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Thesis Abstract
Metabolic Control of Autoimmunity in the Liver
Zachary Oaks
Andras Perl
Autophagy, literally meaning “self-eating,” is an integral part of cellular turnover
of damaged organelles and proteins. This process is inextricably linked to mitochondrial
function and turnover. Mitochondria can be degraded via autophagy, known as
mitophagy, as well as donate lipid membrane to generate autophagosomes for digesting
other organelles and proteins. On a larger scale, autophagy is essential for organ
homeostasis. In the liver, autophagy ensures the turnover of damaged mitochondria that
may otherwise increase oxidative stress which modifies DNA, proteins, and lipids
resulting in the production of autoantigens or neoplasia. We investigated the role of
autophagy and mitochondrial dysfunction prior to disease onset in mouse models of
systemic lupus erythematosus (SLE). Patients and mice with SLE exhibit overexpression
of transaldolase (TAL) and show predisposition to anti-phospholipid antibody production
and associated liver diseases, including hepatocellular carcinoma. We discovered
deficient mitophagy in the liver of lupus-prone mice prior to disease onset. Furthermore,
these mice had increased mitochondrial respiration with concomitant inner membrane
hyperpolarization. These changes were coupled to overexpression of Rab4A, which
depletes Drp1 and thus inhibits mitophagy. In addition, activation of complex I of the
mechanistic target of rapamycin (mTORC1) was noted along with enhanced production
of autoantibodies against mitochondrial phospholipids in lupus-prone mice. These
changes were reversed by blockade of mTORC1 by rapamycin treatment in vivo.
We then examined the role of TAL, a key enzyme of the pentose phosphate
pathway (PPP) in mitochondrial dysfunction and oxidative stress. TAL-deficient mice
showed increased mitochondrial electron transport chain (ETC) activity and mTORC1
activation and reduced autophagy. Since inactivation of TAL caused oxidative stress via
depletion of NADPH, we tested the hypothesis that aldose reductase (AR), a NADPH
dependent enzyme can correct this metabolic defect without reversing the accumulation
of TAL-specific substrates, sedoheptulose 7-phosphate and erythrose 4-phosphate.
Moreover, deletion of AR reversed mTORC1 activation without affecting enhanced
mitochondrial ETC activity or diminished autophagy. On a more global scale,
predisposition to neoplasia and acetaminophen-induced liver failure were reversed, while
anti-phospholipid autoantibody production and liver fibrosis persisted in TAL/AR
double-knockout mice indicating that the PPP may act as a metabolic rheostat of organspecific disease pathogenesis.
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General Introduction
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Systemic lupus erythematosus (SLE) is a multi-system disease with underlying
immune cell dysfunction and end organ damage. Recent studies have found activation of
the mechanistic target of rapamycin (mTOR) both in the immune system(1, 2) and nontraditional parenchymal organs, such as the liver, which precedes the onset of disease and
represents early manifestations of pathogenesis(3). mTOR activation is a result of longdocumented metabolic stress in SLE(4-7). There is some debate on which cell type better
defines SLE pathogenesis, but a common finding in T cells, B cells, macrophages,
hepatocytes, and reno-vascular cells is mTOR activation(8). Activation of the mTOR
pathway is clearly not limited to SLE, but it also occurs in other autoimmune and
rheumatic diseases(9). Because of its broad role in cell dysfunction in SLE, there is
increasingly strong justification for pharmacological inhibition of mTOR with rapamycin
as a disease-modifying therapy. In the present review, we will provide an update on the
role of mTOR in the development of SLE and new studies that show mTOR as a viable
target for effective treatment and prevention of disease flares.
The mTOR is a central regulator in cell growth, activation, proliferation, and
survival. Activation of the mTOR pathway underlies the pathogenesis of SLE. Activation
of mTOR complex 1 (mTORC1) precedes the onset of SLE and associated comorbidities, such as anti-phospholipid syndrome (APS), and may act as an early marker
of disease pathogenesis. Six case reports have now been published that document the
development of SLE in patients with genetic activation of mTORC1. Targeting mTORC1
over-activation with N-acetylcysteine, rapamycin, and rapalogs provides an opportunity
to supplant current therapies with severe side effect profiles such as prednisone or
cyclophosphamide.

8

Antiphospholipid antibodies (aPL) constitute a diagnostic criterion of SLE, and
aPL have been functionally linked to liver disease in patients with SLE(10). Liver disease
(LD), defined as ≥ 2-fold elevation of aspartate aminotransferase (AST) or alanine
aminotransferase (ALT), was examined in a longitudinal study of systemic lupus
erythematosus (SLE) patients. Among 435 patients, 90 (20.7%) had LD with a greater
prevalence in males (15/39; 38.5%) than females (75/396; 18.9%; p = 0.01)(10). SLE
disease activity index (SLEDAI) was greater in LD patients (7.8 ± 0.7) relative to those
without (5.8 ± 0.3; p = 0.0025). Anti-smooth muscle antibodies, anti-DNA antibodies,
hypocomplementemia, proteinuria, leucopenia, thrombocytopenia, and anti-phospholipid
syndrome were increased in LD. An absence of LD was noted in patients receiving
rapamycin relative to azathioprine, cyclosporine A, or cyclophosphamide. An absence of
LD was also noted in patients treated with N-acetylcysteine. LFTs were normalized and
SLEDAI was diminished with increased prednisone use in 76/90 LD patients over 12.1 ±
2.6 months. Thus, LD is attributed to autoimmunity and disease activity, it responds to
prednisone, and it is potentially preventable by rapamycin or N-acetylcysteine treatment.
HRES-1/Rab4 is a small GTPase that regulates endocytic recycling. It has been
colocalized to mitochondria and the mechanistic target of rapamycin (mTOR), a
suppressor of autophagy. Since the autophagosomal membrane component microtubuleassociated protein light chain 3 (LC3) is derived from mitochondria, we investigated the
impact of HRES-1/Rab4 on the formation of LC3(+) autophagosomes, their
colocalization with HRES-1/Rab4 and mitochondria, and the retention of mitochondria
during autophagy induced by starvation and rapamycin. HRES-1/Rab4 exhibited minimal
baseline colocalization with LC3, which was enhanced 22-fold upon starvation or 6-fold
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upon rapamycin treatment. Colocalization of HRES-1/Rab4 with mitochondria was
increased >2-fold by starvation or rapamycin. HRES-1/Rab4 overexpression promoted
the colocalization of mitochondria with LC3 upon starvation or rapamycin treatment. A
dominant-negative mutant, HRES-1/Rab4(S27N) had reduced colocalization with LC3
and mitochondria upon starvation but not rapamycin treatment. A constitutively active
mutant, HRES-1/Rab4(Q72L) showed diminished colocalization with LC3 but promoted
the partitioning of mitochondria with LC3 upon starvation or rapamycin treatment.
Phosphorylation-resistant mutant HRES-1/Rab4(S204Q) showed diminished
colocalization with LC3 but increased partitioning to mitochondria. A newly discovered
C-terminally truncated native isoform, HRES-1/Rab4(1-121), showed enhanced
localization to LC3 and mitochondria without starvation or rapamycin treatment. HRES1/Rab4(1-121) increased the formation of LC3(+) autophagosomes in resting cells, while
other isoforms promoted autophagosome formation upon starvation. HRES-1/Rab4,
HRES-1/Rab4(1-121), HRES-1/Rab4(Q72L) and HRES-1/Rab4(S204Q) promoted the
accumulation of mitochondria during starvation. The specificity of HRES-1/Rab4mediated mitochondrial accumulation is indicated by its abrogation by dominant-negative
HRES-1/Rab4(S27N) mutation. The formation of interconnected mitochondrial tubular
networks was markedly enhanced by HRES-1/Rab4(Q72L) upon starvation, which may
contribute to the retention of mitochondria during autophagy. Thus, HRES-1/Rab4
regulates autophagy through promoting the formation of LC3(+) autophagosomes and the
preservation of mitochondria.
Since the mTOR is a regulator of oxidative stress, a pathophysiologic process that
contributes to the development of aPL, our study was undertaken in a mouse model of
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SLE to examine the involvement of liver mitochondria in lupus pathogenesis.
Mitochondrial oxygen consumption was increased in the livers of 4-week-old, diseasefree MRL/lpr mice relative to age-matched controls. Levels of the mitophagy initiator
dynamin-related protein 1 (Drp1) were depleted while the activity of mTORC1 was
increased in MRL/lpr mice(3). In turn, mTORC2 activity was decreased in MRL and
MRL/lpr mice(3). In addition, levels of aCL and anti-β2 GPI were elevated preceding the
development of nephritis in 4-week-old MRL, C57BL/6.lpr, and MRL/lpr mice(3).
Transaldolase-deficient mice showed increased oxygen consumption, depletion of Drp1,
activation of mTORC1, and elevated expression of NADH:ubiquinone oxidoreductase
core subunit S3 (NDUFS3), a pro-oxidant subunit of ETC complex I, as well as increased
production of aCL and anti-β2 GPI autoantibodies. Treatment with rapamycin selectively
blocked mTORC1 activation, NDUFS3 expression, and aPL production both in
transaldolase-deficient mice and in lupus-prone mice.
Transaldolase (TAL) is the rate limiting enzyme of the pentose phosphate
pathway(11). TAL deficiency is a model for NAFLD, NASH, and hepatocellular
carcinoma and results in the accumulation of sugar phosphates, depletion of glutathione
and NADPH, and overexpression of the NADPH dependent enzyme aldose reductase
(AR)(12). In the work presented here, we characterize the liver metabolic profiles of
TAL, AR, and our recently generated TAL/AR knockout mouse.
TAL knockout livers showed accumulation of sedoheptulose 7-phosphate and
erythrose 4-phosphate and depletion of NADPH. AR knockout livers had minimal
changes relative to TAL deficiency and PLS-DA analysis showed a high overlap with
control animals. TAL/AR knockout livers had NADPH that was comparable to controls.
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We also found that TAL/AR double knockout rescued the hepatocellular carcinoma
phenotype.
Metabolism of glucose through the pentose phosphate pathway (PPP) influences
the development of diverse pathologies. Hemolytic anemia due to deficiency of PPP
enzyme glucose 6-phosphate dehydrogenase is the most common genetic disease in
humans(13). Recently, inactivation of another PPP enzyme, TAL, has been implicated in
male infertility and fatty liver progressing to steatohepatitis and cancer(12, 14).
Hepatocarcinogenesis was associated with activation of aldose reductase and redoxsensitive transcription factors and prevented by N-acetylcysteine. Ongoing studies of
TAL deficiency will identify new molecular targets for diagnosis and treatment in clinical
practice.
Finally, this thesis will discuss epigenetic mechanisms that are proposed to
underlie aberrant gene expression in systemic lupus erythematosus (SLE) that results in
dysregulation of the immune system and loss of tolerance. Modifications of DNA and
histones require substrates derived from diet and intermediary metabolism. DNA and
histone methyltransferases depend on S-adenosylmethionine (SAM) as a methyl donor.
SAM is generated from adenosine triphosphate (ATP) and methionine by methionine
adenosyltransferase (MAT), a redox-sensitive enzyme in the SAM cycle. The availability
of B vitamins and methionine regulate SAM generation. The DNA of SLE patients is
hypomethylated, indicating dysfunction in the SAM cycle and methyltransferase activity.
Acetyl-CoA, which is necessary for histone acetylation, is generated from citrate
produced in mitochondria. Mitochondria are also responsible for de novo synthesis of
flavin adenine dinucleotide (FAD) for histone demethylation. Mitochondrial oxidative
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phosphorylation is the dominant source of ATP. The depletion of ATP in lupus T cells
may affect MAT activity as well as adenosine monophosphate (AMP) activated protein
kinase (AMPK), which phosphorylates histones and inhibits mTOR. In turn, mTOR can
modify epigenetic pathways including methylation, demethylation, and histone
phosphorylation and mediates enhanced T-cell activation in SLE. Beyond their role in
metabolism, mitochondria are the main source of reactive oxygen intermediates (ROI),
which activate mTOR and regulate the activity of histone and DNA modifying enzymes.
In this review we will focus on the sources of metabolites required for epigenetic
regulation and how the flux of the underlying metabolic pathways affects gene
expression.
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ABSTRACT
Background: Anti-phospholipid antibodies (aPL) constitute a diagnostic criterion of
systemic lupus erythematosus (SLE). They have been linked to liver disease with a lower
prevalence in rapamycin-treated patients. Since the mechanistic target of rapamycin
(mTOR) is a regulator of oxidative stress, which triggers aPL, we examined the
involvement of liver mitochondria in lupus pathogenesis.
Methods: Mitochondria were isolated from lupus-prone MRL/lpr, C57BL/6.lpr and
MRL mice, age-matched C57BL/6 negative controls, and transaldolase-deficient mice
which exhibit oxidative stress in the liver. Electron transport chain (ETC) activity was
assessed via oxygen consumption. ETC proteins, regulators of mitochondrial
homeostasis, and mTOR complexes, mTORC1 and mTORC2, were examined by western
blot. Anti-cardiolipin (ACLA) and anti-β2 glycoprotein I autoantibodies (anti-β2GPI)
were measured by ELISA in mice treated with or without rapamycin.
Results: Mitochondrial oxygen consumption was increased in the liver of 4-week-old,
disease-free MRL/lpr mice relative to age-matched controls. Mitophagy-initiator
dynamin-related protein 1 (Drp1) was depleted while activity of mTORC1 was increased
in MRL/lpr mice. In turn, mTORC2 activity was decreased in MRL and MRL/lpr mice.
ACLA and anti-β2GPI levels were also elevated in 4-week-old MRL, C57BL/6.lpr, and
MRL/lpr mice, preceding the development of nephritis. Transaldolase-deficient mice
showed increased oxygen consumption, Drp1 depletion, mTORC1 activation, and
elevated expression of NDUFS3, a pro-oxidant subunit of ETC complex I, as well as
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ACLA and anti-β2GPI production. Rapamycin selectively blocked mTORC1, NDUFS3
expression and aPL production both in transaldolase-deficient and lupus-prone mice.
Conclusion: mTORC-1-dependent mitochondrial dysfunction contributes to the
generation of aPL and represents a target for treatment in SLE.
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INTRODUCTION
The pathogenesis of systemic lupus erythematosus (SLE) is incompletely
understood which limits the development of effective treatments (1). However, as
recently recognized, T cells of SLE patients (2-4) and lupus-prone mice exhibit activation
of the mechanistic target of rapamycin (mTOR) complex 1 (mTORC1) that can be
reversed with clinical efficacy upon treatment with rapamycin (5;6). The activation of
mTORC1 has been attributed to oxidative stress both inside (7) and outside the immune
system (8). Moreover, oxidative stress has been widely implicated in causing the
immunogenicity of phospholipid antigens (9) and the production of anti-phospholipid
antibodies (aPL) that are directed to cardiolipin and β2-glycoprotein I (β2GPI); the latter
of which has been recently designated as apolipoprotein H (Apo-H) (10).
aPL represent a diagnostic criterion for SLE (11) and contribute to significant
pathologies, termed anti-phospholipid syndrome (APS), which can occur in patients with
or without lupus (12;13). In a recent retrospective study of 10 patients with APS
nephropathy, who underwent renal transplantation and received treatment with
rapamycin, also known as sirolimus, 7 of 10 patients (70%) had a functioning allograft
144 months after transplantation in comparison to only 3 of 27 patients treated without
rapamycin (11%) (14). Efficacy of rapamycin was ascribed to mTOR activation in renal
vascular endothelial cells. Interestingly, the majority of APS patients in this study also
had SLE (16/28 = 57%) (14). However, it has not been disclosed how many of the seven
patients who actually benefited from rapamycin (14) satisfied the diagnostic criteria of
SLE (15;16) or APS (12). Moreover, mTOR activity has not been measured in organs
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other than the kidney (14) or within the immune system itself (14), which is considered as
the principal mediator of autoimmunity both in APS (13) and SLE (1).
In a longitudinal study of systemic lupus erythematosus (SLE) patients, we
recently observed a significant prevalence of liver disease (LD), which was remarkably
associated with the production of aPL (17). This finding concurs with meta-analyses of
liver involvement in patients with APS (18;19).Interestingly, treatment with rapamycin,
which blocks the activation of mTORC1, prevented liver disease in our lupus cohort
(17).Therefore, we examined the role of the liver in mTOR activation and its association
with APS in mice which spontaneously develop SLE. In the present study, we document
altered mitochondrial homeostasis, characterized by the depletion of mitophagy-initiator
dynamin-related protein 1, Drp1, and activation of mTORC1 in the liver as well as an
increased production of ACLA and anti-β2GPI in 4-week-old MRL/lpr mice relative to
age-matched controls, all of which precede the onset of proteinuria and renal disease.
Mice lacking transaldolase (TAL), which exhibit mitochondrial oxidative stress in the
liver (20), also showed increased oxygen consumption, Drp1 depletion, mTORC1
activation, and elevated expression of NDUFS3, a pro-oxidant subunit of ETC complex I,
as well as ACLA and anti-β2GPI production. Treatment with rapamycin in vivo blocked
the activation of mTORC1, restored Drp1 levels, and diminished the expression of the
pro-oxidant ETC complex I protein NDUFS3 in the liver, and, importantly, it abrogated
the production of anti-cardiolipin antibodies (ACLA) and anti-β2GPI both in lupus-prone
and TAL-deficient mice.
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MATERIALS AND METHODS
Mice. C57BL/6 (B6), C57BL/6.lpr (lpr), MRL, MRL/lpr, NZW, and NZB/W (F1)
mice were obtained from Jackson laboratories (Bar Harbor, ME). Baseline studies were
performed at 4 weeks age when none of the lupus-prone strains produce antinuclear
antibodies (ANA) or exhibit proteinuria or any sign of disease (21). As earlier described
(6), due to the rapid onset of SLE, 4-week-old MRL/lpr mice were separated into two
treatment groups receiving 0.2% carboxymethylcellulose (CMC, solvent control for
rapamycin, n=4) or 1 mg/kg rapamycin in CMC (n=8). CMC or rapamycin was injected
intraperitoneally in the left lower quadrant of the abdomen 3 times a week. Mice were
treated for a total of 10 weeks, starting at 4 weeks of age. Mice were bled biweekly to
obtain serum for testing of antibodies. Animals were sacrificed at 4 weeks of age or after
treatment with rapamycin was completed. Mice with heterozygous deletion of
transaldolase (TAL+/-) were created and fully backcrossed for >10 generations onto the
C57BL/6 strain, as earlier described (20;22). Animal experimentation has been approved
by the Committee on the Human Use of Animals in accordance with NIH Guide for the
Care and Use of Laboratory Animals.
Measurement of electron transport chain (ETC) activity in mitochondria.
ETC activity was measured in the absence and presence of substrates specific for
individual complexes I, II, and IV using Oxygraph, a Clark-type O2 electrode (Hansatech,
Norfolk, UK), as earlier described (23). During the assay of each ETC complex, 150 uM
ADP and 150 uM Pi were added to attain state 3 respiration. When the ADP has been
exhausted state 4 respiration was attained. After achieving a stable rate for state 4
respiration, 2uM mClCCP was added to measure uncoupled O2 consumption. Maximal
21

ETC capacity was determined by O2 consumption of uncoupled mitochondria (24).
Oxidative phosphorylation (OXPHOS), which is a key element of bioenergetics, was
measured as maximum ADP-stimulated respiration or state 3 respiration. State 4 is the
respiratory state obtained in isolated mitochondria after state 3, when added ADP is
phosphorylated completely to ATP driven by electron transfer from defined respiratory
substrates to O2. Conventionally, ADP stimulation is expressed by the respiratory control
ratio (RCR = State 3/State 4), which is frequently used as an index of coupling for
diagnosis of mitochondrial defects (24). Each measurement was performed in duplicate
and their means were used as the result for individual experiments.
Western blot analyses. Liver and kidney protein lysates were prepared by
sonication using a Fisher Model 100 Sonic Dismembrator (Fisher Scientific, Pittsburgh,
PA) in 300 µl of cell lysis buffer (20mM Tris-HCl, 150mM NaCl, 1mM Na2EDTA, 1mM
EGTA, 1% Triton, 2.5mM sodium pyrophosphate, 1mM β-glycerophosphate, 1mM
Na3VO4, 1μg/mL leupeptin; catalog no. 9803, Cell Signaling Technology, Danvers, MA)
with 1mM phenylmethanesulfonyl fluoride (PMSF) (catalog no. P7626, Sigma-Aldrich).
Splenocytes, CD4+ T cells, CD8+ T cells, and B cells were lysed via pipetting in cell lysis
buffer with 1 mM PMSF. 40 µg of protein lysates were analyzed by sodium
dodecylsulfate-polyacrylamide gel electrophoreses (SDS-PAGE) and electroblotted to
nitrocellulose. Rabbit polyclonal Rab4A (Catalog No. sc-312), Drp1 (Catalog No. sc32898), mouse monoclonal p70S6 kinase (p70S6K) (Catalog No. sc-8418), and mouse
monoclonal phospho-p70S6K antibodies (Catalog No. sc-8416) were obtained from
Santa Cruz Biotechnology (Santa Cruz, CA). Phospho-S616-Drp1 (Catalog No. 4494),
phospho-S637-Drp1 (Catalog No. 6319), rabbit monoclonal p70S6K (Catalog No. 2708),
22

Akt (Catalog No. 4685), rabbit polyclonal phospho-p70S6K (Catalog No. 9205), and
phospho-Akt (Catalog No. 4058) were purchased from Cell Signaling Technology.
Rabbit monoclonal Rab4A (Catalog No. ab108974), NDUFS3 (Catalog No. ab14711),
SDHA (Catalog No. 14715), mitochondrial cytochrome c oxidase subunit 1 (MTCO1) of
complex IV (Catalog No. 14705), and Complex I Immunocapture antibody (Catalog No.
ab109798) were obtained from Abcam (Cambridge, UK). Apolipoprotein-H antibody
(Catalog No. AF6575) was purchased from R&D Systems (Minneapolis, MN). β-Actin
(Catalog No. Mab1501R) was purchased from Millipore (Billerica, MA).
Analysis of aPL by ELISA. Flat-bottom 96-well polystyrene plates were coated
with cardiolipin (100 ng/well, Sigma cat.no. c1649) or beta-2 glycoprotein I (β2GPI or
Apoliprotein H, 100 pg/well, R&D Systems Cat.No. 6575-AH-050) in 0.01 M NaHCO3
(pH 9.55) overnight (25). Antibodies were incubated with antigen in PBS with 0.1%
Tween-20 (Tween-20/PBS) at a 100-fold dilution for 1 hour. Then, plates were washed 6
times with 0.1% Tween-20/PBS, and incubated with 2000-fold diluted HRP-conjugated
secondary antibody. After washing 6 times with 0.1% Tween-20/PBS, plates were
developed with 3,3′,5,5′-tetramethylbenzidine (TMD, Alpha Diagnostic International)
and optical density (OD) was read at 405 nm, 450 nm, and 630 nm. Data show foldchanges of OD at 630 nm relative to wells developed with secondary anti-mouse
antibody alone.
Statistics. Statistical analyses were performed using GraphPad Prism 5.0
Software (San Diego, CA). Data were expressed as the mean ± standard error of the mean
(SEM) of individual experiments. Pair-wise repeated measures analysis of variance

23

(ANOVA), two-way ANOVA, and Student’s t-tests were used for analysis of results.
Changes were considered significant at p value < 0.05.

