ClinsichT

Nrf2 prevents Notch-induced insulin resistance and
tumorigenesis in mice

Dionysios V. Chartoumpekis, ... , Thomas W. Kensler, Nobunao Wakabayashi
JClI Insight. 2018;3(5):€97735. https://doi.org/10.1172/jci.insight.97735.

BEELET(L WG  Metabolism  Oncology

Insulin resistance is associated with increased incidence and enhanced progression of cancers. However, little is known
about strategies that can effectively ameliorate insulin resistance and consequently halt cancer progression. Herein, we
propose that the transcription factor Nrf2 (also known as Nfe2I2) may be such a target, given its central role in disease
prevention. To this end, we developed a mouse that overexpresses the Notch intracellular domain in adipocytes
(AdNICD), leading to lipodystrophy-induced severe insulin resistance and subsequent development of sarcomas, as a
model reflecting that Notch signaling is deregulated in cancers and shows positive associations with insulin resistance
and fatty liver disease in humans. Nrf2 pathway activation was achieved by knocking down Keap1, a repressor of Nrf2, in
the AdNICD background. Constitutively enhanced Nrf2 signaling in this setting led to prevention of hepatic steatosis,
dyslipidemia, and insulin resistance by repressing hepatic lipogenic pathways and restoration of the hepatic fatty acid
profile to control levels. This protective effect of Nrf2 against diabetes extended to significant reduction and delay in
sarcoma incidence and latency. Our study highlights that the Nrf2 pathway, which has been induced by small molecules
in clinical trials, is a potential therapeutic target against insulin resistance and subsequent risk of cancer.

Find the latest version:

https://jci.me/97735/pdf



http://insight.jci.org
http://insight.jci.org/3/5?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/jci.insight.97735
http://insight.jci.org/tags/1?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
http://insight.jci.org/tags/28?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
http://insight.jci.org/tags/33?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/97735/pdf
https://jci.me/97735/pdf?utm_content=qrcode

Conflict of interest: The authors have
declared that no conflict of interest
exists.

Submitted: October 5, 2017
Accepted: January 30, 2018
Published: March 8, 2018

Reference information:
JCl Insight. 2018;3(5):e97735. https://
doi.org/10.1172/jci.insight.97735.

RESEARCH ARTICLE

Nrf2 prevents Notch-induced insulin
resistance and tumorigenesis in mice

Dionysios V. Chartoumpekis,’ Yoko Yagishita,' Marco Fazzari,"? Dushani L. Palliyaguru,’

Uma N.M. Rao,? Apostolos Zaravinos,* Nicholas K.H. Khoo," Francisco . Schopfer,’ Kurt R. Weiss,*
George K. Michalopoulos,® Ian Sipula,® Robert M. 0’Doherty,®* Thomas W. Kensler,’

and Nobunao Wakabayashi’

'Department of Pharmacology and Chemical Biology, School of Medicine, University of Pittsburgh, Pittsburgh,
Pennsylvania, USA. 2Fondazione Ri.MED, Palermo, Italy. *Department of Pathology, University of Pittsburgh, Pittsburgh,
Pennsylvania, USA. “Department of Life Sciences, School of Sciences, European University Cyprus, Nicosia, Cyprus.
SDepartment of Orthopaedic Surgery and *Department of Medicine, Division of Endocrinology and Metabolism, University
of Pittsburgh, Pittsburgh, Pennsylvania, USA.

Insulin resistance is associated with increased incidence and enhanced progression of cancers.
However, little is known about strategies that can effectively ameliorate insulin resistance and
consequently halt cancer progression. Herein, we propose that the transcription factor Nrf2 (also
known as Nfe2I2) may be such a target, given its central role in disease prevention. To this end,

we developed a mouse that overexpresses the Notch intracellular domain in adipocytes (AdNICD),
leading to lipodystrophy-induced severe insulin resistance and subsequent development of
sarcomas, as a model reflecting that Notch signaling is deregulated in cancers and shows positive
associations with insulin resistance and fatty liver disease in humans. Nrf2 pathway activation was
achieved by knocking down Keap1, a repressor of Nrf2, in the AANICD background. Constitutively
enhanced Nrf2 signaling in this setting led to prevention of hepatic steatosis, dyslipidemia, and
insulin resistance by repressing hepatic lipogenic pathways and restoration of the hepatic fatty
acid profile to control levels. This protective effect of Nrf2 against diabetes extended to significant
reduction and delay in sarcoma incidence and latency. Our study highlights that the Nrf2 pathway,
which has been induced by small molecules in clinical trials, is a potential therapeutic target against
insulin resistance and subsequent risk of cancer.

Introduction
Insulin resistance, often associated with obesity (1) in Westernized societies, is @ major risk factor for type 2
diabetes that increases the risk for other comorbidities, including cardiovascular disease (2) and cancer (3,
4). The capacity of adipose tissue to secrete cytokines (5), such as leptin, and to buffer excess circulating
lipids is important in the maintenance of insulin sensitivity. Several human genome loci affecting peripher-
al adipose storage capacity have been associated recently with insulin resistance (6). Interestingly, excessive
amounts of adipose tissue in obesity and loss of adipose tissue in lipodystrophy syndromes both result in
insulin resistance and fatty liver disease: the pathogenic mechanism they share is the disturbed capacity of
adipose tissue (7). In obese subjects, the positive energy balance exceeds the capacity of adipose tissue to
store the extra energy, resulting in increased levels of circulating free fatty acids and triglycerides, followed
by ectopic lipid accumulation, in turn leading to dyslipidemia, hepatic steatosis, and, ultimately, insulin
resistance and type 2 diabetes. In lipodystrophic individuals, the minute amounts or complete absence of
adipose tissue leads to similar metabolic outcomes (8). The importance of adipose tissue storage capacity
is evident in the presence of noninsulin-resistant obese and insulin-resistant nonobese subjects in clinical
trials that can be attributed to better adipose storage capacity in the former and worse in the latter (9). Thus,
lipodystrophic mice are relevant models of insulin resistance and related metabolic disturbances (hepatic
steatosis) due to dysfunctional adipose tissue both in the context of obesity and lipodystrophy (10).

