this study
was healthy, a non-smoker, cardiorespiratory disease free, was born and raised at <1500 m,
and had not traveled to elevations >1000 m in the 3 months before the investigation. The
clinical characteristics of all participants in this study are described in Table S1 (Total n=18,
male=11, female=7).

Animals—All animal protocols were in accordance with National Institutes of

Health guidelines and approved by the Institutional Animal Welfare Committee of

the University of Texas Health Science Center at Houston (AWC-19-0112). All
experimental animals were housed under controlled conditions with temperature of

71F and humidity around 50%. The lights are programmed to start “sunrise” at 7am

and “sunset” at 7pm. It takes +/- 15 minutes to complete the dimming or rising

light process on either end, but it keeps the 12:12 light-dark cycle. Food and water

were available ad libitum for all animals. Tgm20X/flox mice were obtained from Gail

VW Johnson (University of Rochester, New York) with permission from SE lismaa

and RM Graham (Victor Chang Cardiac Research Institute, Australia) (Journal of
Biological Chemistry 2001;276, 20673-78). C57BL/6 mice (Stock No:000664) were
purchased from Jackson Laboratory. Mice with an erythrocyte-specific deletion of 7gm2
(Tgm211oX/flox EpoR-Cre*) were generated by crossing 7gm2710oX/flox mice with EpoR-Cre*
mice(Heinrich et al., 2004). These mice were genotyped using specifically designed primers
(Tgm2flox/flox. GGCAAGGTCTGAGAAAGCAC, CACGTAGACTGTTCCCAGCA,
EpoRCre*: GTGTGGCTGCCCCTTCTGCCA, CAGGAATTCAAGCTCAACCTCA) and
the expression of TG2 protein was determined by western blot (Figure S1b-S1c). Eight to 12
weeks, age matched male £poR-Cre* mice and Tgm2/10X/floX EpoR-Cre* mutant mice were
used for experiments. Mice were anesthetized with isoflurane (2%), and each mouse was
infused with Angll (500 ng/kg/min) or saline subcutaneously by implantation of an osmotic
mini-pump (ALZET) through a small incision made in the nape of the mouse neck. For the
rescue experiments, mice were randomly assigned to three groups. (i) control group: infused
with saline via mini-pump and received saline i.p.; (ii) Ang Il group: infused with Ang

I1 (500ng/kg/min) via mini-pump and received saline i.p.; (iii) Ang ll+L-carnitine group:
infused with Angll (500ng/kg/min) via mini-pump and received L-carnitine (500mg/kg body
weight/day, i.p.). For /n vivo tracer experiment, mice were intravenously injected with 5%
D-Glucose-1,2,3-13C3 (5ml/kg) (Sigma) for 30min and then samples were collected. For all
animal experiments, kidney, heart and liver were collected and either frozen immediately

in liquid nitrogen or fixed in 10% buffered formalin phosphate (Fisher Scientific) for
histochemical examination. For long-term storage, samples were stored in a —80°C freezer.

Cell Metab. Author manuscript; available in PMC 2023 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Xu et al.

Page 16

In vitro human and murine erythrocytes culture—Both human and mouse blood
were collected with heparin as an anti-coagulant and centrifuged at 2,000 x g for 5

min at room temperature, followed by percoll purification. Purified mature erythrocytes
were washed three times with culture media (F-10 nutrient mix, Life Technology) and
re-suspended to 4% hematocrit. The suspended RBCs were added to each well of a 12-well
plate and treated with different concentrations of cystamine (Sigma, #30050) for 6 hour or
for different time points.

Primary murine kidney organ culture—Kidneys were surgically isolated from
C57BL/6 mice, washed 3 times in cold PBS, then dissected into 2-3 mm3 pieces using
autoclaved sterilized scissors and tweezers. Minced kidney explants were suspended in
Dulbecco’s modified Eagle Medium (DMEM, Gibco) with 10% fetal bovine serum (FBS,
Corning) and cultured in a humidified atmosphere of 5% CO, at 37°C(Luo et al.,

2015). After 24 hours, culture media was changed to DMEM without 10% FBS and
treated with DMOG (Selleckchem, #57483), Chrysin (Selleckchem, #52281), Fenofibrate
(Selleckchem, #51794), L-carnitine (Selleckchem, #52388) in normoxia (21% O,,) or
hypoxia condition (1% O»,). Hypoxic challenge was performed using hypoxia chamber
(Whitley H45 Hypoxystation). After treatment, total RNA and protein were isolated for
quantitative RT-PCR and western blot analysis.

METHOD DETAILS

In vivo hypoxia challenge—Hypoxic challenge was performed using hypoxia chamber
(BioSpherix) with continued monitoring of oxygen concentration (BioSpherix, Prolx-110).
In this study, oxygen concentration for the hypoxia challenge was 10%.

Mouse blood pressure measurement—Systolic blood pressure was measured using

a carotid catheter-calibrated tail-cuff system (CODA, Kent Scientific, Torrington, CT), as
previously described(Luo et al., 2015; Zhang et al.,2013). Briefly, mice were placed in
temperature-controlled chambers (37°C) and blood pressure was monitored before mini-
pump implantation, which was considered as baseline and continuously measured after
mini-pump surgery. For every episode of blood pressure measurement, the first five cycles of
blood pressure measurement were deemed as an initial acclimatization, followed by a period
of 20 cycles of blood pressure measurement. The averaged value of the 20 cycles was used
for the analysis of blood pressure.