Supplementary Materials include Supplemental Methods and Supplementary Figures S1S8.

RESULTS
Mitochondrial dysfunction and activation of mTORC1 occur in the liver
prior to disease onset in lupus-prone mice. mTOR is generally considered a sensor of
metabolic stress, including mitochondrial oxidative stress (26), that promotes cell
survival, growth and proliferation (27). In particular, lupus T cells exhibit activation of
mTORC1, which is a central driver of pro-inflammatory lineage specification both in
mice and in patients with SLE (4;28;29). We have earlier documented mitochondrial
dysfunction in T cells of SLE patients, which is characterized by elevated mitochondrial
transmembrane potential (ΔΨm) or mitochondrial hyperpolarization (30). Similar
findings were recently observed in in T cells of lupus-prone mice (6).To investigate
whether mitochondrial dysfunction is confined to the immune system in SLE, we
assessed ETC activity of mitochondria isolated from the liver of MRL/lpr lupus-prone
mice, C57BL/6.lpr (lpr) and MRL/MpJ (MRL) parental strains, and C57BL/6 (B6) nonautoimmune controls, matched for age and gender. We conducted the studies at 4 weeks
of age (n≥8/group), well before the onset of SLE, which has been characterized by
progressive antinuclear antibody production, proteinuria and nephritis in MRL/lpr mice
from 10 weeks of age (6). Interestingly, mitochondria isolated from the livers of male and
female MRL/lpr mice had increased O2 consumption through ETC complex II (Figures
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S1 and 1A). Moreover, the ratio of state 3/state 4 respiration, as shown by cumulative
analyses (Figure 1B), were reduced in MRL/lpr mice relative to each of the B6, lpr, and
MRL controls. Mitochondrial dysfunction was also indicated by an increase of ΔΨm
relative to mitochondrial mass (Figure 1C). To evaluate the relative impact of
mitochondrial dysfunction emanating from the liver relative to the immune system,
hepatocytes was compared to CD4+ T cells and CD19+ B cells. We found that overall O2
consumption by hepatocytes (6745±3119.2 attomol/min) was 25-fold greater than those
by CD4+ T cells (264±11.4 attomol/min; p < 0.05) and B cells isolated from four
C57BL/6 mice and studied in parallel (270±31.8 attomol/min; p < 0.05. This robust
difference in metabolic activities supports the notion that hepatocytes may represent a
dominant source of oxidative stress in SLE.
Given that Rab4A-mediated Drp1 depletion reduces mitophagy and causes the
accumulation of oxidative stress-generating mitochondria in lupus T cells, we examined
the potential contribution of this mechanism to mitochondrial dysfunction in the liver.
Importantly, a concordant pattern of changes was noted in the liver. Expression of Rab4A
was increased in lupus-prone mice, 3.3-fold in MRL mice (p=0.003) and 4.5-fold in
MRL/lpr mice (p=0.003; Figure 2A). In turn, there was a moderate, 24% decrease of
Drp1 expression in MRL/lpr livers (p=0.04; Figure 2B). Notably, two functionally
distinct phosphorylation sites exist in the Drp1 protein. When Drp1 is phosphorylated at
serine 616 (pDrp1S616), this activates Drp1, causes its translocation to the mitochondrial
membrane, and allows the fission of mitochondria to occur (31). In contrast, when Drp1
is phosphorylated at serine 637 (pDrp1S637), this blocks its GTPase activity and makes it
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Figure 1. Increased O2 consumption and reduced respiratory control ratio at
complex II of the ETC in mitochondria isolated from livers of 4-week-old C57BL/6
(B6), C57BL/6.lpr (lpr), MRL, and MRL/lpr mice. A, Cumulative analyses of O2
consumption rates. In all experiment, O2 consumption was normalized to that of the B6
control strain, which was studied in parallel with lupus-prone strains and set at 1.0 for
each ETC complex. Using t-test, significant differences between mouse strains at p <
0.05 are indicated by brackets. B, Diminished respiratory control ratio (state 3/state 4
respiration) at ETC complex II of mitochondria isolated from livers of 4-week-old
C57BL/6 (B6), C57BL/6.lpr (lpr), MRL, and MRL/lpr mice (n≥4/group). C, Elevated
mitochondrial transmembrane potential (ΔΨm) over mitochondrial mass reflects
mitochondrial hyperpolarization in the liver of MRL/lpr mice relative to MRL and lpr
parental strains. Bar charts represent mean ± SEM. Connector brackets between bars
reflect P values < 0.05 using two-tailed unpaired t-test.
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Figure. 2. Increased expression of Rab4A and depletion of Drp1 in MRL/lpr mice.
A, Western blot analysis of Rab4A expression in the liver from 4-week-old C57BL/6
(B6), MRL, C57BL/6/Lpr (B6/Lpr), and MRL/lpr mice. Representative blots are shown
in the left panel, while cumulative analyses are shown in the right panel. Data represent
mean ± SEM of 5 mice per strain; p values < 0.05 are indicated. B, Western blot analysis
of Drp1, pDrp1S616, and pDrp1S637 expression in the liver from 4-week-old C57BL/6
(B6), MRL, C57BL/6/Lpr (B6/Lpr), and MRL/lpr mice. Representative blots are shown
in the left panel, while cumulative analyses are shown in the right panel. p values < 0.05
are indicated.
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unable to translocate to membranes and unable to induce mitochondrial fission (32).
Interestingly, pDrp1S616 levels were reduced by 41% in MRL mice (p=0.03) and by 40%
in MRL/lpr mice (p=0.003; Figure 2B). pDrp1S637 levels were unchanged in lpr, MRL, or
MRL/lpr mice in comparison to B6 controls (Figure 2B). As a Rab GTPase control,
expression of Rab5 was 1.8-fold increased in MRL/lpr mice (p= 0.009; Figure S2).
Albeit to a lesser extent, Rab4A expression over β-actin was also increased in the kidneys
of 4-week-old MRL (1.5-fold; p=0.005), lpr (1.25-fold; p=0.012), and MRL/lpr mice
(1.8-fold; p=5x10-6) over B6 controls.
Consistent with being a sensor of mitochondrial dysfunction (26) and metabolic
stress (8), mTORC1 activity was increased, as indicated by 2.5-fold elevated levels of
pS6KT389 over β-actin in the liver of 4-week-old MRL/lpr mice (Figure 3; p=0.026).
mTORC1 activity was also increased in the liver of 4-week-old MRL/lpr mice relative to
the lpr parental strain (Figure 3; 1.7-fold, p=0.034). Of note, S6K protein levels were
increased in all lupus-prone strains, MRL/lpr mice and parental MRL and lpr strains,
relative to B6 controls (Figure 3). By contrast, mTORC2 activity was diminished in
MRL and MRL/lpr mice, as evidenced by diminished pAktSer473 levels (Figure 3). Total
Akt levels were not changed significantly in the livers of lupus-prone mice (Figure 3).
Unlike the liver, mTORC1 activity was not elevated in the kidneys (Figure S3) or in the
immune system (thymus or spleen) of lupus-prone mice at 4 weeks of age (6).
Interestingly, hepatocellular carcinoma (HCC) has increased prevalence in SLE
with an elevated standardized incidence ratio of 1.7 (33) to 2.6 (34). The pathogenesis of
HCC is characterized by chronic inflammation driven by oxidative stress (20) that has
been also documented in patients with SLE (7;30). The lpr mutation inactivates the CD95
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Figure 3. Increased mTORC1 and diminished mTORC2 activities in the liver of 4week-old MRL/lpr mice. mTORC1 and mTORC2 signature substrates (29),
unphosphorylated and phosphorylated S6K (pS6KT389) and unphosphorylated and
phosphorylated Akt (pAktSer473) were quantified relative to β-actin by western blot in
liver protein lysates of 4-week-old C57BL/6 (B6), C57BL/6.lpr (lpr), MRL, and MRL/lpr
mice. Representative blots are shown in the left panel, while cumulative analyses are
shown in the right panel. Data represent mean ± SEM of 5 mice per strain; p values <
0.05 are indicated.
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cell death receptor, which predisposes not only to lupus-like autoimmunity both in mice
and humans, but it also confers susceptibility to malignancies, such as HCC (35).
Relative to B6 controls, markedly increased numbers of mitotic figures and bi-nucleated
cells were noted in lpr and MRL/lpr mice and, interestingly, in MRL mice as well
(Figure S4). It appears that the lpr mutation contributes to mTORC1 activation.
However, the lpr mice did not show changes in mTORC2 activity, which was diminished
in the livers of MRL and MRL/lpr mice. Moreover, Rab4A overexpression and Drp1
depletion were also absent in the liver of lpr mice. Along these lines, pDrp1S616 levels
were reduced in MRL and MRL/lpr mice but not in lpr mice. These findings are
consistent with the notion that lupus susceptibility factors are mainly carried by the MRL
strain, which are accelerated by the lpr mutation.

The production of ACLA and anti-β2GPI antibodies respond to mTORC1
blockade of by rapamycin in lupus-prone mice. Given that mTORC1 was activated in
the liver of lupus-prone mice at 4 weeks of age, before the onset of ANA production and
nephritis, we examined the impact of rapamycin treatment that abrogated disease
development at 14 weeks of age (6). As shown in Figure 4, rapamycin profoundly
blocked mTORC1 activity in the liver at 14 weeks of age, as evidenced by 50% reduction
of pS6K levels (p=0.017) and 62% reduction of S6K protein levels (p=0.003). In contrast,
mTORC2 activity was unaffected by rapamycin (Figure 4).
Next, we examined whether mTORC1 activation in the liver was associated with
aPL production. As shown in Figure 5A, MRL, B6.lpr, and MRL/lpr mice each exhibited
markedly enhanced production of ACLA and anti-β2GPI antibodies in comparison to B6
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Figure 4. Blockade of mTORC1 activity in the liver of MRL/lpr mice by treatment
with rapamycin in vivo between 4 and 14 weeks of age. Western blot analyses were
performed at 14 weeks of age in mice treated with rapamycin (n=8) or solvent control
0.2% caboxymethylcellulose (CMC, n=3). Representative western blots are shown in the
left panel, while cumulative analyses are shown in the right panel. p values < 0.05 are
indicated.
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controls. ACLA and anti-β2GPI levels were increased 8.5-fold (p=0.007) and 8.3-fold in
MRL/lpr mice at 4 weeks of age (p=0.008), both of which were increased further to
~10.7-fold at 14 weeks of age. In contrast, the production of ANA was only evident in
the very same MRL/lpr sera at 11 weeks of age (6). aPL production was also evaluated at
4 weeks of age in another lupus-prone strain, female NZB/W (F1) mice, which develop
ANA at 4-5 months of age and manifest with nephritis only after 8-10 months of age
(21). Interestingly, aPL production was similar in B6 and NZB/W (F1) mice at 4 weeks
of age (Figure S5). However, with respect to the NZW parental strain, ACLA and antiβ2GPI levels were increased in 4-week-old NZB/W (F1) mice by 3.6-fold (p=6 x10-7) and
3.5-fold (p=2 x10-6), respectively (Figure S5A). Both ACLA and anti-β2GPI antibody
production further increased in NZB/W (F1) mice by 10 weeks and 30 weeks of age
(Figure S5B). By 10 weeks of age, aPL production in NZB/W (F1) mice exceeded that in
B6 controls (Figure S5B).
Given that mTOR activation has been indirectly linked to APS through mediating
one of its co-morbidities, APS-nephropathy (14), we examined the direct impact of
rapamycin treatment on the production of aPL in MRL/lpr mice, which develop nephritis
by 4 months of age (21). Treatment with rapamycin between 4 and 14 weeks of age
completely abrogated the development of ANA or nephritis (6). As shown in Figure 5B,
the generation of ACLA and anti-β2GPI antibodies was also profoundly suppressed, by
85% (p=0.012) and 84% (p=0.014), respectively, in MRL/lpr mice upon treatment with
rapamycin in comparison to MRL/lpr mice treated with CMC solvent alone. aPL
production was also abrogated in NZB/W (F1) mice which were treated with rapamycin
from 4 weeks to 30 weeks of age (Figure S5C).
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Figure 5. Increased production of ACLA and anti-β2GPI antibodies is mTORC1
dependent in lupus-prone mice. A, Increased production of ACLA and anti-β2GPI
antibodies in 4-week-old MRL, B6.lpr, and MRL/lpr mice relative to C57BL/6 controls.
Four to eight animals were analyzed per strain. Data show fold-changes of OD at 630 nm
relative to wells developed with secondary anti-mouse antibody alone. *, above columns
indicate p values < 0.05 relative to C57BL/6 (B6) controls. *, above horizontal lines
indicate p values < 0.05 when comparing 4-week-old MRL/lpr mice relative to agematched MRL or lpr mice, using two-tailed t-test. B, Rapamycin blocks the production of
ACLA and anti-β2GPI antibodies in MRL/lpr mice. Mice were treated three times weekly
with intraperitoneal injection of 0.2% caboxymethylcellulose (CMC, solvent control for
rapamycin; n=3) or rapamycin 1 mg/kg (RAPA, n=8). Treatment was started at 4 weeks
of age and antibody production was tested at 14 weeks of age. Data show fold-changes of
OD at 630 nm relative to CMC-treated, control MRL/lpr mice set at 1.0. Using two-tailed
t-test, p values < 0.05 reflect significant reduction of antibody production in rapamycintreated mice.
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Blockade of mTORC1 by rapamycin selectively reduces the expression of
subunit NDUFS3 of ETC complex I and abrogates the production of ACLA and
anti-β2GPI antibodies in lupus-prone mice. Increased expression of HRES-1/Rab4A,
which has been designated by NCBI as Rab4A (http://www.ncbi.nlm.nih.gov/gene/5867),
mediates the depletion of Drp1 and the accumulation of oxidative stress-generating
mitochondria in T cells (6) and HeLa cells (36). Moreover, the expression of Rab4A is
partially controlled by mTORC1s (3). Therefore, we examined the impact of rapamycin
on Rab4A and Drp1, as potential mediators of mitochondrial dysfunction in the liver.
Surprisingly, the profound blockade mTORC1 enhanced Rab4A expression by 2.5-fold
(p=0.006) and increased the expression of Drp1 by 85% (p=0.020) in MRL/lpr mice
(Figure 6). Of note, rapamycin was found to reduce H2O2 production by hepatocytes via
modulating assembly of complex I in the mitochondrial ETC (37). Since Drp1 is essential
for initiation of mitophagy, which mediates the turnover of damaged mitochondria via
autophagy (38) and maintenance of structural and functional integrity (39), we examined
the effect of rapamycin on the expression of ETC proteins. As shown in Figure 6,
treatment with rapamycin profoundly diminished the expression of NDUFS3, as deeply
as 22% of baseline (p=0.0002). This subunit of ETC complex I has been directly
implicated in the productions of reactive oxygen intermediates (ROI) in various
pathological conditions (7). In contrast, expression of another subunit of complex I,
NDUFS1, and components of complexes II and IV were increased in the liver of
rapamycin-treated mice (Figure 6). Thus, the selectively reduced expression of
NDUFS3, which promotes oxidative stress (37), may be attributed to the reversal of Drp1
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Figure 6. Rapamycin reverses Drp1 depletion and selectively blocks the expression
of ETC Complex I subunit NDUFS3 I in liver mitochondria of MRL/lpr mice.
Female mice were treated 3 times weekly with intraperitoneal injection of 0.2%
caboxymethylcellulose (CMC, solvent control for rapamycin; n=3) or rapamycin 1 mg/kg
(n=8). Treatment was begun at 4 weeks of age and continued through 14 weeks of age.
Left panel, representative western blot analysis of liver protein lysates. Right panel, data
in bar charts represent mean ± SEM; p values < 0.05 reflect comparison of mice treated
with rapamycin or CMC solvent alone, using unpaired two-tailed t-test. A, Representative
western blot analyses of Rab4A, Drp1, pDrp1S616, and pDrp1S637 expression are shown in
the left panel, while cumulative analyses are shown in the right panel. B, Representative
western blot analyses of complex I subunits NDUFS3 and NDUFS1, complex II
(succinate dehydrogenase, SDHA), and complex IV subunit 1 expression are shown in
the left panel, while cumulative analyses are shown in the right panel.
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depletion and account for the retention of healthier mitochondria in the liver of
rapamycin-treated mice.

Oxidative stress in the liver activates mTORC1 and initiates ACLA and antiβ2GPI production in mice deficient of transaldolase (TAL). TAL deficiency causes
oxidative stress in the liver that predisposes to progressive inflammation, resistance to
CD95/Fas-mediated apoptosis, and hepatocellular carcinoma (HCC) (20). Interestingly,
HCC has increased prevalence in SLE with an elevated standardized incidence ratio of
1.7 (33) to 2.6 (34). Recently, liver disease has been associated with APS in our lupus
cohort (17) that concurs with meta-analyses of liver involvement in patients with APS
(18;19). TAL is overexpressed in T cells of SLE patients, which may be related to
protection against oxidative stress (3). As shown in Figure S6, the involvement of TAL
in lupus pathogenesis is further supported by its increased expression in livers and spleen
of MRL/lpr mice. Therefore, we examined whether oxidative stress, which emanates
from the liver, can activate mTORC1 and thus predispose to aPL. Mitochondria from
liver of mice lacking TAL (TAL-/-) exhibited increased ETC activity (Figure S7A).
Among ETC subunits, NDUFS3 was overexpressed in TAL-/- livers relative those of
wild-type (TAL+/+) littermates (2.78-fold, p=0.002, n=5; representative western blots are
shown in Figure S6B). Other ETC complexes did not exhibit such changes. Similar to
MRL/lpr mice, Rab4A expression was increased by 1.7-fold (p=0.049), while Drp1 levels
were reduced in the livers of TAL-/- mice to 76 ± 8% of those in TAL+/+ mice (p=0.017;
Figure S6C). Moreover, there was evidence for activation of mTORC1, in particular, an
increased phosphorylation of 4E-BP1 in TAL-/- livers (2.39-fold, p=0.032, n=5;
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representative western blots are shown in Figure S6B). Interestingly, TAL deficiency did
not affect pS6K S389, pAktS473 or total Akt levels (Figure S6B).
In accordance with an underlying role for oxidative stress and mTORC1
activation in the liver, the production of ACLA and anti-β2GPI antibodies was increased
in TAL-/- mice relative to wild-type (TAL+/+) controls matched for age and gender
(Figure S7). Importantly, rapamycin treatment for 10 weeks abrogated aPL production in
TAL-/- mice (Figure S7).