In this study, we employed a model of extreme insulin resistance resulting from partial lipodystro-
phy induced by inhibition of adipogenesis through enhanced Notchl signaling in adipocytes; we used so
called AANICD mice, which overexpress Notch intracellular domain (NICD) and its target gene Hes!I at
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about 4-fold higher levels compared with control mice. This model that we developed previously (11) was
selected not only because the metabolic phenotype (hyperglycemia, hypertriglyceridemia, fatty liver dis-
ease) it develops is relevant to insulin resistance and diabetes in humans, but also because Notchl expres-
sion in the subcutaneous adipose tissue of HIV-positive patients treated with antiretrovirals is increased
(12) (Supplemental Figure 1, A and B; supplemental material available online with this article; https://
doi.org/10.1172/jci.insight.97735DS1). Some of the antiretroviral-treated patients may eventually develop
lipodystrophy (13), thus we could speculate a potential association of Notchl overexpression and lipodys-
trophy development in these patients. Moreover, patients with premature aging disease due to LMNA muta-
tion (Hutchinson-Gilford progeria syndrome) show increased Notch signaling in their mesenchymal stem
cells (14) that leads to almost complete loss of their potential to differentiate to adipocytes. These patients
usually show progressive and generalized fat loss, especially in their subcutaneous areas, and develop an
insulin-resistant phenotype (15, 16), as also seen in mice that carry a mutant form of Lmna (17), though
their insulin resistance is milder than in other types of lipodystrophy. Another interesting feature of these
AdNICD mice, as we describe in this work, is the development of tumors (sarcomas) when they age.
Notch1 has been described to show aberrant expression in a variety of human cancers, including sarcomas
(18-20), making this mouse attractive from a clinical perspective as an investigational model to study in
parallel methods to prevent insulin resistance and cancer development.

Nuclear factor, erythroid derived 2, like 2 (Nrf2) is a ubiquitously expressed transcription factor that
regulates a series of prosurvival genes (21), with an emerging protective role in type 2 diabetes in mice (22)
and humans (23). The Nrf2 pathway has been targeted in our previous cancer chemoprevention clinical
trials with small-molecule activators (24). Accrued evidence indicates that the beneficial effects of Nrf2
cannot be solely ascribed to its direct transcriptional effects but also to its crosstalk with other pathways (25,
26). Hence, we asked whether Nrf2 can exert a protective effect against both insulin resistance and cancer
in our AANICD model. To this end, the Nrf2 pathway was activated by introducing kelch-like ECH-asso-
ciated protein 1 (Keapl) homozygous knockdown alleles into AANICD mice (Keap1KD:AdNICD mice).
Keap1KD mice are an established genetic model of Nrf2 pathway activation, as Keapl sequesters Nrf2 in
the cytoplasm and facilitates its proteasomal degradation (27). Hence, these Keap1KD mice express lower
levels of Keapl (28) and have constitutively enhanced systemic Nrf2 signaling without showing develop-
mental defects, as seen in Keapl-null mice that die before weaning due to malnutrition caused by esopha-
geal stricture (29).

We report here that Nrf2 pathway activation by knocking down Keapl can prevent the development
of severe insulin resistance in 3-month-old AANICD mice by completely protecting them from the devel-
opment of fatty liver disease and dyslipidemia through repression of hepatic lipogenic pathways. This
protective effect was not due to rescue of the loss of adipose tissue. Nonetheless, it was so profound that
the metabolic phenotype of Keapl KD:AdNICD mice was similar to that of control mice. The Keapl1K-
D:AdNICD metabolic phenotype was also similar to the phenotype resulting from lipodystrophy rescue by
adipocyte-specific deletion of Rbpjk (recombination signal binding protein for immunoglobulin «k J region)
in AANICD mice. Rbpjk is a core DNA-binding factor of NICD and a major component of Notch canon-
ical pathway. Deletion of Nrf2 in the Keapl KD:AdNICD mice abrogated the protective effect afforded
by Keap1KD, showing that the observed protection is totally Nrf2 dependent. Furthermore, the Keap1K-
D:AdNICD mice developed sarcomas at a significantly lower incidence and at a median age of approxi-
mately 14.5 months, much later than the AANICD mice (median age ~7.5 months). Thus, enhanced Nrf2
signaling can exert a profound protective effect against insulin resistance and progression of tumorigenesis.

Results

Nif2 pathway activation prevents metabolic dysregulation and insulin resistance in lipodystrophic mice. The compound
AdNICD mice with submaximal activation of the Nrf2 pathway (Keapl KD:AdNICD) weighed less than
AdNICD mice, similar to control mice, at 3 months of age (Figure 1A). Deletion of N7f2 in the Keap1K-
D:AdNICD mice (N1f2KO:Keap1 KD:AdNICD mice) tended to restore body weight back to the higher
AdNICD levels (Figure 1A). KeaplKD:AdNICD mice, however, were not rescued from lipodystrophy per
se, as they almost completely lack white adipose tissue, like AJNICD mice, as is evident by macroscopic
observation and by NMR-calculated total fat mass of these mice (Figure 1B). Similarly, food consumption
was not affected in AANICD mice by Nrf2 pathway activation (Figure 1C); however, both AANICD and
KeaplKD:AdNICD mice tended to consume larger amount of food per body weight and larger absolute
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Figure 1. Activation of the Nrf2 pathway prevents energy metabolism disturbance in AANICD lipodystrophic mice. (A) Body weights, (B) quantitative
magnetic resonance-based measurement of fat mass, and (C) food consumption assessment over a 3-day period in 3-month-old male mice, plotted
as body weight-corrected food consumption per day. (D) Energy expenditure assessment over a 3-day period in 2.5-month-old male mice plotted as
body weight-corrected heat production per day. (E) Heat production and (F) respiratory exchange ratio (RER) tracing of mice of 3 genotypes (red line:
AdNICD; blue line: Keap1KD:AdNICD; black line: Nrf2K0:Keap1KD:AdNICD with n = 9, n = 7, and n = 3, respectively) over a period of 72 hours. (G) Percent-
age increase in RER in dark vs. light cycle (based on indirect calorimetry data from 72 hours). All data represent mean + SEM. *P < 0.05 compared with
control mice; #*P < 0.05 compared with Keap1KD:AdNICD mice, 1-way ANOVA.