24 hour-urine collection and analysis—Muice were placed in metabolic cages
(Nalgene) for 24 hour-urine collection. The urine albumin and creatinine were measured by
commercially available kits (Exocell 1011 and 1012) without any modification as previously
described(Peng et al., 2019).

Erythrocytes and plasma collection—Mouse blood was collected in EDTA
anticoagulated tubes (MiniCollect), then centrifuged at 3000 rpm for 5 min at 4°C. Plasma
was collected in the upper layer, and packed cells were collected at the bottom. Mature red
blood cells were purified via 70% Percoll density centrifugation (Sigma).
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Quantification of erythrocyte 2,3-BPG level and P50—Twenty ul of whole blood
was added into 100 pl, 0.6 M cold perchloric acid on ice and mixed well, followed by
centrifugation at 13,000rpm for 10 min. Eighty ul of supernatant was transferred to a new
tube, then neutralized with 10 ul 2.5 M K,CO3, followed by centrifugation at 13,000rpm for
10 min. A volume of 10 pl supernatant was used to quantify 2,3-BPG using a commercially
available kit (Roche)(Sun et al., 2016). For P50(Liu et al., 2016), 10 pl of whole blood
aliquot was added into 3 ml Hemox Buffer (TCS Scientific Corporation) with 5 ul anti-
foaming reagent (TCS Scientific Corporation) and 5 pl 22% BSA in PBS. The mixture

was then added into Hemox Analyzer (TCS Scientific Corporation) to measure the oxygen
equilibrium curve at 37 °C.

BPGM activity measurement—Erythrocytes were lysed in cold ddH,O with protease
inhibitors. Twenty-five ug of erythrocyte protein lysates were utilized for measurement

of 2,3-BPG mutase activity as described previously(Liu et al., 2016). Briefly, erythrocyte
protein extract was incubated in 100 pl prepared reaction mixture (100 mM Triethanolamine
pH 7.6, 1 mM MgS04, 4 mM ATP, 3 mM 3-phosphoglycerate, 10 units phosphoglycerate
kinase) for 30 minutes at room temperature. The reaction was stopped by adding 5 pl

of 11.63 M perchloric acid. The reaction system was incubated on ice for 10 min, then

spun at 14,000rpm for 5 min at 4°C. Eighty ul supernatant was transferred to a new tube,
then neutralized with 10 pl 2.5 M K,COg, vortexed and incubated on ice for 10 min.
Subsequently the reaction was centrifuged at 14,000rpm for 10 minutes, 10 pl supernatant
was collected for 2,3-BPG measurement by using a commercial assay (Roche), as previously
described(Peng et al., 2019).

TG2 activity assay—TG2 activity in RBC samples was determined with
Transglutaminase Assay Kit (Sigma-Aldrich, #CS1070) following manufacturer’s
instructions except using 37°C as the reaction incubation temperature, as previously
described(Liu et al., 2015; Luo et al., 2016).

ATP level measurement—ATP levels were determined with ATP Colorimetric/
Fluorometric Assay Kit (BioVision, # K354-100) following manufacturer’s instructions.

Erythrocyte membrane isolation—Purified mature red blood cells were washed three
times with cold PBS (Gibco). The RBC pellet (100 ul) was lysed with 5 ml 0.4% NaCl with
1X protease (ThermoFisher) and phosphatase inhibitors (Roche), and incubated on ice for
15 min with occasional vortexing. The lysate was spun at 3000rpm for 10 min at 4 °C. The
supernatant was discarded, 5 ml 0.4% NaCl with 1X protease and phosphatase inhibitors
was added, then the lysate was vortexed and centrifuged 3000rpm for 10 min at 4 °C. The
previous centrifuging step was repeated for a total of 5 times. The pellet was suspended in
100 ul RIPA buffer, sonicated for 10 seconds twice. The lysate was incubated on ice for 30
min, then centrifuged at 15,000 x g for 10 min at 4 °C. The supernatant was saved and stored
at —80 °C for future use.

Immunoprecipitation—Immunoprecipitation (IP) was performed in 0.5 ml IP solution
(protein lysate and IP buffer (50 mM Tris-HCI pH 7.5, 150 mM NaCl and 1% triton
x-100) along with protease inhibitor and 20 mM N-ethylmaleimide). Ubiquitin (Santa Cruz,
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#sc-8017, 1:100) and BPGM (Proteintech, #17173-1-AP, 1:1,00) antibodies were added

to the IP solution respectively, followed by incubation overnight at 4 °C. After primary
antibody incubation, 50 ul Protein G Sepharose beads (GE Healthcare Life Sciences, #:17—
0618-01) was added and incubated at 4 °C overnight or at room temperature for 2 h. Beads
conjugated with anti-e-(y-glutamyl)-lysine isopeptide IgM (81D4) (Covalab, #opr0003) was
used to pull down proteins with isopeptide bonds. IP proteins were eluted by boiling in 30
ml 2 X Laemmli Sample Buffer (Bio-Rad, #:1610737) at 100 °C for 10 min and resolved on
10% SDS-PAGE gels for western blot.