DISCUSSION
The present study provides evidence for mTORC1-controlled mitochondrial
dysfunction in the liver of 4-week-old lupus-prone mice that precedes the development of
similar metabolic changes within the immune system, where mTOR activation is absent
at this age either in MRL/lpr or NZB/W (F1) mice (6). These observations in mouse
models of lupus are consistent with epidemiological studies that document the occurrence
of aPL prior to the manifestation of clinical disease in patients with SLE (40;41).
Moreover, the generation of aPL in TAL-deficient mice and its responsiveness to
treatment with rapamycin indicate that mitochondrial oxidative stress and mTORC1
activation in the liver constitute a trigger of pathogenesis. Although these mice produce
ANA as well, they do not develop nephritis, which suggest that the metabolic defect due
to inactivation of TAL is insufficient to cause lupus, at least by itself. Nevertheless, the
involvement of TAL in lupus pathogenesis, as a potential protector against oxidative
stress, is supported by its increased expression in livers and spleen of MRL/lpr mice. This
notion is consistent with the increased expression and activity of TAL in T cells of SLE
patients (3). These considerations raise the possibility that TAL deficiency, which has
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been recently recognized as a cause of oxidative stress-driven liver disease in children,
may rarely contribute to SLE (42).
While this study newly documents mTORC1-dependent mitochondrial
dysfunction in the liver as an early event in lupus pathogenesis, it also offers insights into
the underlying mechanisms. Similar to the immune system, which includes thymocytes
and naïve splenocytes, expression of Rab4A is far greater in the liver of 4-week-old
MRL, lpr, and MRL/lpr mice than those of B6 controls (6). Polymorphic haplotypes of
the enhancer region of the Rab4A (i.e., HRES-1/Rab4) genomic lupus, which influence
gene expression (43), have been associated with predisposition to SLE (44). Whereas the
precise cause of its overexpression in lupus-prone mice is still being investigated, the
overexpression of Rab4A in T cells of SLE patients is driven by oxidative stress, and it is
regulated at least in part via activation of mTORC1 (3). The overexpression of Rab4A
may reflect an overall activation of the endocytic recycling machinery, which targets
surface proteins such as CD4 (43), CD3ζ (3), CD2AP (3), and endosome-bound Drp1 for
lysosomal degradation (6). Similar to T cells of SLE patients (3) and lupus-prone mice,
expression of Rab5 was also increased, albeit to a lesser extent, in the liver of MRL/lpr
mice. This is suggestive of an enhanced traffic of internalizing endosomes, which are
regulated by Rab5 and contribute to the formation of autophagosomes (29). The agerelated delay of Rab5 over-expression relative to Rab4A in lupus-prone MRL, MRL/lpr,
and NZB/W (F1) mice indicates that activation of Rab4A may represent an upstream
event. This molecular order is supported by over-expression of Rab5 in Jurkat human T
cells transfected with an expression vector producing Rab4A. Importantly, Rab4Aregulated Drp1 depletion appears to underlie a disturbed mitochondrial homeostasis,
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which results in the accumulation of oxidative stress-generating mitochondria (6;36).
Indeed, the markedly elevated expression of Rab4A occurred with a loss of Drp1 in
MRL/lpr livers. Moreover, beyond a moderate reduction of Drp1, the phosphorylated
isoform pDrp1S616 was considerably depleted in MRL and MRL/lpr mice, which may
play a key role in deficient mitophagy since this post-translational modification allows
the translocation of Drp1 to the mitochondrial membranes and the fission of mitochondria
to occur (31). Notably, serine 616 of Drp1 is phosphorylated by ERK1 (45), which is also
regulated via endosomal traffic by Rab4A (46). Given the multifactorial pathogenesis of
SLE, an oxidative stress-induced deficiency of ERK1, which has been demonstrated in T
cells (47), may also occur and contribute to lower pDrp1S616levels in the liver.
Mitochondrial dysfunction in the liver of lupus-prone mice was characterized by
ΔΨm elevation or MHP, which concurs with findings in T cells of SLE patients (30) and
mice (6). MHP was accompanied by increased ETC activity through complex II and
diminished respiratory control ratio, all of which point to an underlying mechanism of
reverse electron transfer from complex II to complex I that can generate oxidative stress
(48). Our studies identified NDUFS3, a subunit of complex I, as a regulatory checkpoint
of therapeutic impact: i) it is upregulated in the liver of TAL-deficient mice that exhibit
increased aPL production; and, perhaps most importantly, ii) it is downregulated in the
liver of MRL/lpr mice treated with rapamycin, which completely abrogates the
production of ACLA and anti-β2GPI. These findings are consistent with a critical role of
NDUFS3 in the assembly of ETC complex I and the generation of electron transportdependent oxidative stress (37). Although NDUFS3 is pinpointed as a therapeutically
relevant checkpoint for genetic and pharmacological interventions via TAL and
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mTORC1, its role in mitochondrial dysfunction in SLE remains unclear. In fact,
NDUFS3 levels are unchanged in lupus mitochondria. As an alternative mechanism,
which is reminiscent of lupus patients’ T cells, the coordinately regulated changes in
Rab4A and Drp1 indicate that oxidative stress may originate from the defective
elimination of damaged mitochondria rather than inappropriate assembly of ETC
complex I. This is consistent with earlier findings that the depletion of Drp1 is a cause of
inappropriate complex I assembly and poorly coupled respiration (39). Interestingly,
mTORC1 blockade interrupted the coordinate changes in Rab4A and Drp1, both of
which were increased in rapamycin-treated mice. Notably, treatment with rapamycin
profoundly diminished the expression of NDUFS3, which has been identified as a source
of oxidative stress (37).
In summary, the hereby proposed model of lupus pathogenesis involves
mTORC1-controlled mitochondrial dysfunction in the liver, which is likely to be relevant
for the generation of aPL and increased hepatocarcinogenesis in SLE (33;34). In support
of this model, liver disease was associated with the production of aPL in our SLE cohort
(17) as well as in previous metanalyses (18;19). Along these lines, HCC develops in the
liver following chronic inflammation, which is driven by mitochondrial oxidative stress
(20;42) and responds to treatment with rapamycin (49). The remarkable efficacy of
rapamycin in abrogating both cardiolipin and anti-β2GPI has immense relevance for
treatment of patients with APS who currently require life-long anticoagulation (13). The
growing evidence that mTORC1 blockade by rapamycin extends life expectancy (50)
argues for the overall safety and benefit of this intervention. Given that aPL may precede
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clinical disease in patients with SLE (40;41), the underlying role of liver disease and
preventative treatment via blockade of mTORC1 clearly warrant further investigations.
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APPENDIX
List of Abbreviations
ACLA, anticardiolipin antibodies;
ADP, adenosine diphosphate;
pAktSer473 , Akt phosphorylated at serine residue 473;
ANA, anti-nuclear antibodies;
Anti-β2GPI, anti-β2 glycoprotein I antibodies;
aPL, anti-phospholipid antibodies;
APS, anti-phospholipid syndrome;
B6, C57BL/6;
mClCCP, carbonyl cyanide m-chlorophenylhydrazone;
CMC, carboxymethyl cellulose;
Δψm, mitochondrial transmembrane potential;
DHR, dihydrorhodamine;
DMEM, Dulbecco's modified Eagle medium;
Drp1, dynamin-related protein 1;
pDrp1S616, Drp1 phosphorylated at serine residue 616;
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pDrp1S637, Drp1 phosphorylated at serine residue 637;
EGTA, ethylene glycol-bis(2-aminoethylether)-N,N,N′,N′-tetraacetic acid;
ELISA, enzyme-linked immunosorbent assay;
ERK1, extracellular signal-regulated kinase 1;
ETC, electron transport chain;
FCCP, carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone;
HCC, hepatocellular carcinoma;
HE, hydroethidine;
HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid;
HRP, horseradish peroxidase;
IFN, interferon;
LD, liver disease;
Lpr, C57BL/6.lpr mice that carry a disrupted CD95 gene;
LMIM, liver mitochondria isolation medium;
LSB, liver swelling buffer;
MHP, mitochondrial hyperpolarization;
MTCO1, mitochondrial cytochrome c oxidase subunit 1 of ETC complex IV;
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MTG, MitoTracker green;
mTOR, mechanistic target of rapamycin;
mTORC1, mTOR complex 1;
mTORC2, mTOR complex 2;
NAO, nonylacridine orange;
NDUFS1, NADH:ubiquinone oxidoreductase core subunit S1 of ETC complex I;
NDFUS3, NADH:ubiquinone oxidoreductase core subunit S3 of ETC complex I;
OD, optical density;
OXPHOS, oxidative phosphorylation;
PBS, phosphate buffered saline;
Pi, inorganic phosphate;
PMSF, phenylmethanesulfonyl fluoride;
pS6KT389, S6 ribososmal protein kinase phosphorylated at threonine residue 389;
RB, respiration buffer;
RCR, respiratory control ratio;
ROI, reactive oxygen intermediate;
S6K, S6 ribososmal protein kinase;
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SEM, standard error of the mean;
SDHA, succinate dehydrogenase complex flavoprotein subunit A of ETC complex II;
SLE, systemic lupus erythematosus;
TAL, transaldolase;
TAL-/-, TAL knockout;
TAL+/+, TAL wild-type;
TMB, 3,3′,5,5′-tetramethylbenzidine;
TMPD, N,N,N′,N′-tetramethyl-p-phenylenediamine
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Supplemental Materials and Methods
Mice. C57BL/6 (B6), C57BL/6.lpr (lpr), MRL, MRL/lpr, NZW, and NZB/W (F1) mice
were obtained from Jackson Laboratory (Bar Harbor, ME). Mice with heterozygous
deletion of transaldolase (TAL+/-) were created and fully backcrossed for >10 generations
onto the C57BL/6 strain, as earlier described (1;2). TAL+/- mice were bred to yield
matched wild-type (TAL+/+) and TAL-deficient littermates with homozygous deletion
(TAL-/-). Baseline studies were performed at 4 weeks age when none of the lupus-prone
strain produce ANA or exhibit proteinuria or any sign of disease (3). As earlier described
(4), due to the rapid onset of SLE, 4-week-old MRL/lpr mice were separated into two
treatment groups receiving 0.2% carboxymethylcellulose (CMC, solvent control for
rapamycin, n=4) or 1 mg/kg rapamycin in CMC (n=8). CMC or rapamycin was injected
intraperitoneally in the left lower quadrant of the abdomen 3 times a week. Rapamycin
solution was prepared freshly on each date by dissolving rapamycin stock solution
(prepared in DMSO) in 0.2% CMC warmed to 37°C and mixed thoroughly by vortexing.
Rapamycin solution is an emulsion that precipitates out of solution when cooled, so the
solution was prepared immediately before injection. Mice were treated for a total of 10
weeks, starting at 4 weeks of age. Mice were bled biweekly to obtain serum for testing of
antibodies. Animals were sacrificed at 4 weeks of age or after treatment with rapamycin
was complete. Animal experimentation has been approved by the Committee on the
Human Use of Animals in accordance with NIH Guide for the Care and Use of
Laboratory Animals.
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Liver histology. At the time of sacrifice, liver was removed from each mouse, cut into ~
5 mm diameter blocks, and transferred into 10% formalin. Samples were paraffinembedded, sectioned, and stained with hematoxylin and eosin. Histology was assessed by
scoring for mitotic figures as well as determining the percentage of multinuclear cells (5).
Slides were scored independently by expert pathologists blinded to the treatment groups.
Isolation of mitochondria. Liver mitochondria were isolated by differential
centrifugation as previously described (6). Livers were removed, cut into small pieces
which were mechanically disrupted in a 15-ml Dounce homogenizer on ice in liver
mitochondria isolation medium (LMIM) containing 250mM sucrose, 10mM Tris, 1mM
EGTA, pH 7.4. Homogenate was centrifuged at 1,000 x g for 3 minutes at 4°C. The
supernatant was transferred to new tubes and then centrifuged at 10,000 x g for 10
minutes at 4°C. The pellet was resuspended in LMIM and centrifuged again at 10,000 x g
for 10 minutes at 4°C. The mitochondrial pellet was then resuspended in a Ca2+ chelating
buffer containing 195 mM mannitol, 25 mM sucrose, 40 mM HEPES pH 7.2, 1 mM
EGTA, 10 mM NaCl, and 5 mM succinate at room temperature. This mitochondrial
solution was homogenized in a 2-ml Dounce homogenizer and then stirred at room
temperature for 10 minutes and then on ice for 5 minutes. Mitochondria were centrifuged
at 10,000 x g for 10 minutes at 4°C and resuspended in liver swelling buffer (LSB),
which contained 195 mM mannitol, 25 mM sucrose, 40 mM HEPES pH 7.2 at 4°C.
Mitochondria were centrifuged at 10,000 x g for 10 minutes at 4oC twice and then
resuspended in 1 mL of LSB and protein content was measured by Bradford assay (7).
Mitochondria were kept on ice for 1 hour before using in downstream analyses. NaCl, 4(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), sucrose, and ethylene
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glycol-bis(2-aminoethylether)-N,N,N′,N′-tetraacetic acid (EGTA) were obtained from
Sigma-Aldrich (St. Louis, MO). Tris-HCl was obtained from USB (Cleveland, OH).
Succinic acid was obtained from Acros Organics (Geel, Belgium).

Measurement of mitochondrial electron transport chain (ETC) activity. ETC activity
was measured in the absence and presence of substrates specific for individual complexes
I, II, and IV using Oxygraph, a Clark-type O2 electrode (Hansatech, Norfolk, UK), as
earlier described (8). During the assay of each ETC complex, 150 uM ADP and 150 uM
Pi were added to attain state 3 respiration; when the ADP has been exhausted state 4
respiration was attained; after achieving a stable rate for state 4 respiration, 2uM
mClCCP was added to measure uncoupled O2 consumption. Maximal ETC capacity was
determined by O2 consumption of uncoupled mitochondria (9). In contrast, oxidative
phosphorylation (OXPHOS), which is a key element of bioenergetics, is measured as
maximum ADP-stimulated respiration or state 3 respiration (10). State 4 is the respiratory
state obtained in isolated mitochondria after state 3, when added ADP is phosphorylated
completely to ATP driven by electron transfer from defined respiratory substrates to O2
(10). Conventionally, ADP stimulation is expressed by the respiratory control ratio (RCR
= State 3/State 4), which is frequently used as an index of coupling for diagnosis of
mitochondrial defects (9). Briefly, 300 µg of mitochondria at a final protein concentration
of 1µg/µl were added to mitochondrial respiration buffer (RB; 300mM mannitol, 10mM
KCl, 5mM MgCl2 x 6H2O, 5mM KH2PO4, pH 7.4) which contained 150 µg of fatty-acid
free bovine serum albumin (Catalog No. 03117057001 Roche, Basel, Switzerland) at
37°C in the Oxygraph chamber. To test complex I activity, we added 5 mM pyruvate
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(Catalog No. 11840-030, Gibco) and 2.5 mM malate (Catalog No. M7397, SigmaAldrich), followed by 150µM adenosine diphosphate (ADP) (Catalog No. A5285, SigmaAldrich) and 150µM inorganic phosphate (Pi) to measure state 3 and 4 respiration, then 2
µM carbonyl cyanide m-chlorophenylhydrazone (mClCCP) (Catalog No. C2759, SigmaAldrich) to measure uncoupled mitochondrial respiration. Complex II activity was
measured with addition of 10 µM rotenone (Catalog No. 45656, Sigma-Aldrich) to
inhibit complex I followed by addition of 2.5 mM succinate (Catalog No. AC20874,
Acros-Organics). This was followed by addition of 150 µM ADP and 150µM inorganic
phosphate and 2 µM mClCCP as in complex I. Complex IV was measured in the
presence of 100 µM antimycin A (Catalog No. A8674, Sigma-Aldrich) to inhibit
complex III, then we added 6 mM ascorbate (Catalog No. A5960, Sigma-Aldrich) and
0.2 mM N,N,N′,N′-tetramethyl-p-phenylenediamine (TMPD) (Catalog No. T7394,
Sigma-Aldrich), which was followed with the addition of ADP, Pi, and mClCCP, as
described for complexes I and II. Each measurement was performed in duplicate and their
means were used as the result for each experiment.

Isolation of hepatocytes. Mice were sedated and anesthetized with pentobarbital via
intraperitoneal injection according to IACUC approved protocols. Hepatocytes were
isolated via liver perfusions as previously described (2;11;12).The abdomen and
peritoneum were dissected and the intestines were reflected to allow access to the inferior
vena cava and portal vein. Mice were first perfused with 50 mL of Buffer A (HBSS pH
7.4 without calcium or magnesium (Catalog No. 21-022-CM, Corning) plus 0.5 mM
EGTA (Catalog No. E4378, Sigma-Aldrich)) followed by 50 mL of Buffer B (HBSS pH
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7.4 without calcium or magnesium with 1 mM CaCl2 (Catalog No. C7902, SigmaAldrich), 15mM HEPES (Catalog No. H4034, Sigma-Aldrich), and 100 U/mL Type 4
collagenase (Catalog No. LS004212, Worthington Biochemical, Lakewood, NJ)). Both
perfusion buffers were pre-warmed at 37°C. The inferior vena cava was cannulated with
a 25-gauge needle and buffer A flow was initiated at a rate of 5 mL/minute. When the
liver began to blanch, the portal vein was severed and buffer A was perfused at 10
mL/minute which was followed by perfusion of buffer B at 10mL/minute. The liver was
then excised and placed in a petri dish containing 5mL of buffer B. The capsule was then
cut open to allow the release of hepatocytes into solution. Hepatocytes were filtered
through a 70 μm filter and washed with isolation medium (high glucose Dulbecco's
Modified Eagle Medium (DMEM), L-glutamine free, Na-Pyruvate free (Corning Catalog
No. 150-17-CV, with 1% antibiotics (30-004-CI, Corning). Hepatocytes were centrifuged
at 50 x g for 3 minutes at 4°C. The pellet was washed and pelleted twice more in isolation
medium. Cells were plated at 104 cells/well in adherence medium (high glucose DMEM,
L-glutamine free, Na-Pyruvate free with 1% antibiotics, 10% fetal bovine serum (Catalog
No. 26140079, ThermoFisher), and 100 nM dexamethasone (Catalog No. D2915, SigmaAldrich)) in a XF 96-well culture plate (Catalog No. 101085-004, Seahorse Bioscience,
North Billerica, MA). After 4 hours the adherence medium was removed and replaced
with culture medium (high glucose DMEM, L-glutamine free, Na-Pyruvate free with 1%
antibiotics, and 100 nM dexamethasone), and cells were cultured overnight at 37°C in 5%
CO2 and then used in downstream studies.
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Isolation of B cells and CD4+ T cells. Spleens were removed and crushed through a 70μm cell strainer. Erythrocytes were lysed in ACK buffer (150mM NH4Cl, 10mM
KHCO3, 0.1mM Na2EDTA, pH 7.4) and splenocytes were resuspended in isolation buffer
(Ca2+ and Mg2+ free PBS supplemented with 2% fetal bovine serum and 2 mM EDTA).
CD4+ T cells were isolated first using a positive isolation kit (Dynabeads FlowComp
Mouse CD4 Kit, Catalog No. 11461D, ThermoFisher) followed by negative B cell
isolation (Dynabeads Mouse CD43 untouched B-cell isolation kit, Catalog No. 11422D,
ThermoFisher).

Measurement of oxygen consumption by cultured hepatocytes. Hepatocytes were
cultured on tissue culture plates pre-coated in collagen at 5 μg/cm2 in 0.02 N acetic acid
overnight (2). Next, the culture medium was removed, and the cells were washed with
either liver glycolysis medium (Seahorse XF Base Medium (Catalog No. 102353-100,
Seahorse Bioscience), 2mM glutamine, 10mM glucose) or mitochondrial stress test
medium (Seahorse XF Base Medium, 2mM glutamine, 1mM pyruvate). Cells were then
equilibrated with 175 μl of either glycolysis or mitochondrial stress test medium.
Hepatocytes were incubated at 37°C in ambient atmosphere for 30 minutes before
analysis of O2 consumption using a Seahorse XFe96 Analyzer (North Billerica, MA). For
the glycolysis assay, we injected 10 mM glucose, 1 μM oligomycin, and 50 mM 2deoxyglucose. For the mitochondrial stress test, we injected 1 μM oligomycin, 1 μM
carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP), and 500 nM
rotenone/antimycin A.
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Measurement of oxygen consumption by cultured splenocytes. After 3 days of
stimulation, B cells and CD4+ T cells were seeded at 4 x 105 cells/well in 40 μl volume of
either lymphocyte glycolysis medium (Seahorse XF Base Medium, 2mM glutamine) or
mitochondrial stress test medium (see above) in XF 96-well culture plates coated with
450 ng/well Cell-Tak (Catalog No. 354240, Corning). The plates were centrifuged at 200
x g for 1 minute with no brake to accelerate cell adherence to the plate. The cells were
then equilibrated at 37°C in ambient atmosphere for 30 minutes. After the cells had fully
adhered, 135 μl of media was added to each well to bring the total volume up to 175 μl.
The plates were equilibrated for another 15 minutes at 37°C and then loaded onto the
Seahorse analyzer. For the glycolysis assay, we injected 10 mM glucose, 1 μM
oligomycin, and 50 mM 2-deoxyglucose. For the mitochondrial stress test, we injected 1
μM oligomycin, 500 nM FCCP, and 500 nM Rotenone/antimycin A.