amounts compared with controls (Figure 1C and Supplemental Figure 1C). Enhanced Nrf2 pathway activa-
tion did not affect energy expenditure in the AANICD background (Figure 1D), but AANICD mice tended
to show higher energy expenditure compared with controls (Figure 1D and Supplemental Figure 1, D-F).
Interestingly, although energy expenditure of the AdJNICD mice followed the expected light-dark oscilla-
tions (Figure 1E), as did their activity (Supplemental Figure 2A), their respiratory exchange ratio (RER =
VCO,/VO,) oscillation was disturbed (Figure 1F and Supplemental Figure 2B). Given that mice were fed a
diet that provides calories mostly from carbohydrates, it was expected that the RER of normal mice should
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Figure 2. Nrf2 pathway activation protects AdNICD mice from insulin resistance. (A) Fed blood glucose levels and (B) plasma insulin levels. (C) Represen-
tative images of immunofluorescent staining of insulin (green) in 3-month-old mice (scale bar: 50 um) and (D) quantification of the insulin-positive area per
islet. (E) Representative images of H&E-stained sections of pancreata of 3-month-old male mice. Arrowheads point to islets. Scale bar: 500 um. (F) Blood
glucose levels during an intraperitoneal insulin sensitivity test (IPIST) in 2-month-old mice of all genotypes. Control (n = 7), AANICD (n = 4), Keap1KD:AdNICD
(n=5), Keap1KD (n = 6), Nrf2K0:Keap1KD:AdNICD (n = 5), Nrf2K0:Keap1KD (n = 5). All data represent mean + SEM. *P < 0.05 compared with control mice; *P
< 0.05 compared with Keap1KD:AdNICD mice, 1-way ANOVA (A, B, and D) and 2-way ANOVA (F).

reach a peak during the dark cycle. Conversely, during the light cycle, mice relied mostly on oxidation of
fatty acids for energy production, which resulted in lower RER (Supplemental Figure 2C). As is depicted
in Figure 1F, activation of Nrf2 in Keap1 KD:AdNICD mice restored the RER oscillation to a regular light-
dark cycle similar to that of controls, whereas deletion of N7f2 in the Keapl KD:AdNICD mice led to a
similarly disturbed RER as in AANICD mice. Hence, AANICD mice did not show the expected increase of
RER in the dark cycle, while Keap1KD:AdNICD mice showed a RER increase similar to that in controls;

Nrf2 deletion led to loss of RER increase, indicating that this effect is Nrf2 dependent (Figure 1G and Sup-
plemental Figure 2, D and E).
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This observed disturbance in RER oscillation can be indicative of severe insulin resistance that impairs
tissue uptake of glucose and its use for energy production. Indeed, also indicative of extreme insulin resis-
tance, AANICD mice had significantly higher blood glucose (1.6-fold) (Figure 2A) and plasma insulin
(128-fold) (Figure 2B) levels compared with control mice at 3 months of age. Genetic activation of the Nrf2
pathway in KeaplKD:AdNICD mice resulted in complete prevention of hyperglycemia and hyperinsu-
linemia, while N#f2 deletion in Nrf2KO:Keap1KD:AdNICD mice abrogated this protective effect (Figure
2, A and B). The insulin-positive area in the pancreatic islets of Langerhans was also markedly increased
(3.3-fold) in AANICD mice to compensate for the extreme peripheral insulin resistance; however, the insu-
lin-positive area in islets of KeaplKD:AdNicD mice was similar to that of control animals, yet another
indication that activation of Nrf2 signaling prevented insulin resistance (Figure 2, C and D). These changes
are also roughly reflected in the size of the pancreatic islets (Figure 2E).

An intraperitoneal insulin sensitivity test further substantiated the profound preventive effect of Nrf2
against insulin resistance (Figure 2F and Supplemental Figure 2F), as Keap1 KD:AdNICD mice showed fast
clearance of glucose from their blood upon insulin administration, similar to control mice, while AANICD
mice were able to reduce their circulating glucose levels only after 60 minutes following insulin injection.
Lack of N#f2in the Keap1KD:AdNICD background resulted in a similar response to insulin as in AANICD
mice, further establishing that the protection against insulin resistance by Keap1KD is Nrf2 dependent.

N2 protects AANICD mice from hypertriglyceridemia and fatty liver disease. Circulating triglycerides (Figure
3A) and free fatty acids (Figure 3B) returned from approximately 5-fold and approximately 1.5-fold levels,
respectively, in the AANICD lipodystrophic mice back to control levels in the 3-month-old KeaplKD:Ad-
NICD mice in a Nrf2-dependent manner. Modest changes were seen in cholesterol in AANICD mice only
(Figure 3C). The plasma levels of leptin, a hormone that is secreted mainly by adipocytes, were very low
in the lipodystrophic mice, as expected, and were not affected by Nrf2 pathway activation status (Figure
3D). This gives further support to our observation that Nrf2 does not change the fate of adipose tissue in
AdNICD mice and, thus, lipodystrophy itself is not rescued. Nevertheless, activated Nrf2 signaling com-
pletely prevented the development of macrovesicular and microvesicular hepatic steatosis, as evidenced by
pathologic examination of H&E-stained liver sections (Figure 3E). While the absolute protection against
steatosis by Nrf2 was not reflected in any changes in the profile of hepatic triglycerides species as compared
with Keapl KD:AdNICD mice (Figure 4A), the total amount of hepatic triglycerides, which rose 12.7-fold
in AANICD mice, returned to control levels with Nrf2 activation (Figure 4B). This protection was abrogat-
ed when Nrf2 was deleted in Nrf2KO:Keap1KD:AdNICD mice (Figure 4B).

To evaluate the contribution of another major tissue to the resulting phenotype, muscle triglycerides
were assessed. The muscle triglyceride profile revealed not only that activation of Nrf2 signaling did not
affect the overall distribution of various triglycerides species, but that muscle did not accumulate excess
triglycerides in AANICD mice, as happens in the liver (Figure 4C). Quantification of the total levels of
triglycerides clearly showed that AANICD mice had low levels of triglycerides in their muscles and that
Nrf2 did not affect these levels (Figure 4D). This means that the protective role of Nrf2 against diabetes in
AdNICD mice is largely mediated by the liver rather than the muscle. The profound effect of Nrf2 on the
liver was also shown by the extent of protection that Nrf2 confers against hepatomegaly in AANICD mice
(Figure 4E), which should be mainly attributed to prevention of hepatic triglyceride accumulation by Nrf2.
These data led us to focus our study on the liver to investigate how Nrf2 profoundly prevents fatty liver
disease in the AANICD mice.