Western blot analysis—Erythrocytes were lysed in H20 at 1:10 volume ratio in

the presence of 1X protease inhibitor cocktail (Roche, #11697498001), 1X phosphatase
inhibitor cocktail (Roche, #04906837001) and proteasome inhibitor MG132 (Santa Cruz,
#sc-201270) 10uM or Bortezomib (Santa Cruz, #sc-217785) 1uM, then 10X PBS was added
to the lysate to neutralize buffer. Protein concentration was determined by BCA Protein
Assay kit (Pierce). Protein samples were boiled in Laemmli Sample Buffer (Bio-Rad) for
10 min at 95 °C, then loaded to 10% SDS-PAGE gel for western blot. We used antibodies
to OCTN2 (Abcam, #ab180757, 1:1,000), TG2 (GeneTex, #GTX111702, 1:1,000), BPGM
(Proteintech, #17173-1-AP, 1:1,000), GAPDH (Invitrogen, # PA1-987, 1:1,000), Isopeptide
[81D1C2] (Abcam, #ab422, 1:1,000), Ubiquitin (Santa Cruz, #sc-8017, 1:1000), PPARa
(Invitrogen, #PA585125, 1:1000), HIF-1a ( Invitrogen, #PA1-16601,1:1000) and B-Actin
(Cell Signaling, #3700S,1:2000). The secondary antibodies were obtained from LI-COR
(IRDye 800CW Donkey anti-Rabbit 1gG, #926-32213, 1:10000; IRDye 680RD Donkey
anti-Mouse 1gG, #926-68072, 1:10000) and all secondary antibodies were used at 100 ng
ml~1in LI-COR blocking buffer (LI-COR, #927-40000) supplied with 0.2% Tween 20.

Western blots were scanned by Odyssey Imaging System (LI-COR) following the
manufacturer’s instructions. Protein bands were quantified by densitometry, expressed
relative to B-actin and normalized as indicated in the figure legends for each condition.

Reverse transcription polymerase chain reaction (RT-PCR)—Total RNA was
isolated from tissue using TRIzol (Life Technologies) following the manufacturer’s
instructions. Complementary DNA (cDNA) was generated using the reverse transcription
kit (QIAGEN). Relative gene expression was quantified using a SYBR Green PCR kit
(QIAGEN). The primers for quantification were purchased from IDT (Integrated DNA
Technologies, Inc.). The sequences of primers shown in Table S2.

Metabolomics analysis—Analyses were performed as previously
described(D’Alessandro et al., 2019; Nemkov et al., 2020). Briefly, RBC, plasma, urine

and kidney extracts were extracted in methanol: acetonitrile: water 5:3:2 (v/v/v) as
described(D’ Alessandro et al., 2019; Nemkov et al., 2020). After incubation at 4 °C for

30 min with constant agitation, the supernatants were separated by centrifugation (10,000 x
g for 10 min at 4 °C) and stored at —80 °C until analysis. Samples were vortexed(Reisz et
al., 2018) and insoluble material pelleted as described(D’Alessandro et al., 2017; Nemkov et
al., 2016). Ultra-High-Pressure Liquid Chromatography-Mass Spectrometry metabolomics
analyses were performed using a Vanquish UHPLC coupled online to a Q Exactive

mass spectrometer (Thermo Fisher, Bremen, Germany). Samples were analyzed using a
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3 minute(Nemkov et al., 2017) isocratic condition or a 5 min gradient as described (Nemkov
et al., 2019). Solvents were supplemented with 0.1% formic acid for positive mode runs

and 1 mM ammonium acetate for negative mode runs. MS acquisition, data analysis

and elaboration were performed as described(Nemkov et al., 2019). Additional analyses,
including untargeted analyses and Fish score calculation via MS/MS, were calculated
against the ChemSpider database with Compound Discoverer 2.0 (Thermo Fisher, Bremen,
Germany). Metabolic pathway analysis and statistical analyses were performed using the
MetaboAnalyst 4.0(Chong et al., 2018).

Mass spectrometric analysis—The samples were loaded onto a 1.5 mm thick NUPAGE
Bis-Tris 4-12% gradient gel (Invitrogen) and visualized with SimplyBlue™ SafeStain
(Invitrogen) stain. Each lane of the gel was divided into 4 equal-sized bands, and proteins in
the gel were digested as follows. The pieces were destained in 200 pl of 25 mM ammonium
bicarbonate in 50% (v/v) acetonitrile for 15 min and washed with 200 ul of 50% (v/v)
acetonitrile. Disulfide bonds were reduced by dithiothreitol, and cysteine residues were
alkylated with iodoacetamide. Modified sequencing grade trypsin (Promega) was added
1:100 (w/w) and the samples were digested overnight at 37 C. The digestion was stopped by
addition of 5% formic acid (FA). Organic solvent was removed in a SpeedVac concentrator
and resuspended in 40 ul of 0.1% FA. Each sample was loaded onto individual Evotips

for desalting and then washed with 200 ul 0.1% FA followed by the addition of 100 pl
storage solvent (0.1% FA) to keep the Evotips wet until analysis. The Evosep One system
(Evosep, Odense, Denmark) was used to separate peptides on a Pepsep column, (150 um
inner diameter, 15 cm) packed with ReproSil C18 1.9 um, 120A resin. The system was
coupled to the timsTOF Pro mass spectrometer (Bruker Daltonics, Bremen, Germany) via
the nano-electrospray ion source (Captive Spray, Bruker Daltonics). The mass spectrometer
was operated in PASEF mode. The ramp time was set to 100 ms and 10 PASEF MS/MS
scans per topN acquisition cycle were acquired. MS and MS/MS spectra were recorded from
m/z100 to 1700. The ion mobility was scanned from 0.7 to 1.50 Vs/cm2. Precursors for
data-dependent acquisition were isolated within + 1 Th and fragmented with an ion mobility-
dependent collision energy, which was linearly increased from 20 to 59 eV in positive mode.
Low-abundance precursor ions with an intensity above a threshold of 500 counts but below a
target value of 20000 counts were repeatedly scheduled and otherwise dynamically excluded
for 0.4 min.