Western blot analyses. Liver and kidney protein lysates were prepared by sonication
using a Fisher Model 100 Sonic Dismembrator (Fisher Scientific, Pittsburgh, PA) in 300
µl of 1 x cell lysis buffer (20mM Tris-HCl, 150mM NaCl, 1mM Na2EDTA, 1mM EGTA,
1% Triton, 2.5mM sodium pyrophosphate, 1mM β-glycerophosphate, 1mM Na3VO4,
1μg/mL leupeptin; catalog no. 9803, Cell Signaling Technology, Danvers, MA) with
1mM phenylmethanesulfonyl fluoride (PMSF) (catalog no. P7626, Sigma-Aldrich).
Splenocytes, CD4+ T cells, CD8+ T cells, and B cells were lysed via pipette with 1x cell
lysis buffer with 1 mM PMSF. 40 µg of protein lysates, unless otherwise indicated, were
resuspended in Laemmli buffer (20% glycerol, 125mM Tris-HCl, 4% sodium dodecyl
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sulfate, 10% β-mercaptoethanol, 0.075% bromophenol blue) (13), separated in a 12%
SDS-polyacrylamide gel electrophoreses (SDS-PAGE), and electroblotted to
nitrocellulose. Rabbit polyclonal Rab4A (Catalog No. sc-312), Drp1 (Catalog No. sc32898), mouse monoclonal p70S6 kinase (p70S6K) (Catalog No. sc-8418), and mouse
monoclonal phospho-p70S6K antibodies (Catalog No. sc-8416) were obtained from
Santa Cruz Biotechnology (Santa Cruz, CA). Phospho-S616-Drp1 (Catalog No. 4494),
phospho-S637-Drp1 (Catalog No. 6319), rabbit monoclonal p70S6K (Catalog No. 2708),
AKT (Catalog No. 4685), rabbit polyclonal phospho-p70S6K (Catalog No. 9205), and
phospho-AKT (Catalog No. 4058) were purchased from Cell Signaling Technology.
Rabbit monoclonal Rab4A (Catalog No. ab108974), NDUFS3 (Catalog No. ab14711),
SDHA (Catalog No. 14715), mitochondrial cytochrome c oxidase subunit 1 (MTCO1) of
complex IV (Catalog No. 14705), and Complex I Immunocapture antibody (Catalog No.
ab109798) were obtained from Abcam (Cambridge, UK). Apolipoprotein-H antibody
(Catalog No. AF6575) was purchased from R&D Systems (Minneapolis, MN). β-Actin
(Catalog No. Mab1501R) was purchased from Millipore (Billerica, MA).

Analysis of ANA and aPL by ELISA. ANA was measured in 2 μl of serum by ELISA
using manufacturer’s protocol (Alpha Diagnostics International; catalog # 5210). Results
were read on a Biotek Synergy II plate reader equipped with Gen5 software at
absorbances of 450 nm and 630 nm, with the 630 nm subtracted from the 450 nm
measurement for background reduction. For measurement of ANA, nuclear chromatin
extract was prepared from chicken red blood cells (14), which were pelleted at 1500xg
for 10 minutes and washed twice with Buffer A (80mM NaCl, 20mM EDTA, and 20mM
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Tris-HCl pH7.5). Erythrocytes were then resuspended in buffer A with 1.5% Triton X,
mixed, then placed on ice for 10 minutes and repeated once more after centrifugation at
1500xg for 10 minutes. Erythrocytes were then resuspended in buffer A plus 0.25M
sucrose and pelleted at 1000xg for 10 minutes. The pellet was washed twice with buffer
A. The final pellet was resuspended in 10mL of 10mM EDTA pH 8.0 and sonicated
using a Fisher Model 100 Sonic Dismembrator (Fisher Scientific, Pittsburgh, PA) at 10
Watts for 60 seconds, cooled on ice for 1 minute the repeated 3 more times. Protein
concentration was estimated at OD280, with 1.0 OD280 equal to 1.42 mg of protein. For
ELISA assay, flat-bottom 96-well polystyrene plates were coated with nuclear extract (50
μg/well), cardiolipin (100 ng/well, Sigma cat.no. c1649), beta-2 glycoprotein I (β2GPI or
Apoliprotein H, 100 pg/well, R&D Systems Cat.No. 6575-AH-050),
phosphatidylethanolamine (PE, 100 ng/well; Sigma cat.no. P7693), or phosphatidylserine
(PS, 100 ng/well; Sigma cat.no. P5560) in 0.01 M NaHCO3 (pH 9.55) overnight (4;15).
Antibodies were incubated with antigen in PBS with 0.1% Tween-20 (Tween-20/PBS) at
a 100-fold dilution for 1 hour. Then, plates were washed 6 times with 0.1% Tween20/PBS, and incubated with 2000-fold diluted, HRP-conjugated secondary goat antibody
directed against mouse IgG (heavy and light chain) from Jackson Immuno Research
Laboratories s (Cat.no. 115-035-146). After washing 6 times with 0.1% Tween-20/PBS,
plates were developed with 3,3′,5,5′-Tetramethylbenzidine (TMD, Alpha Diagnostic
International) and optical density (OD) was read at 405 nm, 450 nm, and 630 nm. Data
show fold-changes of OD at 630 nm relative to wells developed with secondary antimouse antibody alone.
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Statistical analysis. Statistical analyses were performed using Statview 5.0.1 (SAS
Institute, Cary, NC) and GraphPad Prism 5.0 Software (San Diego, CA). Data were
expressed as the mean ± standard error of the mean (SEM) of individual experiments.
Pair-wise repeated measures analysis of variance (ANOVA), two-way ANOVA, and
Student’s t-tests were used for analysis of results. Changes were considered significant at
p value < 0.05.
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Supplementary Figures S1-S8

Figure S1. Representative O2 consumption via complex II of the ETC by mitochondria
isolated from livers of 4-week-old C57BL/6 (B6), C57BL/6.lpr (lpr), MRL, and MRL/lpr
mice. ETC activity was measured in the absence and presence of substrates specific for
complex II using Oxygraph, a Clark-type O2 electrode (Hansatech, Norfolk, UK), as
earlier described (8). After complex I inhibition via 10 µM rotenone, ETC complex II
activity was tested in the presence of 2.5 mM succinate. During the assay of each ETC
complex, 150 uM ADP and 150 uM Pi were be added to attain state 3 respiration; when
the ADP has been exhausted state 4 respiration was attained; after achieving a stable rate
for state 4 respiration, 2uM mClCCP was added to measure uncoupled O2 consumption,
which is an indicator of maximal ETC capacity (9). In contrast, oxidative
phosphorylation (OXPHOS), which is a key element of bioenergetics, is measured as
maximum ADP-stimulated respiration or state 3 respiration (10). State 4 is the respiratory
state obtained in isolated mitochondria after state 3, when added ADP is phosphorylated
completely to ATP driven by electron transfer from defined respiratory substrates to O2
(10). Conventionally, ADP stimulation is expressed by the respiratory control ratio (RCR
= State 3/State 4), which is frequently used as an index of coupling for diagnosis of
mitochondrial defects (9). Colored arrows mark these O2 consumption slopes for each
mouse strain.
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Figure S2. Increased expression of Rab5 in the liver of 4-week-old MRL/lpr mice.
Western blot analysis of Rab5 expression was carried out in the liver from 4-week-old
C57BL/6 (B6), MRL, C57BL/6/Lpr (B6/Lpr), and MRL/lpr mice. Representative blots
are shown in the left panels, while cumulative analyses are shown in the right panels.
Data represent mean ± SEM of 5 mice per strain; p value < 0.05 are indicated.

Figure S3. Western blot analysis of mTORC1 activity by assessment of
unphosphorylated and phosphorylated S6K (pS6KT389) in kidneys from 4-week-old
C57BL/6 (B6), MRL, C57BL/6/Lpr (B6/Lpr), and MRL/lpr mice.
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Figure S4. Detection of mitotic figures in B6, lpr, MRL, and MRL/lpr mice.
A, Photomicrographs of hematoxylin-eosin-stained liver section from age-matched, 4week-old mice. B, Enumeration of mitotic figures in lpr and MRL/lpr mice and, to a
lesser extent, in MRL mice relative to B6. P values reflect comparison to B6 mice.
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Figure S5. Increased production of ACLA and anti-β2GPI antibodies is mTORC1
dependent in lupus-prone mice. A, Increased production of ACLA and anti-β2GPI
antibodies in 4-week-old NZB/W (F1) relative to age-matched NZW controls. Four to
eight animals were analyzed per strain. *, above columns indicate p values < 0.05 relative
to C57BL/6 (B6) controls. *, above horizontal lines indicate p values < 0.05 in 4-weekold NZB/W (F1) mice relative to age-matched NZW controls, using two-tailed t-test. B,
Rapamycin blocks the production of ACLA and anti-β2GPI antibodies in 20-week-old
NZB/W (F1) mice. Mice were treated 3 times weekly with intraperitoneal injection of
0.2% caboxymethylcellulose (CMC, solvent control for rapamycin; n=4) or rapamycin 1
mg/kg (RAPA, n=8). Treatment was started at 4 weeks of age and antibody production
was tested at 10 and 30 weeks of age. Data show fold-changes of OD at 630 nm relative
to CMC-treated control NZB/W (F1) mice. *, p values < 0.05 reflect significant reduction
of antibody production in rapamycin-treated mice using two-tailed t-test. p < 0.0001
reflects comparison of all time points between CMC and RAPA-treated mice using
repeated measures ANOVA.
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Figure S6. Increased expression of TAL in MRL/lpr mice. A, Western blot analysis of
TAL expression in the liver from 4-week-old C57BL/6 (B6), C57BL/6/Lpr (lpr), MRL,
and MRL/lpr mice. Representative blots are shown in the top panel, while cumulative
analyses are shown in the bottom panel. Data represent mean ± SEM of 5 mice per strain;
p values < 0.05 are indicated. B, Western blot analysis of TAL expression in the spleen of
10-week-old C57BL/6 (B6), MRL, and MRL/lpr mice. Representative blots are shown in
the top panel, while cumulative analyses are shown in the bottom panel. p values < 0.05
are indicated.
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Figure S7. Increased O2 consumption, oxidative stress, and activation of mTORC1 in the
liver of mice lacking transaldolase (TAL). A, Cumulative analyses of O2 consumption
rates. In all experiment, O2 consumption was normalized to that of the wild-type
C57BL/6 control strain (TAL+/+), which was set at 1.0 for each ETC complex and studied
in parallel with mice with heterozygous (TAL+/-) or homozygous deletion of transaldolase
(TAL-/-). Using t-test, * indicates significant differences between mouse strains at p <
0.05. B, Western blot detection of elevated NDUFS3 expression and activation of
mTORC1 in the liver of mice lacking transaldolase (TAL). NDUFS3 expression was
increased1.25-fold in TAL-/- relative to TAL+/+ controls (p=0.045). Activation of
mTORC1 was revealed by increased phosphorylation of S6K and 4E-BP1, in livers of
TAL-/- mice relative to TAL+/+ controls (3.5-fold, p=0.006; n=6). pAkt and Akt levels
were not affected significantly by TAL deficiency. Rab4A expression was increased by
1.7-fold (p=0.049), while Drp1 levels were reduced in the livers of TAL-/- mice to 76 ±
8% of those in TAL+/+ mice (p=0.017,
n=5).
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Figure S8. Increased production of ACLA and anti-β2GPI antibodies in TAL-/- mice is
mTORC1 dependent. TAL+/+ and TAL-/- mice were treated 3 times weekly with
intraperitoneal injection of 0.2% caboxymethylcellulose (CMC, solvent control for
rapamycin; n=5 per group), and rapamycin 3 mg/kg (RAPA, n=5 per group). Treatment
was begun at ~2 months of age. Antibody production was tested after 10 weeks of
treatment. Positive control sera from untreated MRL/lpr mice were obtained at 14 weeks
of age. As described under Figure 5, data show fold-changes of OD at 630 nm relative to
TAL+/+ C57Bl/6 control (B6-TAL+/+) mice with their reactivity set at 1.0. Using twotailed t-test, p values < 0.05 reflect comparison to untreated B6-TAL+/+ mice.
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Chapter 2

Oaks Z, Winans T, Asara JM, Middleton F, Banki K, Landas SK, Lai Z, Kelly R, Perl A.
Aldose reductase acts as a carbon rheostat of sugar phosphate accumulation in the nonoxidative branch of the PPP.
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ABSTRACT
Background and Aims: Transaldolase (TAL) is a rate limiting enzyme of the pentose
phosphate pathway. TAL deficiency elicits NAFLD, NASH, and hepatocellular
carcinoma (HCC) in humans and mice. The pathogenesis is driven by oxidative stress and
characterized by the accumulation of sugar phosphates, depletion of NADPH and
glutathione. TAL-deficient (TALKO) mice exhibit the overexpression of the NADPH
dependent enzyme aldose reductase (AR). Here, we investigated if the role of AR in the
depletion of NADPH and the resultant pathologies.
Methods: Metabolites were extracted from TAL, AR, and TAL/AR double-knockout
(DKO) livers that were sacrificed along with C57BL/6 controls, using 5 age-matched
mice of each strain. RNA-seq analysis was utilized to identify differentially expressed
genes between TALKO and DKO livers. Serum autoantibodies were detected using
ELISA. Mitochondrial function was performed for electron transport chain (ETC)
complexes I, II, and IV. In addition, the development of NAFLD, NASH, and HCC were
monitored up to 78 weeks of age.
Results: TALKO livers showed accumulation of sedoheptulose 7-phosphate (S7P) and
erythrose 4-phosphate (E4P) and depletion of NADPH. The accumulation of S7P and
E4P, which are hallmarks of TAL deficiency, were exacerbated by the inactivation of
AR. However, NADPH levels were normalized in the liver of DKO mice. Both TALKO
and DKO sera had reduced anti-nuclear antibodies, but increase anti-phospholipid
antibodies (aPLs). 2/31 DKO, 50/106 TALKO, and 3/106 controls developed HCC by 78
weeks of age. AR knockout (ARKO) livers had no significant pathology relative to
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control animals. Predisposition to HCC and APAP-induced liver failure were rescued,
while fibrosis/vascular stiffness persisted in DKO mice.
Conclusions: These data identify AR as regulator of the PPP and metabolic checkpoint
of liver disease progression in TAL deficiency.
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Drp1, Dynamin related protein 1
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FDR, False discovery rate
G/S/T, Glycine/serine/threonine
G3P, Glycerol 3-phosphate
G6P, Glucose 6-phosphate
GA3P, Glyceraldehyde 3-phosphate
GAD, Glyceraldehyde
GPI1, Glucose 6-phosphate isomerase 1
GSH, Glutathione
HBSS, Hank’s balanced salt solution
HCC, Hepatocellular carcinoma
HDL, High-density lipoproteins
Igf2, Insulin-like growth factor 2
JC-1, 5,5’,6,6’-tetrachloro-1,1’,3,3’-tetraethylbenzimidazolylcarbocyanine iodide
JNK, c-Jun N-terminal kinase
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MTCO1, Cytochrome c oxidase subunit 1
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mTOR, Mechanistic target of rapamycin
mTORC1, mTOR complex I
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NAFLD, Non-alcoholic fatty liver disease
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NDUFB8, NADH Dehydrogenase (Ubiquinone) 1 Beta Subcomplex, 8
NO, Nitric oxide
NK, Natural killer
O8P, Octulose 8-phosphate
OAA, Oxaloacetate
OBP, Octulose bisphosphate
OXPHOS, Oxidative phosphorylation
p4E-BP1, phospho-4E-BP1
pAMPK, phospho-AMPK
PBS, Phosphate buffered saline
PLS-DA, Partial least squares discriminant analysis
PLTP, Phospholipid transfer protein
PON1, Paraoxonase 1

78

PPP, Pentose phosphate pathway
PRPP, Phosphoribosyl pyrophosphate
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Ru5P, Ribulose 5-phosphate
rAR, Recombinant AR
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SBP, Sedoheptulose bisphosphate
SDHB, Succinate dehydrogenase complex iron sulfur subunit B
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TAL, Transaldolase
TALKO, Transaldolase knockout
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TK, Transketolase
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INTRODUCTION
The estimated prevalence of non-alcoholic fatty liver disease (NAFLD) is 1733%1,2. A recent epidemiologic study approximates that 55 million adults in the United
States currently have NAFLD3. NAFLD progresses to non-alcoholic steatohepatitis
(NASH), cirrhosis, and finally hepatocellular carcinoma (HCC). Our lab has identified
transaldolase (TAL) deficiency as a cause of NAFLD, NASH, and HCC4.
TAL is the rate limiting enzyme of the non-oxidative branch of the pentose
phosphate pathway (PPP)5. We have developed TAL knockout (TALKO) mice that show
the depletion of NADPH and GSH, which underlies oxidative stress and accumulation of
sugar phosphates such as sedoheptulose 7-phosphate (S7P), erythrose 4-phosphate (E4P),
and ribose 5-phosphate (R5P), and activation of the JNK (c-Jun N-terminal kinase)/cJun/β-catenin axis4. The consequence of these changes is the early onset of NAFLD that
progresses to NASH and HCC.
Complete loss of TAL is not necessary for increased risk of liver dysfunction as
our heterozygote mice also developed HCC, and a recent case in a heterozygous child
resulted in liver failure, thus it is plausible in humans that partial loss of TAL activity
may underlie NAFLD, NASH, and HCC4,6. Additionally, 5-carbon sugars, such as R5P,
results in upregulation of the NADPH-dependent aldose reductase (AR), the rate-limiting
enzyme of the polyol pathway4,7,8. We hypothesize that AR may amplify oxidative stress
in TAL deficiency through the depletion of NADPH.
The major cellular source of reactive oxygen species (ROS) are mitochondria9.
ROS are generated at complexes I and III of the electron transport chain (ETC)9. The
complex I subunit NDUFS3 is responsible for ROS and is regulated by mechanistic target
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of rapamycin complex I (mTORC1)10. Under normal conditions, damaged mitochondria
that are producing excess ROS are consumed by the cell through a process called
mitochondrial autophagy (mitophagy)11. Mitophagy is initiated by dynamin related
protein 1 (Drp1) by promoting mitochondrial fission11. Recently, we found that HRES1/Rab4A negatively regulates Drp1, thus blocking mitochondrial fission and
mitophagy12. The loss of mitophagy results in the accumulation of damaged mitochondria
that results in increased production of ROS13.
The role of elevated ROS has effects that extend outside of the hepatocyte.
Natural killer (NK) cells in the liver are responsible for the inhibition of fibrosis by
blocking the proliferation of hepatic stellate cells14,15. Incidentally, NK cells are highly
sensitive to ROS, with consequences ranging from immunological dysfunction to
apoptosis16-18. Depletion of NK cells exposes the liver to fibrosis and cirrhosis19.
Additionally, the depletion of NK cells has been associated with thrombotic events due to
increased circulating anti-phospholipid antibodies (aPL) and significant pathologies,
which are termed as anti-phospholipid syndrome (APS)20. In humans, the liver
manifestations of APS are cirrhosis, hyperplasia, and portal sclerosis21,22. Furthermore,
endothelial dysfunction has been linked to oxidative stress in APS23. Consequently, APS
has been associated with increased oxidative stress, less nitric oxide (NO), a vasodilator,
and depletion of paraoxonase 1 (PON), an antioxidant enzyme24. Thus, we propose a link
between hepatocyte derived ROS, NK depletion, and APS that promote cirrhosis in
TALKO.
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Our lab has recently generated a TAL/AR double knockout (DKO) mouse, which
failed to develop HCC. Surprisingly, the DKO mouse did not rescue the accumulation of
PPP metabolites or development of liver fibrosis.
MATERIALS AND METHODS
Mice. Mice with heterozygous deletion of transaldolase (TAL+/-) were created
and fully backcrossed for >10 generations onto the C57BL/6 strain, as earlier described4.
TALKO mice were crossed to Akr1b3 deficient aldose reductase knockout (ARKO) mice
to generate DKO mice and were generously provided by Dr. Chung at the University of
Hong Kong25. For long term studies, animals were housed for 78 weeks to assess the
development of HCC. Animal experimentation has been approved by the Committee on
the Human Use of Animals in accordance with NIH Guide for the Care and Use of
Laboratory Animals.