Nr1f2 represses lipogenic enzymes in the livers of AANICD lipodystrophic mice. The transcript levels of
major de novo lipogenesis enzymes Fasn (Figure 5A) and Acaca (Figure 5B) were induced approxi-
mately 2- fold in 3-month-old AANICD mice. Activation of the Nrf2 pathway repressed both to con-
trol levels, while N7f2 deletion annulled this repression, leading to high levels of expression, showing
a clear Nrf2-dependent effect. Acach mitochondrial isoform showed no change (Supplemental Figure
3A). Expression of Acly (Figure 5C) and Pdhal (Figure 5E), which directly lead to increased levels of
available acetyl-CoA for lipogenesis, was not altered in AANICD mice compared with controls, while
Mel expression, which produces pyruvate and NADPH for lipogenesis, increased in AANICD mice
and returned to control levels after Nrf2 pathway activation (Figure 5D). Of the elongases examined
(Figure 5, F-H), Elovi6 was induced approximately 5-fold in AANICD mice, was repressed to control
levels in KeaplKD:AdNICD mice, and rebounded back again in the Nrf2-null background (Figure
5H). Transcript expression of desaturases Scdl and Scd2 followed similar trends, with 2.5-fold and
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Figure 3. Nrf2 prevents AANICD mice from dyslipidemia and fatty liver disease. (A) Plasma triglycerides, (B) nonesterified fatty acids (NEFA), (C) choles-
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2-fold increases, respectively, in AANICD mice and a return to control levels in KeaplKD:AdNICD
mice (Figure 5, I and J). Transcript levels of factors that regulate the expression of most of these lipo-
genic enzymes did not show any major changes (Supplemental Figure 3, B-F). Cd36, which regulates
fatty acid uptake, increased in response to the fatty livers of AANICD mice (Figure 5K). Nr2 mRNA
was absent in the Nrf2-null background as expected and, interestingly, was increased by approximately
60% in AANICD mice (Figure 5L), perhaps as a failed compensatory response. A prototypical Nrf2
target gene, Ngol, was induced approximately 2.3-fold in AANICD mice and by even more in Keap1K-
D:AdNICD mice (~4.6-fold), as expected (Figure 5M). Fgf21, a hormone that has insulin-sensitizing
properties but whose levels are increased in insulin resistance, showed increased hepatic expression
(Figure 5N) and circulating levels (Figure 50) in AANICD mice. No differences were observed in tri-
glyceride biosynthesis (Supplemental Figure 3, G and H), fatty acid oxidation (Supplemental Figure 3,
I and J), and gluconeogenic pathways (Supplemental Figure 3, K and L).

Nr1f2 pathway activation restores the fatty acid composition of liver triglycerides in AANICD mice to control
levels. Based on the differential expression of genes involved in lipogenic pathways (summarized and
highlighted in Figure 6A), we hypothesized that the hepatic triglycerides of AdANICD mice would con-
tain higher amounts of desaturated fatty acids 18:1 and 16:1 and would be reversed in Keapl KD:Ad-
NICD mice. Indeed, total levels of 16:1 and 18:1 were higher in AdANICD mice (Figure 6B) as well
as the percentage composition of these fatty acids within the triglycerides (Figure 6C) and the ratios
16:1/16:0 and 18:1/18:0 (Figure 6D). Most importantly, these changes in fatty acid composition were
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species, as assessed by HPLC-MS. (B) HPLC-MS-based total hepatic triglyceride measurement. (C) Profile of muscle triglycerides species, as assessed by
HPLC-MS. (D) HPLC-MS-based total muscle triglyceride assessment of 3-month-old mice. (E) Liver-to-body-weight (LW/BW) ratio in 3-month-old male
mice. All data represent mean + SEM. *P < 0.05 compared with control mice; #*P < 0.05 compared with Keap1KD:AdNICD mice, 1-way ANOVA.

abrogated after Nrf2 activation, showing that the fatty acid profiles were likely predicated on the gene
expression changes.

Adipocyte-specific Rbpjx deletion in AANICD mice rescues lipodystrophy and the concomitant insulin resistance and
hypertriglyceridemia. As it has been evident, Nrf2 pathway activation through the introduction of the Keap1KD
allele into AANICD mice effectively abrogated lipodystrophic diabetes by completely preventing fatty liver dis-
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Figure 5. Nrf2 represses lipogenic gene expression in the livers of AANICD mice. Quantitative real-time PCR for liver mRNA levels of (A and B) the
major lipogenic enzymes Fasn and Acaca, (C-E) acetyl-CoA-generating enzymes Acly, Mel and Pdha1,(F-H) fatty acid elongation enzymes Elovl1,
ElovI3, and Elovl6, (I and ) fatty acid desaturation enzymes Scd? and Scd2, (K) fatty acid translocase Cd36, (L) Nrf2, (M) prototypical Nrf2 target gene
Ngo1, and (N) metabolic regulator Fgf21. (0) Circulating Fgf21 levels measured with ELISA. Three-month-old male mice were used. All data represent
mean + SEM. *P < 0.05 compared with control mice; #*P < 0.05 compared with Keap1KD:AdNICD mice, 1-way ANOVA.