Database Searching and Protein Identification—MS/MS spectra were extracted
from raw data files and converted into .mgf files using MS Convert (ProteoWizard, \er.
3.0). Peptide spectral matching was performed with Mascot (Ver. 2.5) against the Uniprot
mouse database. Mass tolerances were +/— 15 ppm for parent ions, and +/- 0.4 Da for
fragment ions. Trypsin specificity was used, allowing for 1 missed cleavage. Met oxidation,
protein N-terminal acetylation, isopeptide bond formation with loss of ammonia (K) and
peptide N-terminal pyroglutamic acid formation were set as variable modifications with Cys
carbamidomethylation set as a fixed modification.

Scaffold (version 4.8, Proteome Software, Portland, OR, USA) was used to validate MS/MS
based peptide and protein identifications. Peptide identifications were accepted if they
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could be established at greater than 95.0% probability as specified by the Peptide Prophet
algorithm. Protein identifications were accepted if they could be established at greater than
99.0% probability and contained at least two identified unique peptides.

Gene Ontology biological processes analysis—To interpret the specific pathways
associated with TG2 mediated isopeptide modification, genes in selected modules were
analyzed using the online bioinformatics database Metascape as previously described(Zhou
et al., 2019) (http://metascape.org/gp/index.html#/main/stepl). For given gene list, process
enrichment analysis has been carried out with GO Biological Processes. Bar graph
demonstrating biological processes enrichment analysis of up-regulated proteins from
isopeptide pulldown comparing £poR-Cre* and Tgm2"f EpoR-Cre* RBCs.

Plasma creatinine and urea measurement—Plasma creatinine levels were
determined with a creatinine colorimetric assay kit (Abcam, #ab65340) following the
manufacturer’s instructions. Plasma urea concentrations were determined by using a urea
assay kit (Sigma-Aldrich, #MAKOQ06), which utilizes a coupled enzyme reaction, resulting
in a colorimetric (570 nm) product.

RBC ROS detection by flow cytometry—RBC ROS level was evaluated by flow
cytometry according to the manufacturer’s recommended protocol. Briefly, 1 ul RBC pellet
was resuspended in 100 ul PBS and incubated with CM-H2DCFDA (Invitrogen, C6827)

at 1.73 uM for 30 minutes at 37 °C in the dark. Samples were then washed 3 times

with PBS and resuspended with 200 ul PBS. Samples were analyzed for fluorescence in
the fluorescein isothiocyanate (FITC) channel on a BD FACS-Canto cytometer using BD
FacsDiva software (version 6.2).

Histological analysis—Mouse hearts, livers and kidneys were fixed in 10% buffered
formalin phosphate, then were sent to the Histology Laboratory (Department of Pathology
and Laboratory Medicine, McGovern Medical School, University of Texas) for sectioning
(5 pm) and hematoxylin and eosin stain (H&E) or Masson’s trichrome staining. Slides
were examined by light microscopy and assessed for kidney morphology and fibrosis.
Renal injury score of H&E staining was assessed by quantifying the chronic kidney disease
features in glomeruli and tubules, as previous described(Zhang et al., 2013). The score was
counted in 10 fields of randomized and blinded slides with each field having at least 15
glomeruli and tubules, respectively. A highest score of 5 was accorded to complete loss of
capillary space and sclerosis or necrosis. A score of 1 was assigned to normal amount of
capillary space within Bowman’s capsule and normal structures of tubules. An intermediate
score of 3 was assigned to the damage between complete loss of capillary space and normal
capilary space. Renal fibrosis score, defined as the percentage of the blue area (section with
positive staining for collagen) relative to the whole area of the field, was calculated using
ImageJ computer software.

Hypoxyprobe immunofluorescence measurement—Tissue hypoxia levels were
measured by Hypoxyprobe immunofluorescence intensity as described before(Sun et al.,
2016). Briefly, mice were injected with 50 mg/kg Hypoxyprobe (Hypoxyprobe, Inc.) 30
min before tissues were harvested. Tissues were fixed in 10% buffered formalin and sent
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to the Histology Laboratory for sectioning (5 pm). Sides were rehydrated, permeabilized
with 0.5% Triton X-100 in PBS for 20 min, blocked in 3% BSA in PBS and incubated in
anti-hypoxyprobe antibody (Hypoxyprobe, Inc., rabbit anti-PAb2627AP) overnight at 4 °C.
Alexa Fluor 594-conjugated donkey anti-rabbit 1gG antibody (Life Technologies) was used
as a secondary antibody for Hypoxyprobe immunofluorescence. After washing, slides were
sealed with ProLong Gold Antifade Reagent (Invitrogen). Quantification of the fluorescent
intensity was performed using the Image-J software. The average immunofluorescence
density of 5 fields per slide was used for analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical Analysis—All data are expressed as mean + SD. Statistical analyses were
performed with Graphpad Prism (version 8.3.1). Statistical significance was determined
using Unpaired t-test based on sample distribution for comparing differences between 2
groups. One-way ANOVA was applied to analyze mean differences among multiple groups,
followed by a Tukey multiple-comparisons test. Two-way ANOVA was used to compare
data collected from different time points and dosages, followed by Tukey or Sidak post hoc
test. A value of A<0.05 was considered to denote statistical significance.
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. Hypoxia induces erythrocyte TG2 activity in healthy humans and mouse