RNA sequencing. RNA was extracted from liver using the Qiagen miRNeasy kit
(Qiagen, Hilden, Germany). RNA quality and quantity were determined using the RNA
6000 Nano Kit on the Agilent 2100 Bioanalyzer (Agilent, Santa Clara, CA). Sequencing
library preparation was done with the Illumina TruSeq Stranded Total RNA with
RiboZero Gold kit (Illumina, San Diego, CA). Sequencing libraries were quantified using
the KAPA Library Quantification Complete Kit Universal (KAPA Biosystems,
Wilmington, MA). The pooled library (1.4pM) was loaded onto the NextSeq 500
instrument, using the NextSeq 500/550 High Output v2 Kit for 75 cycles (Illumina, San
Diego, CA).
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Metabolomics. For sugar extraction, liver pieces weighing approximately 100mg
were resuspended in 400µl of 80 % methanol (−80°C). The tissue was homogenized
using the Power Gen 500 (Fisher Scientific, Waltham, MA). After freezing at −80°C and
thawing once, the sample was centrifuged at 13,000 x g for 30 min at 4°C, and 400µl of
supernatant was saved. A 2nd 400 µl of 80 % methanol (−80°C) was added to the pellet,
the sample was vortexed, centrifuged at 13,000×g for 30 min at 4°C, and the 2nd 400 µl
of supernatant was saved. The two 400-µl supernatants were combined, dried in a
SpeedVac (Savant AS160, Farmingdale, NY), and stored −80 °C until analysis. For
nucleotide analysis, liver pieces weighing approximately 100mg were resuspended in
400µl 0.5M KOH with 10µl of octanol to prevent foaming. After freezing at -80°C and
thawing 3 times, the sample was centrifuged at 13,000×g for 30 min at 4°C, and then
samples were neutralized with 80µl KHCO3. The sample was centrifuged again at
13,000×g for 30 min at 4°C, and then samples were filtered through 0.45µm PVDF
filters. 1.47mL of 100% methanol (−80°C) was added, the samples were vortexed,
centrifuged at 13,000×g for 5 min at 4°C, and the supernatant was dried in a SpeedVac.
Each sample was resuspended in 20μl of LC/MS grade water and 10μl per sample was
injected into a 5500 QTRAP, a hybrid triple quadrupole/linear ion trap mass
spectrometer, using a quantitative polar metabolomics profiling platform with selected
reaction monitoring (SRM) that covers all major metabolic pathways. The platform uses
hydrophilic interaction liquid chromatography with positive/negative ion switching to
analyze 258 metabolites (289 Q1/Q3 transitions) from a single 15-min targeted liquid
chromatography–tandem mass spectrometry (LC–MS/MS) acquisition with a 3-ms dwell
time and a 1.55-s duty cycle time26.
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Metabolite and Pathway Analysis. Quantitative enrichment analysis of 258
detected metabolites was utilized for pathway analysis employing the web-based
MetaboAnalyst 3.0 software27. Mice were matched for age and gender and were injected
in the same run. The signal stability was assured by normalizing the controls between
runs to the sum of all signals between separate runs using Metaboanalyst27. The
enrichment analysis was based on global analysis of covariance (Ancova). A Google-map
style interactive visualization system was utilized for data exploration and creation of a 3level graphical output: metabolome view, pathway view, and compound view. The
‘metabolome view’ shows all metabolic pathways arranged according to the scores from
enrichment analysis (y axis: −log p) and from topology analysis (x axis: impact: number
of detected metabolites with significant p value)27. The pathway topology analysis used
two well-established node centrality measures to estimate node importance: degree
centrality and betweenness centrality. Degree centrality depends on the number of links
connected to a given node. For directed pathway graphs, there are two types of degrees:
in-degree for links came from other nodes, and out-degree for links initiated from the
current node. Here, we only considered the out-degree for node importance measure.
Upstream nodes are considered to have regulatory roles for the downstream nodes, and
not vice versa. The betweenness centrality measures the number of shortest paths going
through the node. Since metabolic networks are directed, we use relative-betweenness
centrality for a metabolite importance measure28. The degree centrality measures focus
more on local connectivity, while the betweenness centrality measures focus more on
global network topology. The node importance values calculated from centrality
measures were further normalized by the sum of the importance of the pathway.
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Therefore, the total/maximum importance of each pathway reflects the importance
measure of each metabolite node that is actually the percentage relative to the total
pathway importance, and the pathway impact value is the cumulative percentage from the
matched metabolite nodes. The altered compounds have been grouped and presented
together for each pathway.
Metabolite concentrations were evaluated for their ability to discriminate between
wild-type (WT), TALKO, ARKO, and DKO by partial least squares-discriminant
analysis (PLS-DA) using MetaboAnalyst27. PLS-DA is a supervised method that uses a
multi-variate regression technique to extract via linear combination of metabolites (X) the
information that can predict the subject group membership (Y). The classification and
cross validation were performed using the wrapper function offered by the caret package
in MetaboAnalyst software27. In order to assess that the class discrimination is
statistically significant, a permutation test was performed. In each permutation, a PLSDA model was built between the data (X) and the permuted class labels (Y) using the
optimal number of components determined by cross validation for the model based on the
original class assignment. The ratio of the between sum of the squares and the within sum
of squares (B/W-ratio) for the class assignment prediction of each model was calculated.
PLS-DA models were validated by permutation test p value <0.05. Contribution of
individual metabolites to PLS-DA was assessed by variable importance in projection
(VIP) and coefficient scores.
Individual compounds were also compared between WT, TALKO, ARKO, and
DKO by paired or unpaired t-test with Welch’s correction using Prism software
(GraphPad, San Diego, CA).
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Measurement of electron transport chain (ETC) activity in mitochondria.
ETC activity was measured in the absence and presence of substrates specific for
individual complexes I, II, and IV using Oxygraph, a Clark-type O2 electrode29. During
the assay of each ETC complex, 150μM ADP and 150μM Pi were be added to attain state
3 respiration. When the ADP has been exhausted state 4 respiration was attained. After
achieving a stable rate for state 4 respiration, 2uM carbonyl cyanide mchlorophenylhydrazone (mClCCP) was added to measure uncoupled O2 consumption.
Maximal ETC capacity was determined by O2 consumption of uncoupled
mitochondria30. Oxidative phosphorylation (OXPHOS), which is a key element of
bioenergetics, was measured as maximum ADP-stimulated respiration or state 3
respiration. State 4 is the respiratory state obtained in isolated mitochondria after state 3,
when added ADP is phosphorylated completely to ATP driven by electron transfer from
defined respiratory substrates to O2. Conventionally, ADP stimulation is expressed by the
respiratory control ratio (RCR = State 3/State 4), which is frequently used as an index of
coupling for diagnosis of mitochondrial defects30. Each measurement was performed in
duplicate and their means were used as the result for individual experiments.
Mitochondrial transmembrane potential (ΔΨm) was assessed by using 5,5’,6,6’tetrachloro-1,1’,3,3’-tetraethylbenzimidazolylcarbocyanine iodide (JC-1) fluorescent
probe, reactive oxygen intermediates (ROI) were measured using dihydrorhodamine
(DHR), nitric oxide (NO) was assessed using 4-amino-5-methylamino-2',7'difluorofluorescein diacetate (DAF-FM), and mitochondrial mass was assessed by
mitotracker green (MTG) and nonyl acridine orange (NAO) fluorescent probes29.
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Electron microscopy. Freshly isolated mitochondria were fixed overnight in PBS
with 2.5% glutaraldehyde, postfixed in 1% OsO4, dehydrated in graded ethanol series,
infiltrated with propylene oxide, and embedded in Araldite 502 epoxy resin (Electron
Microscopy Sciences, Hatfield, PA). Ultrathin sections were stained with uranyl acetate
and Reynold’s lead citrate prior to examination with a Tecnai BioTWIN 12 transmission
electron microscope (FEI, Hillsboro, OR).

Liver perfusion. Mice were anesthetized with pentobarbital sodium. For fibrosis
studies, livers were perfused via the inferior vena cava with Hank’s balanced salt solution
(HBSS) without Mg2+ and Ca2+ containing 0.5mM EGTA, pH 7.4 at 37°C. Once the vena
cava was cannulated a snip was made in the portal vein to ensure complete liver
perfusion. 60mL of perfusion buffer was used for each liver. For hepatocyte isolation we
used the 2-step perfusion method31.

Western blot analyses. Liver protein lysates were prepared by sonication in 300
µl of lysis buffer (20mM Tris-HCl, 150mM NaCl, 1mM Na2EDTA, 1mM EGTA, 1%
Triton, 2.5mM sodium pyrophosphate, 1mM β-glycerophosphate, 1mM Na3VO4,
1μg/mL leupeptin, 1mM phenylmethanesulfonyl fluoride. Mitochondria were directly
dissolved in lysis buffer. 40 µg of protein lysates were analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoreses (SDS-PAGE) and electroblotted to
nitrocellulose. TAL was detected with rabbit antibody 17032. Aldose reductase was
detected with in-house mouse hybridoma antibody. Rabbit polyclonal Drp1, AMPK, and
phospho-AMPK were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Rabbit
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monoclonal antibodies to 4E-BP1 and phospho-4E-BP1 were purchased from Cell
Signaling (Danvers, MA). Rabbit monoclonal Rab4A, NDUFS3, OXPHOS cocktail
(includes ATP5A, UQCRC2, MTCO1, SDHB, and NDUFB8), rabbit polyclonal GPI1,
ME1, PON1, Albumin, and PLTP were obtained from Abcam (Cambridge, UK).
SQSTM1/p62 was obtained from Abnova (Taipei, Taiwan). β-catenin was obtained from
BD (Franklin Lakes, NJ). β-Actin was purchased from Millipore (Billerica, MA).

Paraoxonase assay. Paraoxonase activity was assayed using the EnzCheck
Paraoxonase Assay kit from Thermo Fisher Scientific (Waltham, MA). Briefly, 1µL of
serum was mixed with 49µL of 1x reaction buffer and the fluorescence was measured on
a 96-well plate at 37ºC.

APAP Sensitivity Study. Acetyl-p-aminophenol (APAP) was dissolved in
phosphate buffered saline (PBS) at 70ºC, allowed to cool to 37ºC and then injected
intraperitoneally at 800 mg/kg. APAP-treated mice were continuously monitored and
euthanized at the earliest sign of distress or the 24 hour end-point.

Ultrasound. Mice were anesthetized with 2% isoflurane in 1L of oxygen per
minute during ultrasound procedure. Liver density was measured with a 40MHz
transducer using the Vevo 3100 (Visual Sonics, Toronto, Canada).
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Liver pathology. Paraffin-embedded sections were stained with hematoxylineosin (H&E) and evaluated for inflammation, anisonucleosis, and neoplasia by Dr. Steve
Landas and Dr. Katalin Banki.

RESULTS

AR deficiency exacerbates the accumulation of PPP metabolites in TAL deficiency
Following RNA-seq studies, we used Cufflinks analysis to confirm knockout of
Taldo1 (Figure 1A) and Akr1b3 (Figure 1B). Supervised dendrogram clustering reveals
clustering of each genotype (WT, TALKO, ARKO, and DKO) (Figure 1C). Normalized
reads of Taldo1 confirm expression in all WT and ARKO mice (Figure 1D). To
determine that we had sufficiently knocked out AR and TAL we used western blot
analysis to confirm deletion of TAL and AR at the protein level (Figure 1E).
To expand on our earlier data showing the accumulation of PPP metabolites in
TALKO, we used SRM to monitor changes in 258 metabolites in TALKO, ARKO, and
DKO livers4. Partial least squares-discriminant analysis (PLS-DA) of metabolites in
TALKO show significant discrimination from WT mice (Figure 2A). The coefficient and
variable importance in projection (VIP) identified PPP metabolites sedoheptulose 7phosphate (S7P), sedoheptulose bisphosphate (SBP), octulose 8-phosphate (O8P), and
octulose bisphosphate (OBP) and reducing agents nicotinamide adenine dinucleotide
phosphate (NADPH) and nicotinamide adenine dinucleotide (NADH) as major drivers in
the differentiation of WT and TALKO livers (Figure 2A). Cross validation found that
only 2 components are necessary to discriminate between WT and TALKO (Figure 2A).
Fold- change analysis of metabolites between WT found increased PPP metabolites
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Figure 1. Deletion of TAL and AR. A&B, TAL and AR are deleted in TALKO and
DKO by Cufflinks analysis. C, Animals of the same genotype cluster together. D, All
TALKO and DKO livers have minimal TAL expression. E, TAL and AR expression in
TALKO, ARKO, and DKO.
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Figure 2. Metabolite analysis of TALKO livers. A, PLS-DA analysis of TALKO and
wild-type livers with coefficient and VIP scores as well as component cross-validation
analysis. B, Fold change analysis showing metabolite heatmap and volcano plots
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and depletion of NADPH, tricarboxylic acid (TCA) metabolites, and amino acids (Figure
2B).
To determine if AR deficiency in the liver had any effect on liver metabolism we
performed PLS-DA of ARKO liver metabolites which showed significant discrimination
from WT mice (Figure 3A). Nucleic acid precursors adenosine, guanosine 5-diphosphate,
3-diphosphate, and deoxyuridine, which are all downstream of PPP metabolites R5P and
PRPP, were the major important factors in component projections (Figure 3A). The
metabolite profile of the ARKO livers was less discriminant than TALKO, as 4
components were necessary to differentiate ARKO livers from WT (Figure 3A). Fold
change analysis identified significant changes in nucleotide metabolites such as 7methylguanosine, purine, and guanosine 5-diphosphate, 3-diphosphate as well as
tryptophan breakdown metabolites kynurenine and 5-methoxytryptophan, but not PPP
metabolites (Figure 3B).
Much like the TALKO metabolite profile, the PPP was a major driver in
differentiating DKO mice from WT (Figure 4A). The accumulation of PPP metabolites
such as S7P, SBP, OBP, E4P, and O8P were not rescued, but rather exacerbated in the
DKO liver. Fold change analysis identified PPP metabolite accumulation and the
depletion of TCA metabolite oxaloacetate (OAA), hexosamine pathway metabolites Nacetyl-glucosamine-1-phosphate and UDP-N-acetyl-glucosamine, and autophagosome
precursor CDP-ethanolamine (Figure 4B).
We next performed PLS-DA analysis of all 4 genotypes which shows significant
discrimination based on metabolomics profiling (Figure 5A). We found that 4
components would be necessary to differentiate any of the 4 genotypes studied. VIP
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Figure 3. Metabolite analysis of ARKO livers. A, PLS-DA analysis of ARKO and
wild-type livers with coefficient and VIP scores as well as component cross-validation
analysis. B, Fold change analysis showing metabolite heatmap and volcano plots
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Figure 4. Metabolite analysis of DKO livers. A, PLS-DA analysis of DKO and wildtype livers with coefficient and VIP scores as well as component cross-validation
analysis. B, Fold change analysis showing metabolite heatmap and volcano plots
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Figure 5. 4-genotype analysis of metabolites. A, PLS-DA analysis of TALKO, ARKO,
DKO, and wild-type livers with component cross-validation analysis. B, VIP scores of
components 1 and 2, and coefficient scores of component 1. C, Heatmap of all 300
detected metabolites in all 4 genotypes.
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analysis of components 1 identified PPP metabolites (PRPP, S7P, OBP, SBP, and E4P)
as major drivers of discrimination (Figure 5B). Coefficient analysis of the first
component placed even greater weight on the PPP metabolites in importance of vector
projection. Fold-change analysis of all 4 genotypes shows many similarities between the
DKO mice and WT mice by unsupervised dendrogram clustering, indicating that there is
a rescue of pyridine nucleotides and hexosamine metabolites in the TALKO metabolic
phenotype by DKO (Figure 5C).
To determine the combined role of the many metabolite changes, we performed
pathway analysis using global test pathway enrichment and with topology driven by
relative-betweenness centrality. Pathway analysis of TALKO, ARKO, and DKO relative
to WT significantly identified glycerophospholipid, glycine/serine/threonine (G/S/T),
PPP, glutathione (GSH), ascorbate, and amino sugar pathways (Figure 6).

The PPP acts as a carbon sink in TAL deficiency
Further elucidation of unique pathways affected by TAL deficiency reveals
depletion of metabolites in other pathways that share metabolites with the PPP (Figure 7).
The loss of TAL affected lipids, branched amino acids, glutathione, and
glycine/serine/threonine pathways (Figure 6, 7). Further inspection of individual
metabolites in the PPP showed the accumulation of 4-, 7- and 8-carbon sugar phosphates
is coupled to the depletion of metabolites that can be utilized in glycolysis and the
synthesis of amino acids. Interestingly, the depletion of NADPH in TALKO livers is
reversed in DKO livers (Figure 7).
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Figure 6. Pathway analysis of TALKO, ARKO, and DKO versus wild-type. Global test
enrichment analysis and relative betweenness topology were the analytical criteria for
generating pathway maps.
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Figure 7. Further elucidation of individual metabolite changes within each pathway
described for TALKO, ARKO, and DKO.
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To parse out metabolites that were differentially regulated between TALKO and
DKO, we segregated metabolites based on whether the changes in their levels were
significantly improved or worsened in DKO relative to TALKO. DKO livers had further
accumulation of PPP metabolites (S7P, SBP, O8P, OBP, and E4P) that was coupled to
the greater depletion of TCA metabolites (OAA and malate), amino acids (Glutamine,
alanine, aspartate, valine, leucine/isoleucine, and serine), and glutathione (Figure 8A).
Conversely, there was rescue of pyridine nucleotides (NADPH and NADH), glycolysis
intermediates (1, 3-DPG and G3P), and pyroglutamic acid (Figure 8B).
To determine if the depletion or accumulation of certain metabolites was
dependent on AR, we expressed recombinant GST-AR fusion protein in E. coli. AR was
affinity purified through binding of its fusion partner, GST, to GSH-agarose beads, and
then AR was cleaved from its fusion partner with thrombin and detected by a monoclonal
antibody to AR via western blotting. The recombinant AR (rAR) co-migrated with native
AR which was deleted in DKO mice (Figure 9A). The rAR reduced the following
substrates: sedoheptulose, erythrose, ascorbate, oxaloacetate, and pyroglutamate to
determine if it could reduce those compounds (Figure 9B). Glyceraldehyde (GAD) was
used as a positive control for rAR activity and enzyme units were calculated based on the
ΔOD at 340nm over 60 minutes in which NADPH was depleted by actively reducing
rAR. We found that sedoheptulose was not reduced by rAR and was thus used as our
negative control. Further investigation found that rAR could not reduce ascorbate or E4P.
Alternatively, relative to sedoheptulose, OAA (p=0.002), pyroglutamate (p=0.000001),
and erythrose (p=0.02) were metabolized by rAR. Interestingly, the reduction of
erythrose, but not E4P indicates that AR may only be able to reduce dephosphorylated
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Figure 8. TALKO and ARKO differentially regulate metabolites of the PPP, TCA
cycle, pyridine nucleotides, and amino acids. A, Metabolites with concentrations
significantly worsened in the DKO relative to TALKO. B, Metabolites with
concentrations significantly improved in the DKO relative to TALKO.
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Figure 9. AR metabolizes TCA, glycolysis, glutamate pathway, and PPP metabolites.
A, Recombinant AR was expressed in BL-21 E. coli and was confirmed with wildtype mouse tail protein. B, AR activity in the presence of different metabolites from
the PPP, ascorbate pathway, TCA, glycolysis, glutamate pathway, and PPP.
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sugars in the PPP. It has been proposed that sugar-phosphatases may generate erythrose
from E4P33. We demonstrated that AR metabolizes erythrose, therefore AR may be the
major source of erythritol often reported in TAL deficiency33. OAA is necessary for
generating malate to share reducing equivalents between the mitochondrial matrix and
the cytosol34. Depletion of OAA could result in less shuttling of malate to the cytosol for
generation of NADPH via malic enzyme (ME1). Pyroglutamate is a precursor of GSH,
and AR reduction of pyroglutamate to hydroxyproline may inhibit de novo GSH
synthesis. Thus AR may play a direct role in both NADPH depletion and GSH depletion.
The PPP shares metabolites with a number of other metabolic pathways, and
accumulation of 4-, 7-, and 8- carbon sugars in TALKO and DKO livers inhibits the
transfer of carbon from the PPP to biosynthetic and oxidative pathways (Figure 10).
Under normal conditions, the PPP generates NADPH and recycles fructose 6-phosphate
(F6P) and glucose 6-phosphate (G6P) for the oxidative phase and glyceraldehyde 3phosphate (GA3P) back to glycolysis to generate pyruvate to enter the TCA cycle35.
GA3P can also be used to generate glycine, serine, and threonine via 3-PG or be utilized
as the backbone of de novo lipid synthesis in the glycerophospholipid pathway. The PPP
is also essential for creating R5P that is further metabolized to PRPP which is required
for the synthesis of purine, pyrimidine, and pyridine nucleotides. In TAL deficiency,
carbon is “locked up” in the PPP since TAL is the only known enzyme in mammalian
cells that can metabolize 4-, 7-, and 8-carbon sugars. Since these sugars accumulate, the
PPP cannot recycle GA3P, R5P, and F6P into other metabolic pathways. Further
accumulation of PPP sugars in DKO only exacerbates the sequestration of carbon in the
PPP.
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Figure 10. Sequestration of sugar-phosphates in the PPP prevents carbon transfer to
other biosynthetic and oxidative pathways in the cell in TAL deficiency. The loss of
TAL results in the accumulation of E4P, S7P, SBP, O8P, and OBP, which cannot be
metabolized by any other known enzyme in mammalian cells. This results in the
accumulation of these sugar phosphates and blocks the sharing of carbon molecules
between the PPP and nucleotide pathways, amino acids pathways, and the TCA cycle.
3-PG, 3-phosphoglycerate; A/D/E, alanine/aspartate/glutamate pathway; ATP,
adenosine triphosphate; E4P, erythrose 4-phosphate; G/S/T, glycine/serine/threonine
pathway; G3P, glycerol 3-phosphate; GA3P, glyceraldehyde 3-phosphate; GSH,
glutathione pathway; NADH, nicotinamide adenine dinucleotide (reduced); NADPH,
nicotinamide adenine dinucleotide phosphate (reduced); O8P, octulose 8-phosphate;
OAA, oxaloacetate; OBP, octulose bisphosphate; PRPP, phosphoribosyl
pyrophosphate; R5P, ribose 5-phosphate; S7P, sedoheptulose 7-phosphate; SBP,
sedoheptulose bisphosphate; TCA, tricarboxylic acid cycle; V/I/L,
valine/isoleucine/leucine pathway.
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AR transcriptionally regulates proliferation signaling, mitochondrial complex I, and
the PPP
To determine the role of these metabolic changes in the regulation of transcription
we performed RNA-sequencing (RNA-seq) analysis of WT, TALKO, ARKO, and DKO
livers matched for age and gender. In TALKO livers we found 300 genes to be
significantly different from WT with FDR p<0.05. To determine how these genes were
differentially regulated in DKO livers, we segregated the genes into those that were
significantly improved (Figure 11A) or exacerbated by deletion of AR (Figure 11B).
Thus, we identified 70 genes with abnormal expression of which were significantly
improved by AR deletion (Figure 11A). Of note, these genes included ones with
importance for control of hepatocyte proliferation (H19), oxidative stress (Pon1), and
pyroglutamate metabolism (Qpct). Genes with expression profiles that were exacerbated
by AR deletion included Gpi1, which is important for recycling F6P from the nonoxidative PPP back to G6P for reentry into the oxidative PPP, as well as NDUFB8, a
subunit of complex I (Figure 11B). H19 is a non-long coding RNA, but its expression is
linked to upregulation of the growth factor Igf2, which plays a role in proliferation and
blocking apoptosis36. To determine how Taldo1 may be related to H19 and Igf2
expression we found that all 3 genes are tightly linked on human chromosome 11
(<1.5Mb from TALDO1 to IGF2) and mouse chromosome 7 (<1.3Mb from Taldo1 to
Igf2) (Table 1, Figure 11C). These findings indicate close linkage of all 3 genes and may
play a role in their expression in TAL deficiency.