ease through repression of lipogenesis. However, the fate of the adipose tissue remained unchanged, as manipu-
lating Nrf2 did not affect lipodystrophy per se. This is photographically depicted in Figure 7A, with epidydimal
white adipose tissue clearly evident in control mice but absent in both AANICD and Keap1KD:AdNICD mice.
To assess the extent to which the diabetic phenotype of AANICD mice canbe prevented by rescuing lipodystrophy
per se, we hypothesized that adipocyte-specific deletion of Rbpji, the principal DNA-binding partner of NICD,
would block the actions of AANICD and allow adipocyte differentiation and expansion of adipose tissue. Indeed,
these compound mice (Rbpj/"*:: RosaP"NP:: AdipoqCre or briefly Rbpjk”* AdNICD) had white adipose tissue
that expanded normally, similar to the control, as it is depicted in Figure 7A (epidydimal white adipose tissue)
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Figure 6. Nrf2 alters the fatty acid composition of hepatic triglycerides. (A) Schematic presentation of the reactions catalyzed by the enzymes. Enzymes
upregulated in AANICD mice and repressed in Keap1KD:AdNICD mice are shown with bold letters. Scheme partially designed using ePath3d. (B) Profile of
hepatic fatty acid (FA) species assessed by HPLC-MS, expressed as relative levels. (C) Profile of hepatic fatty acid species assessed by HPLC-MS, expressed
as the percentage of the total amount of the measured fatty acids per animal. (D) Ratios of the relative levels of the fatty acid species 16:1/16:0 and
18:1/18:0 that represent ratios of product to precursor fatty acids for the Scd1 enzyme. Three-month-old male mice were used. All data represent mean +
SEM. *P < 0.05 compared with control mice; *P < 0.05 compared with Keap1KD:AdNICD mice, 1-way ANOVA (D) and 2-way ANOVA (B and C).

and Figure 7B (body fat, as assessed by NMR-based technology). The circulating levels of the adipokine leptin,
which were severely repressed in the lipodystrophic AANICD mice, returned as expected to control levels
with the deletion of Rbpjk (Figure 7C). The reinstatement of plasma triglycerides and insulin to control levels

(Figure 7, D and E, respectively) is also indicative of the prevention of diabetes and dyslipidemia by rescuing
lipodystrophy. An insulin sensitivity test also revealed that insulin resistance was overcome (Figure 7F and
Supplemental Figure 4A) through rescue of lipodystrophy. Finally, hepatic steatosis was totally prevented in
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Figure 7. Adipocyte-specific Rbpjk deletion in AdNICD mice restores adipose tissue and rescues lipodystrophic diabetes. (A) Necropsy photos of excised
gonadal fat pads from 3-month-old male mice. “T” indicates testis, and the arrows point to the epididymal white adipose tissue. Scale bar: 1cm. (B)
Quantitative magnetic resonance-based measurement of fat mass. Plasma (C) leptin, (D) triglycerides, and (E) insulin in male 3-month-old mice. (F) Blood
glucose levels during an intraperitoneal insulin sensitivity test (IPIST) in 2.5-month-old male mice. Control (n = 6), AANICD (n = 4), and Rbjk”::AdNICD (n

= 4). (G) Hepatic triglycerides levels assessed by colorimetry in male 3-month-old mice. (H) Representative images of H&E-stained sections of livers of
3-month-old male mice. Scale bar: 100 pM. All data represent mean + SEM. *P < 0.05 compared with control mice; *P < 0.05 compared with Rbjk":AdNICD

mice, 1-way ANOVA (B-E) and 2-way ANOVA (F).

Rbpjk”*AANICD mice, as is evident from the hepatic liver triglycerides (Figure 7G) and the liver sections

(Figure 7H).

Nif2 reduces the incidence and delays the development of Notch-driven sarcomas. To verify that Nrf2 prevented
diabetes over the long term, a cohort of aged Keap1KD:AdNICD mice was observed to maintain normogly-
cemia, with only a mild increase in insulin levels (Figure 8, A and B), while leptin levels remained severely
repressed, as expected (Figure 8C). Moreover, we report that at a median age of 225 days (7.5 months) (Figure
8D) nearly all of the AANICD mice developed tumors (Figure 8E), while KeaplKD:AdNICD mice devel-
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tumors. Significance was assessed using the t test.

oped tumors at almost double that age (437 days or ~14.5 months) (Figure 8D) and at a much lower incidence
(P < 0.0001). The tumors of both genotypes appear similar, have the characteristics of poorly differentiated
high-grade sarcomas (Figure 8F), and are derived by NICD overexpression in adipocytes, as they carry the
NICD recombination (Figure 8G) and overexpress Nicd (Figure 8H) and its target gene Hesl (Figure 8I).
Similar levels of Nicd mRNA were measured in AANICD and KeaplKD:AdNICD sarcomas (Figure 8J),
showing that the expression of the transgene was not affected by Keapl knockdown. The sarcomas were
mostly located in subcutaneous areas of the mice (Figure 9A), and their pathological evaluation by immunos-
taining revealed an absence of an epithelial nature (negative pankeratin), a lack of endothelial (Cd34 negative)
and myogenic components (desmin negative), but S100 positivity to a variable degree (Figure 9B), which is
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Figure 9. NICD-driven soft-tissue sarcomas show the pathology signature of liposarcomas and increased genomic instability. (A) Location of tumors in
AdNICD and Keap1KD:AdNICD mice, expressed as percentages of the total number of tumors. n = 61 AANICD (4 mice had 2 parallel tumors); n = 7, Keap1K-
D:AdNICD. All tumors were detected in subcutaneous areas of the mice, with the exception of 1in the AdNICD mouse, which was located in the perirenal
area. (B) Evaluation summary of staining of sections of 15 AANICD tumors with pankeratin, Cd34, desmin, and S100 antibodies. Mice bearing these tumors
had a median age of 7 months. (C) Mapping on the chromosomes of highly significant represented SNPs and indels (P < 0.005) among the 5 tumor samples
compared with their matched nontumor controls (tails). The “lollipops” indicate their location on the chromosome. Blue lollipops indicate SNPs and green
lollipops indicate indels. Only the chromosomes where SNPs or indels were detected are shown. (D) Summary of the overlapping gains (blue lollipops) and
losses (gray lollipops) that were detected in at least 4 tumor samples, as determined by analysis of copy number variation (CNV), compared tumor with nontu-
mor-matched controls (tail) using exome sequencing. The thick black line on the chromosome indicates the relative size (length) of each detected CNV. CNVs
on chromosomes 3, 4, 6, and 15 were detected in all 5 tumors, while those on 16 and 19 were detected in 4 of 5 tumors. Only gains or losses larger than 1kb
with probability 250% are depicted at their starting position on the chromosome. Only the chromosomes where gains or losses were detected are shown.

indicative of their lipogenic nature (liposarcomas). No other tumors, such as hepatocellular carcinomas due
to the long-term fatty liver disease, were detected in these mice.