. eTG2 mediated PTM of BPGM promotes its proteostasis, enhancing O,

. eTG2 controls carnitine homeostasis by maintaining renal S/c22a5

. Carnitine supplementation ameliorates hypertension and CKD by enhancing
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Figure 1. Hypoxia Induces eTG2 activity in both humans and mice.

a. Schematic representation of AltitudeOmics project design; TG2 & BPGM activity, 2,3-
BPG and P50 in human erythrocytes at sea level (SL) and at high altitude on day 1
(ALT1), day 7 (ALT7) or day 16 (ALT16). Circles represent females, squares represent
males. */<0.05, (n=16-18). **P<0.05, Pearson correlation analysis, r?=0.4514. P50 was
significantly correlated with 2,3BPG, ***£<0.05, Pearson correlation analysis, r?=0.4751.
b. Effect of high-altitude hypoxia on isopeptide modification and BPGM protein levels in
human erythrocytes and IP Isopeptide followed by Western blot against BPGM; Protein
bands were quantitated and normalized to the sea level. */<0.05, (n=5).

¢. Experimental design for mouse model of human hypoxia. Erythrocyte BPGM and TG2
activity were quantified in £poR-Cre* mice and Tgm2”'EpoR-Cre* mice under normoxia
and hypoxia (10% O, for 48h). */<0.05, (n=3 or 4).
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d-e. /n vivo effect of hypoxia exposure on murine erythrocyte BPGM protein level (d).
Protein bands were quantified and normalized to the £poR-Cre* mice under normoxia (e).
*P<0.05, (n=3).

f. /n vivo effect of high altitude hypoxia and hypoxia exposure on proteins modified by
ubiquitin in human (left panel) and mouse (right panel) erythrocytes. Protein bands were
quantified and normalized to humans at sea level and EpoR-Cre* mice under normoxia.
*£<0.05, (n=3). All of data are expressed as mean + SD. Statistical analyses among SL,
ALT1, ALT7 and ALT16 were conducted by one-way ANOVA followed with Sidak’s
multiple comparisons test. Statistical analyses between EpoR-Cre* and Tgm27EpoR-Cre*
mice treated with or without Ang Il were conducted by two-way ANOVA followed with
Sidak’s multiple comparisons test. See also Figure S1, Figure S2 and Table S1.
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Figure 2. TG2-mediated PTM stabilizes erythrocyte BPGM and maintains protein homeostasis
by competing against polyubiquitination and degradation.

a. Schematic representation of experiment design.

b. In human erythrocytes, TG2 activity was reduced by cystamine treatment in a dose (upper
panel) and time (lower panel) dependent manner (n=3).

c. In vitro inhibitive effect of cystamine on TG2-mediated isopeptide modification on BPGM
protein and proteins modified with ubiquitin in cultured human erythrocytes are dose-
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dependent (upper panel) and time-dependent (lower panel). Protein bands were normalized
to untreated erythrocytes (n=3).

d. Isopeptide modification of BPGM mediated by TG2 was reduced by cystamine treatment
in a dose and time dependent manner in cultured human erythrocytes (left panel). IP BPGM
followed by western blot against ubiquitin and vice versa (right panels).

e. In mouse erythrocytes, TG2 activity was reduced by cystamine treatment in a dose (upper
panel) and time (lower panel) dependent manner (n=5).

f. Effect of cystamine on BPGM protein and proteins modified with ubiquitin in mouse
RBCs is in a dose (upper panel) and time (lower panel) dependent manner, followed with
quantification of protein bands by densitometry (n=3).

g. IP isopeptide followed by western blot against BPGM; IP BPGM followed by western
blot against ubiquitin and vice versa. Data are expressed as mean + SD. For different dosage
treatment, */<0.05 versus control, **/<0.05 versus 500 uM. For different time points,
*P<0.05 versus control, **/£<0.05 versus 3h. Data were analyzed by one-way ANOVA
followed with Sidak’s multiple comparisons test. See also Figure S2.
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Figure 3. Beneficial role of erythrocyte TG2-mediated BPGM stabilization under pathological
hypoxia by promoting erythrocyte adaptive metabolic reprogramming for enhanced O, delivery.

a. BPGM activity and TG2 activity in EpoR-Cre* and Tgm27/EpoR-Cre* mice in Ang Il
infusion-induced CKD model. */<0.05 (n=3-6).
b. Effect of Ang IlI-mediated pathological hypoxia on the protein levels of BPGM, GAPDH,
G6PD, ubiquitin and isopeptide, followed with the quantification of protein bands by

densitometry.
¢. Heat map of erythrocyte glucose metabolism measured by untargeted metabolomics.

Cell Metab. Author manuscript; available in PMC 2023 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Xu et al.