AR deficiency reduces complex I activity and reverses mitochondrial MHP and
ROS production
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Figure 11. RNA-seq analysis of TALKO and DKO. A, Of the 300 genes with
FDR<0.05 in TALKO relative to wild-type, 70 were had significantly improved
expression profiles in the DKO. B, 13 genes in DKO had significantly worse
expression than TALKO. C, Location of TALDO1 on human chromosome 11 and
mouse chromosome 7 with proximity to H19 and IGF2.
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Table 1. Relative position of TALDO1, H19, and IGF2 on human
chromosome 11 and mouse chromosome 7.
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To determine the pathogenic role of mitochondria in liver damage, we studied the
accumulation of mitochondrial ETC proteins in TALKO and DKO. We found that
NDUFS3 was accumulated in TALKO (1.25 ± 0.11 fold, p=0.045), but not in DKO
(Figure 12A). Interestingly, NDUFS3 expression is regulated by mTOR and has been
specifically identified as a source of ROI in complex I10. Other mitochondrial ETC
subunits were not differentially expressed relative to WT in TALKO and DKO such as
NDUFB8 of complex I and SDHB of complex II (Figure 12A). To see if the
overexpression of these ETC components had an effect on mitochondrial function we
tested the ability of isolated liver mitochondria to transfer electrons through complexes I,
II, and IV. We found increased ADP driven (state 3) rate of electron transfer through
complex II and IV in TALKO (Complex II: 1.43 ± 0.07 fold, p=8.1x10-7; complex IV:
1.26 ± 0.05 fold, p=0.00002) and DKO (Complex II: 1.22 ± 0.04 fold, p=0.002; complex
IV: 1.39 ± 0.07 fold, p=0.005) (Figure 12B). Interestingly, TALKO had increased state 3
respiration through complex I (1.54 ± 0.10 fold, p=1.3x10-6), whereas DKO did not have
increased respiration (Figure 12B).
Because complex I is important for the generation of ROI, we performed flow
cytometry on isolated mitochondria. To determine the ROI produced per mitochondrion
we used the ROS sensitive dye dihydrorhodamine (DHR) and mitochondrial mass dye
MTG. We found increased ROI production per mitochondrion in TALKO (1.54 ± 0.29
fold, p=0.046) while DKO had significant decreases in ROI production (0.82 ± 0.06 fold,
p=0.03) (Figure 12C). These changes in ROI production are underlied by coordinate
changes in transmembrane potential (Δψm) per mitochondrial size as measured by
5,5',6,6′-tetrachloro-1,1 ‘,3,3 ‘-tetraethylbenzimidazolocarbocyanine iodide (JC-1) and
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Figure 12. Mitochondrial dysfunction is partially rescued in DKO. A, Representative
western blot analysis of NDUFS3, SDHB, and NDUF8. B, Relative mitochondrial
respiration rates through complexes I, II, and IV with state 3, state 4, and uncoupled
respiration shown. All data were normalized to wild-type controls. C, Flow cytometry
ratiometric analysis of ROI and Δψm relative to mitochondrial mass. D, TCA cycle
and amino acids that are significantly reduced further in DKO livers. E, Western blot
analysis of Me1 in the liver. F, A futile cycle to generate NADPH by Me1 wastes
amino acids and TCA metabolites, resulting in wasted carbon bond energy in an effort
to reduce ROI. Serine and alanine can both be converted to pyruvate while aspartate,
isoleucine, valine, and glutamine can all be converted to TCA cycle intermediates.
Oxaloacetate, a member of the TCA cycle can be converted to malate which is then
shuttled out of the mitochondrion where it can be utilized by ME1 to generate NADPH
and pyruvate in the cytosol. The futile cycling generates NADH in the TCA cycle to
support increased ETC activity. In DKO mice, there is sufficient wasting of these
metabolites to generate NADPH to block oxidative stress. Ala, alanine; Asp, aspartate;
ETC, electron transport chain; Gln, glutamine; Ile, isoleucine; Mal, malate; ME1,
malic enzyme 1; NADH, nicotinamide adenine dinucleotide (reduced); NADPH,
nicotinamide adenine dinucleotide phosphate (reduced); OAA, oxaloacetate; Pyr,
pyruvate; TCA, tricarboxylic acid cycle; Val, valine.
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nonyl acridine orange (NAO), respectively. Mitochondrial hyperpolarization results in
reverse electron flow through the ETC causing electrons to be erroneously transferred to
molecular oxygen which generates ROI37. In TALKO we found increased Δψm per
mitochondrion (1.98 ± 0.45 fold, p=0.03) whereas DKO had reduced Δψm per
mitochondrion (0.50 ± 0.14 fold, p=0.02) (Figure 12C). The changes in mitochondrial
function are coupled with depletion TCA cycle intermediates and amino acids (Figure
12D). Depletion of malate may be due to increased expression of the cytosolic NADPH
generating ME1 in TALKO (1.87 ± 0.32 fold, p=0.03) and further overexpression in
DKO livers (2.68 ± 0.47 fold, p=0.01 versus WT and p=0.01 versus TALKO) (Figure
12E). The overexpression of ME1 may be in response to the loss of NADPH generation
by the PPP. In TALKO it does not sufficiently rescue oxidative stress as per NADPH
levels, but DKO has normalization of NADPH (Figure 8). We hypothesize that ME1
contributes to a futile cycle of wasting malate, OAA, and glucogenic amino acids such as
glutamine, alanine, aspartate, valine, isoleucine, and serine to generate reducing
equivalents in the cytosol via the malate shuttle (15F). These metabolites generate NADH
in the mitochondria to drive ETC function in both TALKO and DKO and then malate is
shuttled out of mitochondria to generate NADPH. This wasting of carbon bond energy
generates reducing equivalents for both the cytosol and mitochondrion, but depletes the
cell of much need amino acids and TCA cycle intermediates.

TAL and AR exert opposing effects on mTOR-AMPK balance
We found increased phosphorylated 4E-BP1 (p4E-BP1) in TALKO (2.39 ± 0.54
fold, p=0.03) and DKO (1.73 ± 0.28 fold, p=0.03) livers (Figure 13A). We also found
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Figure 13. TAL deficiency blocks autophagosome formation from mitochondrial
membranes in the liver and is not rescued by AR deficiency in DKO. A, Identification
and quantification of autophagosomes budding from isolated mitochondria. B, Western
blot of Drp1 in the liver. C, Western blot of SQSTM1, Rab4A, and β-catenin in isolated
mitochondria. D, Western blot of mTORC1 substrate 4E-BP1. E, Western blot of
mTORC1 antagonist, AMPK. F, Flow cytometry analysis of mitochondrial mass and
glutathione content of isolated hepatocytes. G, Depletion of Drp1, accumulation of
Rab4A and SQSTM1, and activation of mTORC1 block autophagy and induce the
accumulation of damaged mitochondria that prevents the degradation of damaged
mitochondria via mitophagy. AMPK, AMP activated protein kinase; AP,
Autophagosome; Drp1, dynamin related protein 1; mTORC1, mechanistic target of
rapamycin complex I; ROI, reactive oxygen intermediates; SQSTM1, sequestosome 1.
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total 4E-BP1 levels to be increased in TALKO (1.64 ± 0.25 fold, p=0.02) and DKO (1.66
± 0.23 fold, p=0.01) livers (Figure 13A). When we analyzed the ratio of p4E-BP1 to total
4E-BP1 we found only TALKO (1.41 ± 0.22 fold, p=0.049) had significant upregulation
(Figure 13A). These data indicate that there is increased mTORC1 activation in TALKO
and DKO which plays a role in autophagy suppression, but the elevated ratio of p4EBP1/total 4E-BP1 in TALKO may be important for transforming hepatocytes to HCC.
Since mTORC1 was activated we decided to also investigate its cellular antagonist AMP
activated protein kinase (AMPK). We did not identify a change in AMPK
phosphorylation, but total AMPK was elevated in TALKO (1.35 ± 0.07 fold, p=0.004)
(Figure 13B). This upregulation of AMPK resulted in a reduction of the pAMPK/AMPK
ratio in TALKO (0.68 ± 0.09 fold, p=0.01) (Figure 13B).
At the cellular level, we then investigated how decreased autophagy was affecting
mitochondrial dynamics. In hepatocytes we found profoundly increased mitochondrial
mass by mito-tracker green (MTG) in TALKO (3.65 ± 1.18 fold, p=0.03) and DKO (5.11
± 0.66 fold, p=0.0004) (Figure 13C). We hypothesize that the loss of mitophagy in
hepatocytes results in the accumulation of damaged mitochondria which produce more
ROI which depletes GSH. We found that GSH, as measured by monochlorobimane
(MCB), was depleted in both TALKO (0.43 ± 0.14 fold, p=0.007) and DKO (0.42 ± 0.08
fold, p=0.001) hepatocytes (Figure 13C).

AR and TAL control mitochondrial derivation of autophagosomes
Mitochondria are a major source of reactive oxygen intermediates (ROI) which
regulates cell growth, proliferation, and autophagy. We first investigated autophagosome
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formation from mitochondrial membranes. We found reduced autophagosome budding
per mitochondrion in TALKO (0.034 ± 0.006 autophagosomes/mitochondrion, p=0.48)
relative to WT (0.071 ± 0.016), which was even further reduced in DKO (0.015 ± 0.005
autophagosomes/mitochondrion, p=0.007 versus WT and p=0.04 versus TALKO) (Figure
13D). To determine the mechanism for reduced autophagosome formation in the liver, we
quantified dynamin related protein 1 (Drp1), a protein involved in mitochondrial fission
and mitophagy38. We found reduced Drp1 in TALKO (0.76 ± 0.08 fold, p=0.02) and
DKO (0.70 ± 0.08 fold, p=0.01) (Figure 13E). Reduced Drp1 may result in less
mitochondrial fission and mitophagy. We next investigated mitochondria directly and
found that there was accumulation of pro-autophagy protein SQSTM1/p62 on TALKO
mitochondria (1.35 ± 0.12 fold, p=0.01) that was accentuated on DKO mitochondria
(1.94 ± 0.23 fold, p=0.01 versus WT and p=0.01 versus TALKO) (Figure 13F). We next
probed for the early endosomal protein HRES-1/Rab4A, which negatively regulates Drp1
and has a positive feedback loop with autophagy inhibiting mTORC112. We found that in
TALKO (1.56 ± 0.24 fold, p=0.03), but not DKO, that there was increased localization of
Rab4 to mitochondria (Figure 13F). We also identified accumulation of the proliferation
inducing, anti-autophagy protein β-catenin on TALKO (1.95 ± 0.50 fold, p=0.04), but not
DKO mitochondria (Figure 13F)39. The translocation of β-catenin to mitochondria has
previously been shown to activate the TCA cycle and ETC, which may be driving
increased respiration in TALKO (Figure 12B)40. The culmination of these findings is that
mTORC1 and Rab4A have a positive feedback loop that prevents autophagosome
neogenesis and blocks mitophagy that would otherwise break down damaged
mitochondrion that contribute to increased oxidative stress (Figure 13G).
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TAL and AR deficiency synergistically reduce body size and increase hepatosomatic
ratio
To obtain a global view of the role of the PPP, we found that TAL and AR each
regulate weight gain and animal size (Figure 14A). By 24 weeks of age, there were
significant differences in animal weights. We measured the weights of n=5 animals
ranging from 24 to 47 weeks of age. We found that WT mice weighed 36.0 ± 3.3g, while
TALKO mice had significantly reduced body weight at 26.0 ± 0.7g (p=0.02), and ARKO
mice weighed 26.2 ± 0.7g (p=0.02) (Figure 14B). DKO mice had even further reduced
weight at 22.8g ± 0.6g (p=0.005) compared to WT mice. The DKO weight was also
significantly reduced when compared to TALKO (p=0.03) and ARKO (p=0.005) (Figure
14B). Liver mass relative to average body weight from n>4 mice were compared to
assess hepatomegaly. Wild-type livers were 2.75 ± 0.15% of total body weight compared
to increased hepatosomatic ratios in TALKO at 4.68 ± 0.33% (p=0.0001), ARKO at 3.82
± 0.12% (p=0.001), and DKO at 4.56 ± 0.24% (p=0.00007) (Figure 14C). We found
significantly increased expression of Gpi1, which recycles F6P to G6P in the PPP, in
TALKO (1.742 ± 0.13 fold, p=0.002) and DKO (2.230 ± 0.47 fold, p=0.03) (Figure
14D)35.
The reason for the reduced weight may be sequestration of carbon in the PPP and
subsequent recycling of F6P to G6P by Gpi1 which wastes bond energy that would
otherwise be converted to ATP if the sugar-phosphates were returned to glycolysis
(Figure 14E). Ideally, glucose can be oxidized to generate 36 ATP via direct production
of ATP as well as through the generation of NADH in both glycolysis and the TCA
cycle41. Under homeostatic conditions up to 30% of glucose in the liver can be shunted
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Figure 14. TAL and AR deficiency promote reduced body weight and liver
hypertrophy. A, Relative animal size. B, Mouse weights measured at 24-47 weeks of
age. C, Hepatosomatic ratio of liver weight relative to body weight. D, GPI1
expression in the livers of wild-type, TALKO, ARKO, and DKO mice. E,
Sequestration of sugar phosphates in TAL deficiency results in less efficient use of
carbon. 1 glucose molecule can generate 36 ATP when fully oxidized. The PPP creates
NADPH with the loss of only 1 carbon per G6P with efficient return of F6P and GA3P
to glycolysis. In TALKO and DKO, there is accumulation of sugar-phosphates in the
PPP which prevent efficient return of carbon to glycolysis. Additionally, in TALKO,
AR produces polyols which increases osmotic stress and water uptake into
hepatocytes.
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from glycolysis to the PPP42. The PPP is an efficient pathway to generate reducing
equivalents in the form of NADPH at a loss of 1 carbon per G6P shunted. The nonoxidative PPP exchanges 2 or 3 carbon moieties using transketolase (TK) or TAL,
respectively, to return F6P and GA3P to glycolysis for further oxidation to generate
NADH and ATP. When TAL is deleted, the forward reaction of the non-oxidative PPP
causes the accumulation of S7P and 5-carbon sugar phosphates such as xylulose 5phosphate (X5P), R5P, and ribulose 5-phosphate (Ru5P) (labeled as C5P since they are
all interchangeable through isomerization and epimerization). This newly uncovered
accumulation of PPP metabolites in combined TAL-AR deficiency results in less carbon
recycling for glycolysis, amino acid, lipid, and nucleotide synthesis leading to marked
body size restriction. Furthermore, accumulated 5-carbon sugars are substrates to AR
which can generate polyols that induce osmotic stress in hepatocytes35. Increased polyol
concentration in the liver would cause increased water uptake into the tissue and increase
overall liver weight. The combined effect of inefficient carbon use and osmotic water
retention in liver results in less weight gain and increased liver weight.

The TAL-AR axis promotes the formation of aPL and cirrhosis
We next wanted to understand the pathological consequences of increased PPP
sequestration of sugar-phosphates. Liver perfusions induced reticular formation on the
surface of TALKO and DKO mice (Figure 15A). To further investigate this vascular
phenotype, we first studied paraoxonase 1 (PON1), a protein that acts as an antioxidant in
blood that is carried on high-density lipoproteins (HDL) and prevents lipid peroxidation
and liver damage43,44. PON1 mRNA was significantly reduced (-1.71-fold reduced
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Figure 15. TAL deficiency causes fibrosis and is not rescued by AR deficiency in
DKO. A, Livers post-perfusion with HBSS+EGTA with reticular formations in the
TALKO and DKO mice. B, PON1 expression in the liver. C, PON1 secretion in sera.
D, PON1 activity in sera. E, PLTP expression in the liver. F, Hepatocyte NO
production as measured by DAF-FM. G, Relative levels of anti-nuclear antibodies,
ApoH autoantibodies, and Cardiolipin autoantibodies. H, Liver ultrasound analysis of
tissue density. I, Flow cytometry analysis of NK cells from liver perfusions.
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relative to WT, p=2.9x10-6) in TALKO and only modestly improved in DKO (-1.25-fold
reduced relative to WT, p=0.0064) (Figure 11A). Interestingly, we found that total PON1
protein was increased in DKO (1.88 ± 0.21 fold, p=0.006). However, both TALKO (3.54
± 0.93 fold, p=0.03) and DKO (7.34 ± 1.53 fold, p=0.007) livers expressed a
predominantly lower molecular weight form of PON1, which has been previously
described (Figure 15B)45. To assess if truncated PON1 played a role in its secretion into
the blood, we blotted serum and found reduced PON1 secretion in TALKO (0.26 ± 0.03
fold, p=0.009) and DKO (0.47 ± 0.14 fold, p=0.03) (Figure 15C). We next performed a
PON1 activity assay and found that its activity was significantly reduced in TALKO
(106.7 ± 7.5 nmol/mL/min, p=0.007) and DKO (126.1 ± 10.7 nmol/mL/min, p=0.02)
relative to WT (208.9 ± 27.7 nmol/mL/min) (Figure 15D). To further elucidate the role of
lipid metabolism in PON1 secretion, which is dependent on binding to HDL containing
ApoA-1 at the surface of hepatocytes, we quantified phospholipid transfer protein (PLTP)
which is responsible for transferring lipid moieties to apolipoproteins prior to secretion
by hepatocytes46,47. We found that there was overexpression of PTLP in TALKO (2.50 ±
0.56 fold, p=0.02) and DKO (2.52 ± 0.78 fold, p=0.047) that coincided with less PON1
secretion (Figure 15C, E). The upregulation of PLTP may be a response to decreased
PON1 secretion48.
Alternatively, the fibrotic phenotype in the TALKO and DKO animals may be
underlied by diminished nitric oxide (NO) production by hepatocytes that regulate vessel
dilation. Using the flow cytometric dye DAF-FM, which specifically fluoresces in the
presence of NO, we found a reduction in NO levels in the hepatocytes of TALKO (0.74 ±
0.11 fold, p=0.04) and DKO (0.48 ± 0.09 fold, p=0.001) mice (Figure 15F). The
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depletion of NO may result in the inability to dilate hepatic vessels and increase stiffness
in these livers. We next wanted to determine if there was a role for autoimmune disease
in the pathogenesis of liver fibrosis in TAL deficiency. Lipid peroxides are markers of
oxidative stress and can also act as autoantigens in anti-phospholipid syndrome (APS)49.
APS causes increased clot formation which may induce fibrosis in the liver21,22. We
found that anti-nuclear antibodies (ANAs) were reduced in both TALKO (0.39 ± 0.08
fold, p=0.04) and DKO mice (0.44 ± 0.16 fold, p=0.06) (Figure 15G). Interestingly, there
was significantly increased production of aPL autoantibodies to ApoH and cardiolipin in
TALKO (ApoH: 2.06 ± 0.23 fold, p=0.02; Cardiolipin 1.96 ± 0.34 fold, p=0.04), ARKO
(ApoH: 1.67 ± 0.18 fold, p=0.048; Cardiolipin 1.71 ± 0.17 fold, p=0.04), and DKO
(ApoH: 2.51 ± 0.44 fold, p=0.04; Cardiolipin 2.55 ± 0.43 fold, p=0.03) (Figure 15G). We
next evaluated total liver density with ultrasound and found increased tissue density and
reduced vessel distensibility in TALKO and DKO, further indicating there are fibrotic
changes (Figure 15H). Fibrosis and subsequent clotting may be due to depletion of
natural killer (NK) cells19,50. We found relative to WT, reduced numbers of intrahepatic
NK cells in TALKO (4.73 ± 0.29%, p=0.004) and DKO (6.02 ± 0.44%, p=0.02). The loss
of intrahepatic NK cells in our model may predispose TALKO and DKO livers to
increased fibrotic lesions (Figure 15I).