Notch-induced sarcomas show genomic instability. To genetically approach the nature of these liposarcomas
developing in AINICD mice, exome sequencing was performed in 5 of these sarcomas. Genomic DNA
from the tails (considered nontumor tissue) of these mice was used as control. Our analyses revealed that
these liposarcomas showed genomic instability, as evidenced by the number of SNPs and indels detected
(Supplemental Figure 4, B-D). The most highly significant (P < 0.005) SNPs and indels are depicted by their
relevant chromosomal location in Figure 9C, and the ones affecting coding regions of genes are outlined in
Supplemental Tables 2 and 3. To the extent that exome sequence analysis allows evaluation through copy
number variation (CNV) analysis, larger chromosomal changes were also revealed. Specifically, as shown in
Figure 9D, the CNVs (duplications) in chromosomes 3, 4, 6, and 15 were detected in all 5 sarcoma versus tail
comparisons and refer to chromosomal areas larger than 100 Mb. The CNVs depicted in chromosomes 16
and 19 were detected in 4 of 5 sample pair-wise comparisons and refer to regions ranging from 1 Kb to 5 Mb.
Such genomic DNA aberrations are common in human soft-tissue sarcomas as well (30).

Discussion

A role for Nif2 in protecting from insulin resistance due to loss of adipose tissue capacity by repressing hepatic lipo-
genesis. Nrf2, by exerting its classic cytoprotective actions, can prevent the detrimental effects of chronic
oxidative and electrophilic stresses in the setting of obesity and type 2 diabetes, as has been established in
the pancreas (31) and hypothalamus (32). However, Nrf2 appears to have multifaceted roles in metabolism
through its interaction with other pathways. Herein, we provided evidence that Nrf2 is able to profoundly
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protect against a metabolic cascade that starts with reduced or diminished adipose tissue capacity and leads
to severe insulin resistance and diabetes due to ectopic lipid accumulation in liver.

Reduction or loss of adipose tissue capacity can occur in obesity or in nonobese subjects with a pre-
disposition to reduced capacity. To model this pathological state, we featured lipodystrophy, which is char-
acterized by complete or partial lack of adipose tissue due to genetic mutations (congenital) or can be
acquired as in the antiretroviral-treated HIV* patients. To this end, our recently developed AdNICD mice
(11) were used to induce partial lipodystrophy, affecting the white adipose tissues by repressing adipogen-
esis through adipocyte-specific NICD overexpression. The AANICD mice showed low levels of leptin that
can lead to increased absolute amount of food consumption. As they do not have the capacity to store the
extra energy they receive from food in their adipose tissue, lipids accumulate in the liver and the mice devel-
op profound hepatic steatosis, which is associated with insulin resistance and diabetes. Their body weights
are also increased due to increased liver weights and the increased total lean mass (11), which might be
attributed to increased muscle mass because of nonspecific activation of Igf-1 receptors by the extremely
high circulating insulin levels that, in turn, regulate muscle growth (33).The tendency for increased energy
expenditure in AANICD mice (Supplemental Figure 1, D-F) is a feature of other lipodystrophy models as
well, such as Agpar2~’~ mice (34), and it also occurs in humans with highly active antiretroviral therapy-as-
sociated lipodystrophy (35). Disruption of the normal daily excursions of RER (Figure 1F) was not due
to disturbed circadian rhythm. Circadian rhythm appeared to remain normal, as evidenced by the activity
of the mice (Supplemental Figure 2A). Hence, the disrupted daily RER excursions in AANICD mice are
apparently caused by the severe insulin resistance that does not allow the mice to use the carbohydrates
from their food when they are alert during the dark cycle. Therefore, AANICD mice continuously use fat as
their main energy substrate and thus do not show the expected increase in RER during the dark cycle. Such
a phenomenon is also observed in Agpat2~~ lipodystrophic mice (34). This preference for use of fatty acids
as energy substrate is also observed in antiretroviral-treated HIV* lipodystrophic patients (35). Besides the
phenotypical characteristics (fatty liver, insulin resistance, energy metabolism disturbances) that make the
AdNICD mice an ideal study subject from a clinical perspective, the adipocyte-specific enhancement of the
Notch pathway that leads to lipodystrophy highlights the importance of Notch signaling in adipogenesis.
This mimics the increased Notch signaling observed in the subcutaneous lipodystrophic adipose tissues
of HIV* patients treated with antiretrovirals (Supplemental Figure 1, A and B) and in progeria syndrome
patients (14). Moreover, increased Notch signaling shows a positive correlation with insulin resistance and
nonalcoholic fatty liver disease in humans (36).

Sustained upregulation of the Nrf2 pathway in AdNICD mice was achieved by genetically knocking
down Keapl. An important feature of the model is that Nrf2 had no effect on adipogenesis in AANICD
mice, as Keapl KD:AdNICD mice remained lipodystrophic, as shown macroscopically (Figure 7A), by
NMR (Figure 1B), and by the circulating leptin levels (Figure 3D). Hence, Nrf2 did not interfere with the
principle of our model of reduced adipose tissue capacity but nonetheless totally rescued diabetes and
fatty liver disease. By contrast to enhanced Nrf2 signaling, adipocyte deletion of Rbpjx opposes the action
of NICD overexpression, leading to no lipodystrophy as well as failure to develop diabetes or fatty liver
through a mechanistic corruption of the model. The protective effect mediated through Nrf2 action in the
liver did not seem to affect food consumption (Figure 1C) and energy expenditure (Figure 1D) (minimiz-
ing the possibility for a central hypothalamic role of Nrf2 in this model) and did not have a major effect
on the pancreas, as the islet size (Figure 2D) and insulin secretion (Figure 2B) were just proportional to
the peripheral insulin resistance. Muscle, another major peripheral tissue, does not seem to be affected by
Nrf2, when considering triglyceride accumulation, and does not appear to be the main culprit for peripheral
insulin resistance in AANICD mice, as triglyceride accumulation was low (Figure 4, C and D). Muscle may
compensate for the potential increased input of lipids by oxidizing the fatty acids, as described in lipodys-
trophic Ppary hypomorphic mice (37), but it is not the focus of the present work, as Nrf2 does not affect
muscle triglyceride levels and the AANICD mice are highly insulin resistant, despite the low levels of mus-
cle triglycerides strongly suggesting that the cause of peripheral insulin resistance lies in the development of
profound fatty liver disease. Collectively, these data support the conclusion that the main target of Nrf2 for
ameliorating the diabetic phenotype of AANICD mice is the liver.