Page 32

d. Erythrocyte 2,3-BPG levels were measured by commercially available kit. Erythrocyte
oxygen release capacity (P50) was measured by a Hemox analyzer. The GSSG/GSH ratio
was quantified by untargeted metabolomics. Erythrocyte ROS levels were detetermined by
flow cytometry */<0.05, (n=3-6).

e. In vivo flux experiments with 13C1,2,3-glucose to trace glucose metabolism between
Glycolysis-RLShunt and PPP. Isotopically labeled 2,3-BPG (M+3), PEP (M+3), PY(M+3)
LAC (M+3), and the ratio of 6PGL (M+3)/G6P (M+3),6PG (M+3)/G6P (M+3), S7TP
(M+4)/G6P (M+3), LAC (M+2)/G6P (M+3). *£<0.05, (n=3-5).

f. Schematic illustration of eTG2-dependent stabilization of BPGM protein in adaptive
metabolic reprogramming and functional regulation in RBC. Data are expressed as mean +
SD and were analyzed by two-way ANOVA followed with Sidak’s multiple comparisons
test. See also Figure S3.
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Figure 4. Erythrocyte TG2 deletion exacerbates Ang Il-induced CKD manifestations and
disturbs L-carnitine-dependent renal metabolism.

a. Systolic blood pressure (BP) was measured on days 0, 3, 7 and 14 of Ang Il infusion.
*P<0.05, Saline versus Ang Il (n=4-6). kits. */<0.05, (n=4-6).
b. Urinary protein, plasma creatinine and plasma urea were quantified by commercially
available kits. */<0.05, (n=4-6).
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c. Top panel: Representative images of hypoxyprobe staining in kidney, heart and liver
(scale bar=100 pm). Bottom panels: Representative images of Masson’s trichrome staining
in kidney,heart and liver (scale bar=200 um). *~<0.05 (n=4).

d. Representative hematoxylin and eosin (H&E) staining of sections of kidney cortex (scale
bar=200 pm). */<0.05, (n=4).

e. Experimental design for mouse sample collection and metabolomics study.

f. Untargeted metabolomics screening data indicated L-carnitine and acyl-carnitine loss in
kidney, erythrocyte (RBC) and plasma, (n=3-5).

g. Urine L-carnitine fold change of 7gm2"f EpoR-Cre* + Ang Il versus EpoR-Cre* mice +
Ang Il

h. Protein levels of OCTN2 in kidneys and erythrocyte membranes. All data are expressed
as mean + SD and were analyzed by two-way ANOVA followed with Sidak’s multiple
comparisons test. See also Figure S4 and Table S2.
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Figure 5. L-carnitine supplementation improves tissue oxygenation and combats progression of
CKD.

a. Schematic representation of rescue experiment design. L-carnitine was supplemented
from Day 7 to Day 21.

b. Systolic blood pressure (BP) was measured day 0 up to day 21. */<0.05, Saline versus
Ang |1, **/<0.05, Angll versus Ang I+ L-carnitine, (n=3-5).
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c. Top panel: Representative images of hypoxyprobe staining in kidney, heart and liver
(scale bar=100 pm). Bottom panels: Representative images of Masson’s trichrome staining
in kidney, heart and liver (scale bar=200 pm).

d. Representative hematoxylin and eosin (H&E) stained kidney sections are shown
(scalebar=200 pm).

e. Statistical analysis of Hypoxyprobe staining, Masson’s trichrome staining (kidney, heart
and liver) and renal injury score. */£<0.05 (n=3-6). kits. */<0.05 (n=3-11).

f. Urinary protein, plasma urea and plasma creatinine were quantified by commercially
available kits. */<0.05 (n=3-11).

g. Relative ROS levels were determined by flow cytometry. 2,3-BPG levels, BPGM activity
and ATP levels were measured by commercially available Kits. Erythrocyte oxygen release
capacity (P50) was measured by a Hemox analyzer. */£<0.05 (n=3-5). All data are expressed
as mean + SD and were analyzed by two-way ANOVA followed with Sidak’s multiple
comparisons test.

Cell Metab. Author manuscript; available in PMC 2023 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Xu et al.

Page 37
o3 o " bl 1
N Hypoxia (h) e Hypoxia (h) ﬁ Hypoxia (h)
b I ] Q
a I 8 s
.._6 s 15 5 15
0 1 3 6 12 24 Hypoxia(h) T 3 5 T
-— . 2 210 310
eTG2™ Impaired - - - — HIF-1a < = 2
e =, | | ! :
oxygen o 2 05 X 05
release capacity S - . e o | OCTN2 g s z
n 1 o
" 2 0. > >
2 ---.‘g B-Actin £ N 2 0.0 200y
? © ON T L, © YRR VR UGS © ON T O
l g o g (Voo 2 SN o
“ Hypoxia ¢}
g
= o ©
? s
g ; i DMOG (h) E DMOG (h) § DMOG (h)
H HIF-1a I o &
8 0 1 3 6 12 24 DMOG(h) o0 515 215
® ? ~ e 3 ] ] s -
E e HIF-1a 320 310 210
Sic22a5 =3 £ <
- — - - . OCTN2 2 2 4
LS s o = © 1.0 505 X 05
2 - a 5 £
o | 3-Actin o 0.0 2 o
£ U = 0.0 2 0.0
- S ) ARITRIR NN K] N
IRSINUNTAVONAY T N T O S
z & N2 Q [N SN0 gk
& v z Z P
] o (o)
c T Chrysin 3 Chrysin ﬁ Chrysin d
¥ + * +  Hypoxia 12h T 8 K
0uM 25uM 504M 100uM Chrysin E s 5 HIF-1a
[— HIF-1a g g 2 12
=2 2 (]
c 2. b= &
- W B S OCTN? i 5 < PPAR
g g x ¢o
=1 ?
— T ——— | )
B-Actin é’ X 2 2 L o Slc22a5
3 B b S N
© s & V¥
E: & 2 & oVpieke
L 2]
® & * +  Hypoxia 12h 3 & P ) )
0uM 104M 50uM 100uM Fenofibrate uw g 55 Hypoxia+Fenofibrate
T40 o 015
L e ——— 5 b= 5
530 3 3
> 1.0
TR e S 8 $
- — £ c B
o a a a
D S —— - | i g 0.0 \ oy 2 go.o
2 SN k] k)
& 0y 5 N
LGNS é 2 5
-+ *+ + % DMOG12h 5 & &
= Fenofibrate Wi Z
OuM 10:M S0M 100, £ DMOG+Fenofibrate z 5
HIF-1a 5 % o
2 5
2 T T
PPARa K H 2
£ < <
OCTN2 E 2 K]
= = o
1 5 o
pron g :
k<t ® i
& 2 s
51 g [ I?u
5(‘ Hypoxia+Fenofibrate QN  HypoxiatFenofibrate % DMOG+Fenofibrate & DMOG+Fenofibrate
a a o
&15 315 &5 %15
5 s 5 s
g 10 g 1.0 5 1.0 E 1.0
< < < <
g o5 Zo0s g 05 Zos
E € € E
o o o
200 200 2o0 200
- 3 5 LSIARS 8
2 sy 2 & OPP g O