NADPH, but not GSH, is critical for resistance to APAP and hepatocarcinogenesis
The depletion of NADPH and GSH in TALKO coupled with elevated
mitochondrial ROI production may lead to a highly oxidative cellular milieu (Figures 8A,
13C). Conversely, NADPH, but not GSH rescue, in DKO combined with less
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mitochondrial ROI may be sufficient to prevent major oxidative damage (Figures 8B,
13C). To determine if DKO mice rescued the reducing capacity of hepatocytes, we used
the acetaminophen (APAP) model of liver damage which damages hepatocytes via the
production of the oxidant N-acetyl-p-benzoquinone imine (NAPQI) which may be
conjugated with GSH or reduced back to APAP by NADPH51,52. Previously we showed
that TALKO mice are more susceptible to APAP induced liver failure4. We hypothesized
that rescue of NADPH alone would be sufficient to block APAP, despite depletion of
GSH in DKO mice. We found that over a 24-hour period, DKO mice improved survival
versus WT mice, albeit not significantly (Figure 16A). The rescue from APAP induced
liver failure indicates that normalization of NADPH sufficiently improved survival.
We previously showed that TALKO mice develop HCC at an average age of 78
weeks4. DKO mice were aged to 78 weeks and we then determined macroscopically and
microscopically if tumors were present (Figures 16B, C). In addition, TALKO and DKO
mice were noted for anisonucleosis at 78 weeks of age. TALKO have a HCC rate of 47%
which is significantly increased over the WT rate of 3% at 78 weeks of age (Fisher’s
exact test p<0.0001) (Figure 16D). Remarkably, DKO mice had HCC tumor rates
equivalent to that of WT (6%, Fisher’s exact test p=0.32) and a significant reduction
compared to TALKO (Fisher’s exact test p<0.0001).

DISCUSSION
In our current study, we have integrated genomics, metabolomics, protein
expression, and pathology to provide a clearer picture of the progression of liver disease
from fibrosis to HCC. Our previous studies found that AR expression is upregulated in
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the livers and hepatomas of TAL-deficient mice4. These data are further supported by the
accumulation of polyols in the liver, the product of AR activity4. Overexpression of AR
has been implicated in up to 29% of HCC cases and contributes to drug resistance in
HCC53,54. Here, we show AR and the non-oxidative branch of the PPP are inextricably
linked, the mechanism of AR induced tumorigenesis is unknown, but we hypothesize that
it contributes to the depletion of NADPH which predominantly underlies oxidative stress
in the cell that is NOT limited to the regeneration of GSH and drives mitochondrial
hyperpolarization (MHP), and mTOR activation35.
Currently, we find the pathogenesis of fibrosis and subsequent HCC in TALKO is
due to the depletion of NADPH, accumulation of PPP sugar-phosphates, and damaged
mitochondria (Figure 17). Relative to TALKO, in DKO mice there is normalization of
oxidative stress, the p4E-BP1/4E-BP1 ratio, β-catenin translocation to mitochondria, and
AMPK signaling which act to prevent proliferation signaling cascades. Additionally, the
overexpression of long non-coding H19, which plays a role in proliferation and blocking
apoptosis, is rescued in the DKO liver36. The sequestration of carbon and increased ETC
activity were not rescued in the DKO, which may indicate that mitochondrial activity and
reduced carbon utilization may not have a large impact on hepatocellular carcinoma
progression in the presence of normal NADPH levels and reduced mTORC1 activity.
Both the inability to secrete Pon1 and depletion of GSH in TALKO may activate an aPLlike disease and drive fibrosis. Previously, reduced Pon1 expression and activity have
been linked to increased oxidative stress and fibrosis in livers55,56. The oxidative milieu of
TALKO livers caused by both GSH depletion and fibrosis16-18.

121

Figure 16. Elevated NADPH in DKO is sufficient to rescue APAP sensitivity and
development of HCC. A, Survival curve for 24 hours post APAP injection. B,
Macroscopic liver showing healthy tissue in wild-type, ARKO, and DKO and HCC
tumor “T” in TALKO mice. C, Hematoxylin and eosin staining of liver showing
neoplasia in TALKO. D, Percentage of tumors in wild-type, TALKO, and DKO with
Fisher’s exact test p-values.
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Interestingly, fibrosis and Pon1 secretion are not rescued in the DKO livers despite
normal levels of NADPH. Conversely, GSH levels are reduced in both TALKO and
DKO livers and may play a role in the development of liver fibrosis. GSH depletion has
been shown to be associated with the development of aPL, which can promote chronic
liver disease and fibroisis via chronic inflammation21,22,57. Thus, AR metabolically acts as
a carbon rheostat that regulates the flow of carbon throughout the cell and may be a
switch point for the transition from cirrhosis to development of HCC. Since only a
fraction of NASH/cirrhosis patients (0.3%) risk transformation to HCC every year, AR
expression may be an important checkpoint in the progression to cancer58.
We found that TAL-deficient liver mitochondria exhibit increased transmembrane
potential and reactive oxygen intermediate (ROI) production relative to mass. Isolated
mitochondria exhibit increased electron transport chain (ETC) activity through
complexes I, II, and IV. We have detected partitioning of β-catenin to isolated
mitochondria and increased NDUFS3, a subunit of complex I, which may underlie
increased ETC function and ROI production59-61. In isolated TALKO mitochondria, we
have found increased p62, an initiator of autophagy, and increased Rab4A that was
recently shown control mitophagy through depletion of Drp112. Drp1 is the primary
effector molecule in mitochondrial fission62. Drp1 is activated by phosphorylation at
S616 and subsequently recruited to mitochondria where it forms oligomers with other
Drp1 molecules to constrict a mitochondrion and form two daughter mitochondria62. The
daughter mitochondria created by fission have unequal ΔΨm and the mitochondrion with a
depolarized membrane is more likely to be degraded by mitophagy63. We suspect that the
Rab4 depletion of Drp1 blocks mitochondrial fission and subsequent mitophagy,
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Figure 17. AR acts as a carbon rheostat of sugar phosphates in the PPP and regulates
liver oxidative stress and transformation of fibrotic liver to HCC. Ala, alanine; AMPK,
AMP activated protein kinase; AR, aldose reductase; Asp, aspartate; E4P, erythrose 4phosphate; ETC, electron transport chain; Gln, glutamine; Ile, isoleucine; Mal, malate;
ME1, malic enzyme 1; mTORC1, mechanistic target of rapamycin complex I; NADH,
nicotinamide adenine dinucleotide (reduced); NADPH, nicotinamide adenine
dinucleotide phosphate (reduced); O8P, octulose 8-phosphate; OAA, oxaloacetate;
OBP, octulose bisphosphate; PON1, paraoxonase 1; PRPP, phosphoribosyl
pyrophosphate; Pyr, pyruvate; ROS, reactive oxygen species; S7P, sedoheptulose 7phosphate; SBP, sedoheptulose bisphosphate; TCA, tricarboxylic acid cycle; Val,
valine.
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which is also supported by the elevated transmembrane potential. Taken together these
change in mitochondrial homeostasis result in the accumulation of mitochondria in livers
of TALKO and DKO mice. Additionally, we found mTOR and Rab4A have positive
feedback loops that may be driving mitochondrial dysfunction12.
We have identified increased mTOR activation in our TALKO and DKO livers.
mTOR senses a wide array of metabolic cues which include amino acid availability,
growth factors, and oxidative stress, and it integrates these signals to drive proliferation,
cell growth, and mitochondrial function64 and to inhibit autophagy. mTOR is primarily
activated by oxidative stress and MHP, which is consistent with them being all corrected
by inactivation of AR65,66. Previously, it was found that mTOR releases from its
regulatory protein, Raptor, under oxidative stress due to oxidation of key cysteine
residues that promoted their interaction66. The release of Raptor promoted mTOR activity
and was prevented by the addition of reducing agents66. Through its kinase activity,
mTOR phosphorylates eukaryotic translation initiation factor 4E binding protein 1 (4EBP1) and S6 kinase 1 (S6K)64. In whole liver, we found increased total 4E-BP1,
phosphorylated 4E-BP1, in both TALKO and DKO and elevated ratio of phospho/total
4E-BP1 in TALKO, but not DKO. Phosphorylation of 4E-BP1 stimulates transcription
and specifically promotes expression of mitochondrial ETC proteins and increased
mitochondrial activity67. mTOR enhances β-catenin accumulation further by promoting
its expression, which may be the mechanism for enhanced mitochondrial respiration in
our model68. Curiously, S6K phosphorylation is not upregulated in TALKO. 4E-BP1 and
S6K are differentially regulated by mTOR69 Additionally, S6K degradation is positively
regulated by JNK activation70. We previously showed JNK activation in TALKO and in
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our current study we found increased phospho-JNK/total JNK ratios in ARKO and DKO.
Thus, the absence of S6K modulation in TAL deficiency despite mTORC1 signaling
through 4E-BP1, may be due to increased S6K degradation from JNK activation.
The contributing factors of mTOR, aPL, and ROI all represent targets for
treatment in HCC pathogenesis. Surprisingly, all of these signaling pathways are
enhanced in both TALKO and DKO. Our novel study shows that AR is necessary for the
progression of cirrhosis to HCC. There are currently no approved therapeutics for AR
inhibition in the United State, but Japan has approved epalrestat for diabetic
neuropathy71. Thus, our current study provides initial evidence for using AR inhibitors
prior to HCC development in at at-risk populations to prevent disease progression.
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Abstract
Systemic lupus erythematosus (SLE) is an autoimmune disease of unknown etiology.
Epigenetics is a proposed mechanism of aberrant gene expression in SLE that results in
dysregulation of the immune system and loss of tolerance. The modifications of DNA
and histones require substrates derived from the diet and intermediary metabolism. DNA
and histone methyltransferases require S-adenosylmethionine (SAM) for a methyl donor.
SAM is generated from adenosine triphosphate (ATP) and methionine by methionine
adenosyltransferase (MAT), a reduction-oxidation (redox) sensitive enzyme in the SAM
cycle. The availability of B vitamins and methionine regulate SAM generation and
methylation reactions. The DNA of SLE patients is hypomethylated indicating
dysfunction in the SAM cycle and methyltransferase activity. Mitochondria are
important for the generation of metabolites used in histone post translational
modifications. Acetyl-CoA is necessary for histone acetylation. Cytosolic acetyl-CoA
can be generated by the export of citrate from mitochondria. Mitochondria are also
responsible for the de novo synthesis of flavin adenine dinucleotide (FAD) for histone
demethylation. Mitochondrial oxidative phosphorylation in chronically activated lupus T
cells is the dominant source of cellular ATP. Depleted ATP in SLE may affect MAT
activity as well as adenosine monophosphate (AMP) activated protein kinase (AMPK),
which phosphorylates histones and directs the transcription of stress response genes as
well as inhibits mammalian target of rapamycin (mTOR), a metabolism sensor,
activation. mTOR can modify mitochondrial function and regulates epigenetic pathways
including methylation, demethylation, and histone phosphorylation. Beyond their role in
metabolism, mitochondria are the main source of reactive oxygen intermediates, which
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regulate the activity of histone and DNA modifying enzymes. In this review we will
focus on the sources of metabolites required for epigenetic regulation and how the flux of
the underlying metabolic pathways affects gene expression.
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List of Abbreviations
4-HNE, 4-hydroxynonenal
AID, activation-induced cytidine deaminase
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AMPK, AMP activated protein kinase
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mTOR, mammalian target of rapamycin
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FADH2, reduced FAD
GSH, reduced glutathione
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RNAP II, RNA polymerase II
SAH, S-adenosyl-homocysteine
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SNPs, single nucleotide polymorphisms
SLE, systemic lupus erythematosus
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Introduction
Systemic lupus erythematosus (SLE) is an autoimmune disease characterized by
dysfunction of B and T cells, macrophages, dendritic cells, and production of a wide
spectrum of antinuclear autoantibodies1-5. So far, no single, unifying hypothesis has
explained the pathogenesis of SLE; rather, it appears to be caused by a complex interplay
of genetic and environmental factors6. The genetic factors that have been associated with
SLE include a large number of single nucleotide polymorphisms (SNPs) that only
increase the relative risk of disease by 1.1-1.3 fold with the exception of inactivating
mutations in complement genes7,8. Many of the lupus-linked SNPs are located in nonprotein-coding DNA that regulate gene transcription9. Genome wide association studies
found ITGAM, STAT4, ATG5, IRF5, BLK, BANK1, IL10, IL2/IL21, ELF1, CD40, and
TLR7 to be modestly associated with SLE10,11. There is mounting evidence that
modification of DNA by direct methylation and histone modifications, which are
commonly termed as epigenetic mechanisms, affect the expression of genes that regulate
the function of cells within the immune system12-16. The pathogenic role of epigenetics
was observed in SLE over two decades ago17. In lupus CD4+ T cells, hypomethylation
of CD70, CD11a, perforin, IL4, IL6, and CD40L results in increased transcriptional
activity18. Recently, large scale DNA methylation analysis between SLE and control
naïve CD4+ T cells identified 47 genes that are differentially methylated, including
BST2, IFI44L, and STAT119. Still, much of what we know about epigenetic regulation
comes from cancer biology20,21. The epigenetic regulation of gene transcription in
autoimmune diseases, including SLE, is not as well defined and limited to a small
number of genes13.
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The effect of metabolism on DNA and histone modifications has recently
emerged as a major regulatory mechanism of epigenetics 20,21. The DNA and histone
modifications that encompass epigenetics rely on common metabolites such as Sadenosyl-methionine (SAM), acetyl-CoA, and nicotinamide adenine dinucleotide
(NAD+)(Table 1)21. The de novo synthesis or regeneration of metabolites involved in
epigenetic regulation are dependent on diet as well as biochemical pathways such as
glycolysis, the urea cycle, the SAM cycle, and the controlled production of reactive
oxygen intermediates (ROI; Figure 1)22,23.In particular, ROI act as signaling molecules in
the immune system and play a role in SLE pathogenesis24. Additionally, ROI act on
DNA and histone modifying enzymes to regulate transcription25. Mitochondria are
important sources of ROI as well as other metabolites that will be discussed and serve as
a focal point of dysfunction in SLE26,27. In this review, we aim to present the current
knowledge of epigenetics with respect to metabolism in SLE while drawing heavily on
what has been discovered in other fields such as yeast and cancer biology and ascribe
these findings to possible mechanisms of metabolic regulation of epigenetics in SLE.
DNA Modifications
Methylation
DNA methylation results in the repression of gene expression. In eukaryotes,
cytosine is modified by methylation at the 5 carbon14. DNA methylation occurs when
cytosine is adjacent to a guanosine reading in the 5’ to 3’ direction, hence the
nomenclature CpG. There are clusters of CpGs in the DNA, called CpG islands, that can
occur in regulatory segments of DNA. The methylation status of these islands can be
controlled through metabolism and can regulate the expression of genes downstream23.
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Figure 1. Schematic diagram of metabolites and pathways that control the epigenome
in SLE. Metabolites or enzymes in red show elevated levels or activity, while those in
blue have decreased levels or activity in SLE.
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Table 1. Metabolite Requirements for DNA and Histone Modifications
Metabolites
Modification Responsible Enzymes
Required
DNA
DNA Methyltransferases
(DNMT1, DNMT3A,
Methylation
DNMT3B)
SAM
α-ketoglutarate,
Demethylation TET Family Enzymes
O2, Fe2+
Z-DNA
N/A
Polyamines
Histones
Histone Methyl Transferases
Methylation
(HMTs)
SAM
Flavin adenine
Demethylation LSD1/LSD2
dinculeotide
Jumonji-C domain
α-ketoglutarate,
containing demethylases
O2, Fe2+
Histone Acetyl Transferases
Acetylation
(HATs)
Acetyl-CoA
Histone Deacetylases
H2O, hydrolysis
Deacetylation (HDACs)
reaction
Sirtuins (Sirt1, Sirt2, Sirt6,
Sirt7 in nucleus)
NAD+
Kinases (AMPK, Akt, PKC,
Phosphorylation etc.)
ATP
Ubiquitinylation E1, E2, E3 Enzymes
Ubiquitin
SUMOylation E1, E2, E3 Enzymes
SUMO
Peptidylargininedeiminases H2O, hydrolysis
Citrullination (PADs)
reaction

GlcNAcylation O-GlcNAcTransferase
Carbonylation N/A
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Affected in
SLE?

Yes17,36
Not described
Yes62,63

Yes71,72
Not Described
Yes72
Yes80,95,96
Yes95,96
Yes95,96
Not Described
Not Described
Not Described

Not Described
Yes, but no
evidence for
O-linked Nhistone
acetylglucosamine modification115
4-HNE, MDA
Not Described

SLE patients with active disease have hypomethylated DNA 17. The methylation
of DNA inversely correlates with lupus disease activity28. DNA methylation is carried
out by three DNA methyltransferases (DNMT). Dnmt3a and Dnmt3b perform de novo
methylation whereas Dnmt1 maintains inheritable methylation14.DNA methylation is
dependent on SAM as a methyl group donor.SAM is generated from ATP and methionine
by methionine adenosyltransferase (MAT). MAT1A knockout mice have a greater than
seven-fold increase in plasma methionine while SAM and reduced glutathione (GSH)
were severely reduced by 74% and 40%, respectively29. MAT is negatively regulated by
oxidative and nitrative stress which is reversed by the addition of GSH30. Thus, SAM is
regulated by the cellular reduction-oxidation state.
The byproduct of DNA methylation by SAM is S-adenosyl-homocysteine (SAH),
which inhibits both DNMTs and histone methyltransferases (HMTs) 31.Subsequently,
SAH is hydrolyzed to adenosine and homocysteine. Adenosine generated by monocytes
and regulatory T cells (Tregs) inhibits arachidonic acid release from monocytes and
modifies the immune response in SLE32. Homocysteine can activate T cells and is
elevated in children with SLE33,34. Homocysteine can then be re-methylated to
regenerate methionine or it may be metabolized to cystathionine, a GSH precursor
(Figure 1).
GSH is essential for maintaining a reducing environment and acts as a precursor
of methionine. DNMTs are sensitive to ROI because of a reduced cysteine that
participates directly in the methyltransferase activity25,35. DNMT1 expression and
enzymatic activity is reduced in SLE17,36. The depletion of GSH and subsequent increase
in oxidative stress in SLE may be driving the inhibition of DNMT1 via oxidation of
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catalytic cysteine residues37. DNMT1 and DNMT3 transcription levels and
methyltransferase activity are positively regulated by protein kinase C delta (PKCδ) and
ERK38-40. PKCδ is sensitive to oxidative and nitrosative stress and nitration of PKCδ
prevents phosphorylation of the tyrosine 505 residue and subsequent activation of
PKCδ41. Downregulated ERK activity in lupus CD4+ T cells due to less PKCδ activity
results in DNA hypomethylation and more permissive transcription39. The importance of
ERK in DNMT regulation is further supported by data showing pharmacological
inhibition of ERK by hydralazine results in DNA hypomethylation42. Additionally,
ultraviolet (UV) radiation inhibits ERK which inhibits T cell activation43. Since UV
induces SLE flares, T cell hypomethylation may be due to inhibited ERK signaling to
DNMTs6,17.
In addition to its role in T cell DNA methylation, PKCδ also regulates B cell
proliferation in humans. PKCδ deficiency in humans results in the expansion of B cell
populations and early onset SLE44. The methylation status of B cell DNA is important
for receptor gene rearrangement and hypomethylated DNA can lead to loss of B cell
tolerance45. The DNA methylation status was not reported in PKCδ deficient patients,
but future studies may yield some information on the epigenetic regulation of B cell
transcription by PKCδ. Another important regulator of B cell autoreactivity in SLE is
activation-induced cytidine deaminase (AID). AID deaminates cytosine to uracil on
single stranded DNA and is associated with DNA demethylation46. The nucleotide
conversion by AID drives somatic hypermutation and immunoglobulin class switching in
B cells47. VDJ rearrangement in B cells requires hypomethylated DNA47. AID
associates with demethylated DNA and require histone phosphorylation, methylation, and
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acetylation to gain access to immunoglobulin loci47. The transcription of Aicda, the gene
encoding AID, depends on histone 3 methylation and acetylation47. B cell maturation is
dependent on metabolites such as glucose, tryptophan, and 5’-methylthioadenosine, a
polyamine biosynthesis intermediate48. The flux of these metabolites in B cells may play
a role in epigenetic regulation so that antibody responses are appropriate and self tolerant.
SLE lymphocytes have hypomethylated DNA and increased oxidative stress due to the
depletion of GSH17,27,49. This may be due to the accumulation of SAH from blockage in
the SAM pathway that prevents recycling of SAH and homocysteine to methionine or
cystathionine. Elevated levels of SAH inhibit methyltransferase activity50. SAH and
homocysteine accumulation also cause demethylation in lymphocytes51. Increased SAH
and homocysteine indicate a block in the pathways to regenerate SAM and de novo GSH
synthesis, which further promotes oxidative stress. Interestingly, the depletion of GSH
results in DNA hypomethylation and it is argued that methionine is diverted from the
SAM cycle to regenerate GSH52. All of the reactions to generate GSH from methionine
are reversible. Thus, it could be reasoned that GSH is a source of methionine and
therefore the depletion of GSH results in less available methionine for SAM regeneration.
Furthermore, MAT1A knockout mice have depleted GSH despite a dramatic increase in
methionine further supporting the hypothesis that GSH is shunted towards the SAM cycle
and drives methylation and not vice versa29. Thus, the availability of SAM and GSH
coupled with less methyltransferase activity may drive T cell fate and further instigate
autoimmunity.
Dietary intake of vitamins and proteins are essential for maintaining the SAM
cycle. The vitamins B2, B6, B9 (folate), and B12 are all required for the re-methylation of
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homocysteine to methionine and are required in the diet (Figure 1)53-56. DNA methylation
is dependent on dietary folate14,38. Dietary intake of methionine is likely important for
maintaining SAM levels because it is an essential amino acid that cannot be generated de
novo in humans. The DNA methylation pathway connects diet, the SAM cycle, and
oxidative stress to T and B cell fate and autoimmunity.
Demethylation
Hypomethylated DNA in SLE patients is immunogenic and allows for increased
transcription57,58. The hypomethylated state of SLE DNA may be a result of increased
demethylation activity. The TET-family enzymes oxidize methylcytosine to generate 5hydroxmethylcytosine, 5-formylcytosine, and 5-carboxylcytosine59,60. TET-family
enzymes require α-ketoglutarate (α-KG), O2, and Fe2+ to demethylate DNA. α-KG is an
important metabolite of the tricarboxylic acid (TCA) cycle in mitochondria and is
generated from the decarboxylation of isocitrate or the deamination of glutamate. The
dependence on the mitochondria for substrate makes these enzymes sensitive to cellular
energetics. The transition from aerobic glycolysis to oxidative phosphorylation
(OXPHOS) likely affects the availability of α-KG for demethylation and may regulate the
epigenome.
DNA methylation/demethylation reactions in SLE depend on the availability of
SAM, GSH, and α-KG. Within 20 minutes of T cell activation, the IL-2 promoter is
demethylated61. The ability of the cell to regulate gene expression quickly through
methylation requires coordination of metabolic flux. Thus, readily available pools of
SAM, GSH, and methionine for methylation and α-KG for demethylation are essential in
cells that need to quickly respond to stimuli and stress.