The effect of Keapl knockdown on the liver was so profound that liver steatosis was completely rescued
(Figure 3E and Figure 4B). The increased expression of the major lipogenic genes Fasn and Acaca in the
AdNICD livers also returned back to control levels, along with the expression of fatty acid elongase ElovI6
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and desaturases Scdl and Scd2 (Figure 5). It is clearly shown by the fact that deletion of Nrf2 in Keap1K-
D:AdNICD mice results in total rebound of hepatic steatosis and enzymatic expression back to AANICD
mouse levels, and, in some cases, levels higher than these, that this effect of Keap1KD on steatosis and lipo-
genic gene expression is exclusively Nrf2 dependent. The fact that deletion of Nrf2 in Keap1 KD:AdNICD
mice led the expression of some hepatic genes not just back to AANICD levels but to even higher levels
(Figure 5) may have more effects than just abrogating the effects of Keap1KD. For example, as shown in a
previous study with Nrf2-knockout mice on high-fat diet (38), lack of Nrf2 can increase susceptibility to ER
stress and affect the expression of metabolic enzymes, such as the ones we analyzed in the present work.
The exact mechanism through which Nrf2 can repress this set of lipogenic genes remains to be elucidated.
Fgf21 shows a similar response, which is also indicative of peripheral insulin resistance. Circulating Fgf21
levels are increased in AANICD mice, as happens in obese subjects (39) and in humans with HIV treatment—
related lipodystrophy (40) and with mice and humans with congenital lipodystrophy (41). The expression of
Fgf21 in the liver, which is the major source of circulating Fgf21, followed a similar pattern. Restoration of
Fgf21 levels to control levels in Keap1 KD:AdNICD mice is another measure of improved insulin sensitivity
in these mice (Figure 5, N and O).

The upregulation of the lipogenic enzymes, which are highlighted in Figure 6A, in AANICD mice was
clearly reflected in the composition of triglycerides in fatty acids. The 16:1 and 18:1 fatty acids showed a
relative abundance in AANICD liver triglycerides (Figure 6C), and the Scdl desaturation index (concen-
tration ratios 16:1/16:0 and 18:1/18:0) (Figure 6D) was increased as also happens in humans with non-
alcoholic fatty liver disease (42). Activation of the Nrf2 pathway returned these ratios to control levels, as
happened with the lipogenic enzymes.

It is evident that activation of the Nrf2 pathway is capable of completely rescuing the diabetic pheno-
type of AANICD mice, without rescuing lipodystrophy per se. The restoration of adipogenesis following
adipocyte deletion of Rbpjik rescued lipodystrophy in AJNICD mice and led to rescue of the insulin-resis-
tant and diabetic phenotype (Figure 7) at roughly the same rate as Nrf2 in the face of persistent lipodystro-
phy, highlighting the powerful effect that Nrf2 has against lipodystrophic diabetes.

Amelioration of the diabetic metabolic profile by Nrf2 can prevent tumorigenesis. AANICD mice develop sar-
comas at an incidence of >90% by 10 months of age. Insulin resistance in these mice develops at a much
younger age (1 month old) (11) than that of sarcomas development and then exacerbates and becomes
full-blown diabetes with extensive fatty liver disease by 3 months of age (the age of the mice in the present
metabolic studies). These Notch-driven sarcomas provided us with an opportunity to study the long-term
effect of sustained Nrf2 pathway activation in a model that initially developed diabetes and ultimately
developed sarcomas and to directly assess a potential link between improved metabolic outcomes by Nrf2
and cancer prevention.

An epidemiological association between obesity and cancer risk has been established (3), and increased
insulin resistance is associated with increased breast cancer mortality (43). Preclinical studies using a
mouse that lacks both white and brown adipose tissues, due to transgenic expression of the dominant
negative protein A-ZIP/F, which prevents the DNA binding of B-ZIP transcription factors of both the C/
EBP and Jun families, established that, even in the absence of adipose tissue but in the presence of severe
insulin resistance, tumorigenesis can occur (44). Chemically induced skin carcinogenesis in the A-ZIP/F
mouse or its crossing with breast cancer—susceptible mouse strain C3(1)/T-Ag showed enhanced carcino-
genesis compared with controls, making the case that the volume of adipose tissue and adipokines secreted
from it are not the enhancer of tumorigenesis, since the mouse is lipodystrophic; rather, insulin resistance
is responsible along with other signaling molecules such as Igf. Our AANICD mouse has the advantage of
being a “clean” model that combines both development of insulin resistance and tumorigenesis by over-
expression of NICD in adipocytes, without requiring the introduction of other variables (treatments with
chemicals or extra genotypes).

The AANICD mice develop soft-tissue high-grade undifferentiated sarcomas with the characteristics
of liposarcomas. These liposarcomas show genomic instabilities, ranging from SNPs and indels to large
CNVs. Our whole-exome sequencing approach, which covers approximately 1%-2% of genome, may have
not revealed the full spectrum of CNVs and other more major chromosomal aberrations (e.g., cross-chro-
mosome events). However, even with these limitations, we were able to detect significant genomic changes,
as also happens in human soft-tissue sarcomas (30). Moreover, as already noted, Notch shows aberrant
expression in several human cancers and is also overexpressed in human soft-tissue sarcomas (45, 46),
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giving the Notch-overexpressing tumor model further clinical significance. Another interesting aspect that
has not been thoroughly studied is the potential relationship of Notch-overexpressing cancers and cancer
cachexia, which is mainly manifested as loss of muscle and fat mass. A preliminary study has shown that
NICD-overexpressing osteosarcomas have the potential to suppress myogenesis via “transmission” of the
enhanced Notch signaling by exosomes (47). Theoretically, they could suppress adipogenesis in a similar
way, but further studies and evaluation are warranted.