# [—0 S{cZZaS*

NN

Figure 6. Hypoxia-mediated downregulation of OCTN2 via HIF-1la-PPARa axis is a key
molecular mechanism linking eTG2 ablation to Ang Il-induced carnitine loss, renal damage
and severe CKD.

a. Schematic hypothesis linking renal hypoxia with HIF-1a induction and reduced S/c22a5
transcription.

b. Hypoxia (1% O, upper panel) or DMOG (1mM, lower panel) treatment directly induced
HIF1-a and reduced OCTNZ2 protein levels in a time-dependent manner in cultured murine
kidney explants. Protein bands were normalized to control group. gRT-PCR analyses of
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Slc22a5 mRNA levels in kidney samples from the same treatment was followed with protein
quantification. */£<0.05 versus Control, **/<0.05 versus 12h, (n=3).

c. Induction of HIF-1a and reduction of OCTNZ2 protein levels and S/c22a5 mRNA levels
were attenuated by Chrysin treatment in cultured murine renal explants. *2<0.05 versus
Control, **/<0.05 versus 0 UM Chrysin, (n=3).

d. Hypothesis that PPARa functions downstream of HIF-1a underlying hypoxia-mediated
reduction in S/c22a5 transcription.

e. Fenofibrate, a PPARa agonist, restored hypoxia (upper panel) or DMOG-mediated (lower
panel) reduction of OCTN2 and PPARa proteins and their mRNA levels in a dosage-
dependent manner in cultured mouse kidney explants. */<0.05 versus Control, **/<0.05
versus 50 uM Fenofibrate, (n=3).

f. Signaling pathways linking eTG2 deficiency to renal damage and CKD: Decreased
erythrocyte O, offload in e7G27~ mice leads to renal hypoxia and reduction of renal
Slc22ab transcription and decreased OCTN2 via HIF1a-PPARa axis. Without intervention,
renal hypoxia, reduced OCTN2 levels and carnitine loss function as a malicious positive
feed forward loop to promote severe hypoxia, excess carnitine losses, renal damage and
severe CKD progression. All data are expressed as mean + SD and were analyzed by
two-way ANOVA followed with Tukey’s multiple comparisons test.
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Figure 7. Restoration of renal OCTN2 underlies the improvement in CKD by carnitine
supplementation in Ang Il-infused eTG27/~ mice

a. Hypothesis: L-carnitine supplementation has dual therapeutic effects to lower renal
hypoxia including reducing hypertension and increasing O, offload.

b. Protein levels of HIF-1a, OCTN2 and PPARa were detected by Western blot in kidney
tissues from EpoR-Cre* and Tgm2”'EpoR-Cre* mice with or without L-carnitine treatment.
Protein bands were normalized to the control group. *P< 0.05, (n=4-6).
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c. qRT-PCR analyses of S/c22a5and PPARa mRNA levels from the same groups in b. *P<
0.05, n=4.

d-e. The protein levels of HIF-1a, OCTN2 and PPARa and the mRNA levels of 5/c22a5in
isolated kidney organ cultures were detected after hypoxia (d) or DMOG (e) in the presence
or absence of various dosages of L-carnitine. *~< 0.05, n=3.

f. Working model: eTG2 deletion impairs protein homeostasis, leading to BPGM protein
degradation, in turn impairing adaptive hypoxic metabolic reprograming in erythrocytes and
peripheral tissues. As for erythrocytes, decreased adaptive hypoxic metabolic reprograming
is associated with reduced L-carnitine and acyl-carnitine, increased GSSG/GSH ratio and
reduced 2,3-BPG production, all of which contributes to intracellular ROS increase. As

for kidneys, both hypoxia and L-carnitine loss led to impaired adaptive hypoxic metabolic
reprograming, increased glycolysis, reduced fatty acid oxidation and TCA activity. Hypoxia-
mediated downregulation of OCTN2 via HIF-1a-PPARa axis is a key molecular link

of eTG2 ablation to Ang Il-induced carnitine loss, renal damage and severe CKD.