149

Z-DNA
Transcriptionally active DNA is found in three different conformations: A, B, and
Z-DNA. Z-DNA has a left handed helix that turns in the opposite direction of A and BDNA. The Z-DNA structure prevents histone inhibition of transcription due to the low
affinity of Z-DNA for histones15. Furthermore, anti-dsDNA antibodies in SLE have a
greater affinity for Z-DNA than B-DNA indicating that Z-DNA is common in SLE
patients and immunogenic62. Z-DNA occurs transiently in cells, but can be stabilized in
the presence of polyamines such as spermine15. Polyamines are increased in the sera of
children with SLE63. Hydralazine induced lupus also stabilizes Z-DNA indicating that its
inhibition of the ERK pathway plays a role in Z-DNA stabilization or it affects polyamine
synthesis64. Ornithine, generated in the urea cycle, is a precursor in spermine synthesis.
SAM is also necessary for the synthesis of spermine. Ornithine decarboxylase converts
ornithine into putrescine through decarboxylation to initiate spermine synthesis.
Ornithine decarboxylase is activated by UV radiation65. In SLE patients, this means that
UV radiation could contribute to the stabilization of Z-DNA and promote transcription by
increasing spermine levels. Spermine levels in SLE have not been investigated thus far,
but coupled with demethylation this may lead to increased transcription in CD4+ T cells.
It has been proposed that spermine synthase and spermidine/spermine acetyl transferase
can act as a futile cycle that wastes SAM in SLE cells15. In wasting SAM, cells could
draw on GSH to replenish SAM, effectively depleting GSH. Spermine synthase and
spermidine/spermine acetyl transferaseare located on the X chromosome, and
demethylation of the inactivated X chromosome in females would allow for increased
gene dosage in SLE15. Furthermore, polyamines induce histone acetylation which
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promotes transcription66,67. The sensitivity of SAM generation to oxidative stress and
ornithine decarboxylase to UV make spermine and other polyamines possible biomarkers
for disease activity in SLE.
Histone Modifications
Methylation
Much like DNA methylation, histone methylation is also dependent on SAM as a
methyl donor and HMTs are inhibited by SAH (Figure 1)31. A distinction of histone
methylation from DNA methylation is that the methylation of histones does not act as a
simple on/off switch for transcription. Instead, the methylation code of histones is
determined by both which lysine is methylated as well as the number methyl groups
attached to the lysines68. When lysine 79 of H3 is mono or dimethylated, transcription is
activated15,69. Conversely, trimethylation of H3K79 represses transcription69. Much like
DNMTs, HMTs maintain reduced cysteine residues at that are involved in the catalysis of
histone methylation70. These cysteines are targets of ROI and implicate oxidative stress
and GSH depletion in histone methylation dysfunction25.Instances of increased histone
methylation have been reported in SLE T cells indicating HMT activity may be
increased71,72. The complexity of the histone methylation code does not lend itself to
straightforward regulation by metabolism and more studies are required to determine how
SAM, GSH, and SAH availability affects histone methylation in SLE.
Demethylation
Metabolically, there are 2 classes of histone demethylases. Lysine-specific
demethylases (LSD) are flavin adenine dinucleotide (FAD) dependent and the JumonjiC
(JmjC) domain containing histone demethylases which have the same substrates as TET-
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family demethylases21.FAD is formed from ATP and riboflavin (B2) in mitochondria20.
The demethylation of histones by LSD enzymes generates reduced FAD (FADH2). To
recycle FADH2, the cell uses O2 to oxidize FADH2 into FAD which results in the
production of H2O221. In addition, each demethylation reaction catalyzed by LSD1
generates one molecule of H2O2 and can result in the oxidation of nearby DNA bases73.
Thus, demethylation of histones ultimately causes oxidative stress through the production
of H2O2. Consequently, LSD1 negatively regulates the transcription of many genes
involved in energetic metabolism such as PGC-1α, PDK4, and ATGL74.
Diminished JmjC demethylase 3 activity results in increased trimethylation of
H3K27 and is implicated in increased T and B cell activation in SLE72. The JmjC
demethylases have the same requirements as the TET family DNA demethylases, and
thus the same metabolic disturbances that affect α-KG concentration and TET function
also affect JmjC demethylases. Succinate is a product of TET and JmjC demethylation
which acts through feedback inhibition to block further DNA and histone
demethylation75. Furthermore, both JmjC and TET demethylases are negatively
regulated by ROI76. The oxidative environment of lupus T cells may inhibit the function
of these demethylases. The mammalian target of rapamycin (mTOR) may also regulate
the JmjC histone demethylases through its control of hypoxia inducible factor 1 (Hif1)
transcription. HIF1 acts as a transcription factor to upregulate the transcription of some
of the JmjC demethylases77. mTOR is sensitive to amino acid and glucose levels and
positively regulates Hif1 expression78. Conversely, the EgIN prolyl hydxroylases
negatively regulate Hif120. The EgIN prolyl hydroxylases are induced by α-KG and
inhibited by succinate and fumarate, all products of the TCA cycle20. The dependence of
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demethylase enzymes on mitochondrial substrates makes understanding mitochondrial
dysfunction in SLE that much more essential27.

Acetylation
The positive charge of lysines allows for tight binding of histones to negatively charged
DNA which inhibits transcriptionby hindering access of transcription enzymes to DNA.
Acetylation by histone acetylases (HATs) eliminates the charge differences between
histones and DNA allowing transcription factors to access DNA79. The expression of the
HAT p300 is protective against lupus and its loss results in a SLE phenotype in mice80.
HATs utilize acetyl-CoA for acetylation reactions. Acetyl-CoA can be generated in
mitochondria from pyruvate or in the cytosol during fatty acid synthesis. The citrate that
is used for fatty acid synthesis is generated by the TCA cycle from glucose or α-KG in
the forward and reverse cycle directions, respectively. The export of citrate from
mitochondria, typically in a well-fed state, results in the generation of cytosolic acetylCoA by ATP-citrate lyase. Cytosolic acetyl-CoA can then be used to acetylate histones
in the nucleus. The concentration of acetyl-CoA is essential for acetylation because its
abundance and depletion induce acetylation and hypoacetylation, respectively, in
yeast81,82.The dependence on the TCA cycle for both acetyl-CoA and α-KG link
acetylation and demethylation processes of the cell.
The ERK pathway may also affect acetylation indirectly. ERK positively regulates
pyruvate dehydrogenase (PDH), the enzyme responsible for converting pyruvate to
acetyl-CoA83. Due to low PKCδ and ERK activity in SLE, one might expect less flux of
glucose into the TCA due to less PDH activity. TCA cycle activity is actually increased
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in chronically activated lymphocytes so the interrelationship between ERK and
glycolysis/TCA activity may not be as clear cut84. ERK also disrupts the TSC1/TSC2
complex which prevents TSC2 from inhibiting mTOR85. Low ERK in SLE would then
allow for mTOR inhibition in CD4+ T cells, which is not the case, indicating that mTOR
activation is independent of ERK in lupus CD4+ T cells. Rather, mTOR is elevated in
lupus CD4+ T cells and causes dysfunction through increased recycling of CD4 and
TCRζ via HRES/Rab4 and HIF1 as mentioned above78,86.

Deacetylation
Histone deacetylases (HDACs) and NAD+ dependent sirtuins act on histones to cleave
acetyl moieties. HDACs hydrolyze acetyl groups and thus are not dependent on
metabolite cofactors to be active. Cell metabolism does affect HDAC activity through
ROI and RNS signaling. The activities of HDAC1, HDAC2, and HDAC3 are reduced
due to nitration and HDAC2 is degraded under nitrative and oxidative stress87,88. Sirtuins
1, 2, 6, and 7 are localized to the nucleus. Sirtuins require NAD+as a cofactor and their
activity is dependent on the NAD+/NADH ratio89. Sirtuins are sensitive to the oxidative
state of the cell because NAD+ and NADH are used in reduction-oxidation reactions89.
NAD+ is an important substrate in glycolysis and it dominates over its reduced form,
NADH90. NAD+can be generated de novo from tryptophan, an essential amino acid
further implicating diet in epigenetic regulation91.Interestingly, tryptophan is depleted in
SLE and its catabolite, kynurenine, is increased which may have an effect on de novo
NAD+ synthesis92,93. Niacin and aspartate are also NAD+ precursors making NAD+
central to many metabolic pathways that affect epigenetics.
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As a cofactor in sirtuin driven deacetylation, NAD+ is cleaved into nicotinamide (NAM)
and O-acetyl-ADP-ribose21. NAM acts to inhibit sirtuins and thus the product of
deacetylation acts to inhibit further sirtuin activity94. NAM can also be recycled to
regenerate NAD+. NADH is also an inhibitor of sirtuins89. Glycolysis and redox are thus
equally important for acetylation reactions as deacetylation reactions.
Hypoacetylation of histone H3 correlates directly with SLE disease activity95. In
MRL/lpr mice there is increased expression of Sirt1 and decreased expression of HDAC2
and HDAC7 in CD4+ T cells95,96.Despite the downregulation of HDAC proteins, HDAC
inhibitors increase histone acetylation and improve disease in mouse lupus models97. The
overexpression of Sirt1 drives histone hypoacetylation and may deprive glycolysis of
NAD+ or drive increased degradation of tryptophan to replenish NAD+.
Acetylation in SLE is very dynamic and is different depending on cell type13.
Monocyte H4 histones are hyperacetylated in SLE98. Interestingly, it was found that
hyperacetylation of monocytes histones leads to increased production of the proinflammatory cytokine TNF-α99. Lupus monocytes have impaired glycolysis and thus
less carbon is being shunted into the TCA cycle and lactate production100. The low
glycolytic activity of these cells may provide less NAD+ for deacetylation because there
is not likely an increase in acetyl-CoA to drive acetylation. In contrast to lupus
monocytes, lupus CD4+ T cells have general hypoacetylation95. One would expect the
abundance of acetyl-CoA from increased TCA cycle activity in chronically activated
lymphocytes to increase acetylation84. Consequently, the hypoacetylation may then be
driven by sirtuins rather than HATs in lupus CD4+ cells.
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Phosphorylation
Histone phosphorylation is another method of transcriptional regulation. ATP is
not considered a limiting factor for kinases that act on histones21. There are kinases that
act as metabolic sensors which then phosphorylate histones based on metabolite levels.
A metabolic sensor that has the capacity to phosphorylate histones is AKT101. AKT is
phosphorylated by mTORC2, which is sensitive to amino acid levels in the cell102. Thus,
the cellular concentration of amino acids can drive histone phosphorylation. AMP
activated protein kinase (AMPK) is sensitive to low ATP/AMP ratios and is activated
under these conditions. During energy stress, AMPK translocates to the nucleus and
phosphorylates histones to activate transcription of stress related genes103. In SLE, ATP
is depleted and thus a low ATP/AMP activates AMPK104,105. There are currently no
studies found upon cross-referencing SLE and AMPK, but there is a great opportunity to
explore the regulatory effects of AMPK on the epigenome of SLE T cells. Furthermore,
AMPK negatively regulates mTOR, which is activated in lupus T cells106. Many other
kinases phosphorylate histones but metabolic control of their activities is not as well
described101.

Lipid Peroxidation/Carbonylation
The oxidative environment in SLE can generate reactive lipid species.
Peroxidation of lipids generates malondialdehyde (MDA) and 4-hydroxynonenal (4HNE). MDA reacts with adenosine and guanosine in DNA and forms adducts which can
inhibit RNA polymerase II (RNAP II) activity107,108. RNAP II is responsible for the
synthesis of mRNA during transcription. Thus, MDA inhibition of transcription could
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result in aberrant gene expressionin SLE. 4-HNE reacts with HDACs 1-3 to carbonylate
cysteine residues109. 4-HNE repression of HDACs permits Gadd45 transcription, which
isoverexpressedin SLE T cells13,110. Gadd45 promotes demethylation and gene
transcription of CD11a, and CD70 in autoreactive cells110,111. Gadd45 is also activated by
UV radiation which causes lupus flares and induces oxidative stress6,12,110. Gadd45
connects oxidative stress, lipid peroxidation, histone acetylation, UV damage, and
demethylation to lupus flares.
GlcNAcylation/Ubiquitination
A recently discovered histone modification is O-linked N-acetylglucosamine
(GlcNAc)112. GlcNAc is formed by amination of glucose. The TET-family DNA
demethylase enzymes TET2 and TET3 regulate GlcNAcylation of histones by interacting
with O-linked GlcNAc transferase (OGT)113,114. The TET2/3-OGT interaction with
chromatin tends to induce transcription as well as histone ubiquitination112. With respect
to SLE, it is not currently known how histone glycosylation may affect pathogenesis, but
a link may exist between TET driven demethylation and glycosylation. Though histone
glycosylation has not been described in SLE, the addition of GlcNAc to the transcription
factor Elf1 is defective in SLE115. Elf1 is responsible for the transcription of TCRζ in T
cells. The loss of glycosylation prevents Elf1 from translocating to the nucleus and
inducing TCRζ transcription115. As stated above, the activation of the mTOR results in
increased degradation of TCRζ through increased recycling by HRES/Rab4 endocytic
trafficking106. Thus, the downregulation of TCRζ in SLE is regulated by two different
metabolic pathways. GlcNAc is relevant in SLE pathogenesis and further studies are
needed to determine how histone glycosylation may affect SLE activity.
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Lymphocyte activation and metabolism
Acutely activated lymphocytes block OXPHOS and instead favor glycolysis as
the major source of ATP116. In blocking OXPHOS, there is increased lactate production
in acutely activated lymphocytes which diverts carbon from the TCA. This would
effectively prevent the generation of α-KG for demethylation enzymes. Thus, acute
activation of lymphocytes could affect the methylation status of histones and DNA.
Upregulation of glycolysis by acutely activated lymphocytes also acts to protect the cells
from ROI117. In contrast, chronically activated lymphocytes, such as lupus T cells,
generate ATP predominantly from OXPHOS84. Chronically activated CD4+ and CD8+ T
cells from NZB/W lupus mice showed less lactate production than their BALB/c controls
indicating that these lymphocytes are not utilizing glycolysis for their chief source of
ATP84. The shift from acute to chronic activation in lupus T cells likely alters ROI
production as well as the availability of SAM, GSH, and α-KG. The transition from
acute to chronic activation is suitable for metabolome studies and epigenetic changes that
occur as a result.

Conclusion
The role of metabolism in epigenetic regulation of SLE is still greatly
underexplored. With recent advances in the ability to detect a large number of
metabolites via mass spectrometry, the metabolome of SLE monocytes, T cells, and B
cells is well within reach118. Identifying the relative differences between healthy controls
and SLE patients with flares will provide a metabolic profile of SLE. Future studies will
also need to focus on the subcellular localization of metabolites. The mitochondria
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generates many of the metabolites necessary for epigenetic regulation but the
impermeability of the inner mitochondrial membrane makes the availability of these
metabolites dependent on transmembrane transport119. The nuclear membrane, on the
other hand, allows passive transport for molecules up to 60 kilodaltons which permits
small metabolites to easily enter the nucleus120. Key metabolites will act as nodes that
connect pathways involved in epigenetic regulation of SLE and serve as biomarkers of
disease activity. When building the metabolome of SLE, we can then identify pathways
that may be sensitive to changes in metabolite availability due to diet, transport, or
enzymatic turnover.
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General Discussion
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The work presented here shows that the liver is a highly metabolically active
tissue that underlies the initiation of SLE, aPL, and hepatocellular carcinoma. Activation
of mTOR, oxidative stress, and mitochondrial dysfunction are early changes that promote
the development of autoimmunity and tumorigenesis in SLE mouse models and
transaldolase deficiency. We show that liver mitochondrial dysfunction, specifically
through complex I, which is a major source of oxidative stress, occurs at 4 weeks of age
in both the SLE autoimmune and Tal-deficient tumor models(1). Interestingly,
diminishing oxidative stress through pharmacological intervention with antioxidants such
as NAC or through deletion of NADPH-dependent genes, such as AR, blocks the
progression of autoimmunity and tumorigenesis and significantly reduces mTOR
activity(2-4). Rab4A overexpression in the liver is the common factor in all 3 lupus
models studied and connects liver mitochondrial dysfunction to mTOR activation. In the
Tal-deficient mice there was increased Rab4A expression in the liver and we showed
Rab4A accumulation in the mitochondrial fraction of livers. Rab4A modification of
mitophagy and subsequent mitochondrial function may also underlie oxidative stress in
the livers of SLE and Tal-deficient mice. Thus, our work has identified a number of
points for intervention in the development of SLE and hepatocellular carcinoma which
includes oxidative stress, mTORC1 activation, and Rab4A overexpression. Clinically,
there is evidence that intervention in SLE with rapamycin and NAC holds promise for
reducing disease activity(3, 5). Transaldolase deficiency is a relatively rare disease, but
there is some recent evidence that blocking oxidative stress with NAC may improve liver
disease in these patients(6).
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A limitation to our work with Tal-deficient mice is that we have not used aldose
reductase inhibitors to determine if pharmacological inhibition of AR is sufficient to also
block tumorigenesis. This would be a rather large undertaking that would require a
significant number of mice and these studies would have to be performed over a period of
at least 78 weeks to match our initial work on HCC in Tal deficiency(2). Additionally, we
would like to explore the role of glycolysis in the development of autoimmunity and
HCC, which we can now begin to test on a Seahorse analyzer. This will help determine
how carbon is being shunted when there is blockage of the PPP.
To further elucidate the role of oxidative stress in the development of SLE, we
plan on crossing our transaldolase-deficient mice with the lpr, MRL, and MRL/lpr mice
to see if autoimmune disease progression is changed and how mitochondrial function,
oxidative stress, and mTOR activity are affected. We will also determine if the
transaldolase-deficient mice are more susceptible to other models of SLE including the
pristane model of pulmonary capillaritis and glomerulonephritis. Double-knockout mice
will be compared to the TAL-deficient animals to determine if oxidative stress and
NADPH levels play are role in these SLE models.
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