As for heart and liver, insufficient L-carnitine and oxygen adaptive hypoxic metabolic
reprograming leads to fibrosis. L-carnitine supplementation exhibited dual therapeutic
effects including reduced hypertension and increased O, delivery and reduced ROS in
erythrocytes in eTG2~/~ mice. As such, improved renal oxygenation restores renal HIF-1a.-
PPAR a-OCTN2 levels, maintains carnitine homeostasis and rescues severe CKD phenotype
in eTG2-deficient mice. In control mice, eTG2-depedent O, delivery is enhanced. Thus,
L-carnitine attenuates mild CKD phenotype with dual therapeutic effects including reduced
hypertension and lowered ROS in erythrocytes. All data are expressed as mean + SD and
were analyzed by two-way ANOVA followed with Sidak’s multiple comparisons test. See
also Figure S5.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal to Solute carrier family 22 member 5 (OCTN2) Abcam Cat# ab180757; RRID:AB_2751018
Rabbit polyclonal Transglutaminase 2 antibody GeneTex Cat# GTX111702;

RRID:AB_1952227

Rabbit polyclonal BPGM antibody

Proteintech

Cat# 17173-1-AP;
RRID:AB_2274991

Rabbit polyclonal GAPDH antibody Invitrogen Cat# PA1-987;
RRID:AB_2107311
Mouse monoclonal [81D1C2] to Isopeptide Abcam Cat# ab422;
RRID:AB_304383
Mouse monoclonal antibody to Ubiquitin (P4D1) Santa Cruz Cat# sc-8017;
RRID:AB_2762364
Rabbit polyclonal PPAR alpha antibody Invitrogen Cat# PA585125;
RRID:AB_2792272
Rabbit polyclonal HIF1A antibody Invitrogen Cat# PA1-16601;

RRID:AB_2117128

Mouse monoclonal B-Actin (8H10D10) antibody

Cell Signaling Technology

Cat# 3700S; RRID:AB_2242334

IRDye 800CW Donkey anti-Rabbit IgG

LI-COR

Cat# 926-32213; RRID:AB_621848

IRDye 680RD Donkey anti-Mouse 1gG

LI-COR

Cat# 926-68072; RRID:AB_10953628

Biological samples

Human RBC sample

University of Colorado
School of Medicine

AltitudeOmics project

Chemicals, peptides, and recombinant proteins

Cystamine Sigma Cat# 30050
DMOG Selleckchem Cat# S7483
Chrysin Selleckchem Cat# S2281
Fenofibrate Selleckchem Cat# S1794
L-carnitine Selleckchem Cat# S2388

Beads conjugated with anti-e-('y-glutamyl)-lysine isopeptide IgM Covalab Cat# opr0003
(81D4)

protease inhibitor cocktail Roche Cat# 11697498001
phosphatase inhibitor cocktail Roche Cat# 04906837001
proteasome inhibitor MG132 Santa Cruz Cat# sc-201270
Bortezomib Santa Cruz Cat# sc-217785
CM-H2DCFDA Invitrogen Cat# C6827
Percoll GE Healthcare Life Sciences | Cat# 17-5445-01

Protein G Sepharose beads

GE Healthcare Life Sciences

Cat# 17-0618-01

D-Glucose-1,2,3-13C4 Sigma-aldrich Cat#t 720127
Angiotensin I Sigma-aldrich Cat# A9525
Critical commercial assays

Creatinine colorimetric assay kit Abcam Cat# ab65340

Cell Metab. Author manuscript; available in PMC 2023 February 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Xu et al.

Page 42

REAGENT or RESOURCE SOURCE IDENTIFIER

Urea assay kit Sigma-Aldrich Cat# MAKO006
Mouse Albumin ELISA Assay kit Exocell Cat# 1011

Creatinine Chemical Assay Kit Exocell Cat# 1012

ATP Colorimetric/Fluorometric Assay Kit BioVision Cat# K354-100
2,3-Diphosphoglycerate (2,3-DPG) Roche Cat# 10148334001
Transglutaminase Assay Kit Sigma-Aldrich Cat# CS1070
Hypoxyprobe Omni Kit Hypoxyprobe Cat# HP3-200 Kit
Deposited data

Metabolic screening-RBC This paper Supplementary Datal
Metabolic screening-Kidney This paper Supplementary Data2
Metabolic screening-Plasma This paper Supplementary Data3
Metabolic screening-Urine This paper Supplementary Data4

Experimental models: Organisms/strains

EpoR-Cre” mice

Stuart H. Orkin

MGI: 3052727

Tgm2fox/flox mice

University of Rochester, New
York

N/A

C57BL/6 mice

Jackson Laboratory

Stock N0:000664

Oligonucleotides

Primers for RT-PCR, see Table S2

This paper

N/A

Primers for genotyping EpoR-
Cre*: GTGTGGCTGCCCCTTCTGCCA,
CAGGAATTCAAGCTCAACCTCA

This paper

N/A

Primers for genotyping

CACGTAGACTGTTCCCAGCA

Tgm21x/flox : GGCAAGGTCTGAGAAAGCAC,

This paper

N/A

Software and algorithms

BD FacsDiva software

BD Biosciences

version 6.2

Image-J software

National Institutes of Health

https://imagej.nih.gov/ij/

Graphpad Prism

Graphpad Prism (version
8.3.1)

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

Scaffold

Proteome Software

version 4.8
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