By activating Nrf2 signaling, AdNICD mice experienced sustained protection against diabetes, and Keap-
1KD: AANICD mice developed sarcomas at almost double the age (~14.5 months) of AdNICD mice (~7.5
months) and at an incidence of <45%. It is important to note that the enhancement of the Nrf2 pathway did
not affect the expression of NICD (Figure 8J) and thereby directly manipulate the model. Thus, the effect of
Nrf2 on the significant reduction and delay in cancer progression could be attributed to the ameliorated met-
abolic profile of the Nrf2-activated mice. The possible effect of Nrf2 on the tumor microenvironment through
modulation of myeloid-derived suppressor cells (48) should be considered as well, but the effect of Nrf2 on
the metabolic phenotype is so profound that it likely overshadows any other contributing factors.

In summary, we show that activation of the Nrf2 pathway is an effective means to profoundly ame-
liorate insulin resistance and completely prevent fatty liver and dyslipidemia in a model of lipodystrophic
diabetes. This broad protective effect of the Nrf2 pathway is driven by repressing hepatic lipogenesis, as is
evident by effects on hepatic gene expression and the profile and levels of fatty acids. Importantly, Nrf2
activation almost doubles the age of the occurrence of sarcomas in this model, highlighting not only the
efficiency of Nrf2 signaling in cancer, but also associating the ameliorated metabolic profile with delay
in cancer progression. Given that Nrf2 is being validated as a druggable target in clinical trials, the use of
small-molecule inducers of Nrf2 signaling should gain attention for amelioration of metabolic disease and
its resultant enhancement of carcinogenesis.

Methods

Mouse model. Mice were housed at 22°C, 50% humidity with a 12-hour-light/dark cycle and ad libitum access
to water and food (Prolab Isopro RMH 3000 5P76 irradiated diet, LabDiet). All mice used in the experiments
were males of the albino C57BL/6J background (B6(Cg)-Tyr?’’). The mouse genotypes and the relevant
nomenclature used in this work are as follows: control, Rosa"/?/NicP: AANICD, Rosa'®P’NIeD:: AdipogCre (11);
Keap1KD:AdNICD, Keap I"*/ex:: Rosa™P'MCD: AdipogCre; Keap1 KD, Keap I"*/"+::Rosa™'eP'ND: Nrf2KO:Keap-
1KD:AdNICD, N#f2”::Keap"™'fex.: Rosa™P'NID:: AdipoqCre;  Nrf2KO:KeaplKD, Nif2/~::Keap"*'ex,
Rbpjkilox/iex: AANICD, Rbpjie*:: RosaV'®P/NIP:: AdipoqCre. We designate the Keapl"//e*:; RosaMcP/NCP mice
as Keapl knockdown (KeaplKD), as the loxP site insertion caused substantially less Keapl expression, as
reported above. N#2-~ mice (49) and Rbpjr™*'" mice (50) have been described previously. Breeders for the
aforementioned mice were obtained from The Jackson Laboratory, with the exception of Rbpjx™*"~ (Riken)
and Nrf2”/-, Keap1™'"* (obtained from the developer, Masayuki Yamamoto, Division of Medical Biochemis-
try, Tohoku University School of Medicine, Sendai, Japan), as per the relevant references (28, 49). Genotyp-
ing PCR primers and primers for the detection of transgenic NICD (Figure 8G) and cycling conditions have
previously been described (11, 51).

Body weight, tissue weights, body composition, and food consumption of mice. Body weight and tissue weights
were measured using a precision scale (Scout Pro). Body composition was assessed using EchoMRI model
100H (EchoMRI). Food consumption was assessed over a 3-day period in single-housed mice.

Indirect calorimetry. Metabolic rate and activity were assessed for a period of 72 hours using the Com-
prehensive Laboratory Animal Monitoring System (Columbus Instruments).

Intraperitoneal insulin sensitivity test. Insulin sensitivity was assessed by injecting mice that had been fast-
ed for 4 hours with free access to water intraperitoneally with 0.75 units/kg insulin (Humalog, Eli Lilly).
Blood glucose was measured before the injection with insulin and at the indicated time intervals from tail
blood using a Contour next EZ glucose meter (Bayer).

Plasma metabolites. Blood was collected by cardiac puncture during sacrifice under isoflurane anesthesia
using heparinized syringes and was kept on ice until centrifugation at 3,000 g for 30 minutes at 4°C for plas-
ma isolation. Insulin was measured using an ELISA kit from Mercodia (catalog 10-1247-01); leptin (catalog
MOBO00) and Fgf21 (catalog MF2100) were measured using R&D Systems kits. Triglycerides and cholesterol
concentrations were assessed using colorimetric (catalog 10010303) and fluorometric (catalog 10007640) assay
kits (Cayman Chemical). Nonesterified fatty acids were measured using the NEFA-HR kit (Wako Chemicals).
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Histology and immunohistochemistry. After dissection, pancreata were immersed in 4% paraformaldehyde
solution (ThermoFisher) in PBS (Life Technologies, ThermoFisher), and liver or tumors were immersed
in 10% buffered formalin (ThermoFisher). After 24 hours, samples were immersed in 70% ethanol, pro-
cessed, and embedded in paraffin blocks. Sections were stained with H&E in the Department of Pathol-
ogy Development Laboratory at the University of Pittsburgh. Tumors were stained in the same lab with
antibodies against Cd34 (catalog 790-2927, Ventana Medical Systems-Roche), desmin (catalog M0760,
Dako-Agilent), pan Keratin (catalog ab8068, Abcam), and S100 (catalog Z0311, Dako-Agilent). Pancreata
were stained with antibody against insulin (catalog PA1-26938, ThermoFisher). Imaging was performed
with either a Leica DM5000B or a Olympus Fluoview 1000 microscope. ImagelJ software (NIH) was used
to evaluate the insulin-positive area in the pancreatic islets.

Analysis of hepatic and muscle triglycerides. Frozen liver and muscle samples (~70 mg) were thawed on ice
and homogenized in a bullet blender (Next Advance) for 5 minutes in 50 mM phosphate buffer, pH 7.4,
containing BHT (0.16%). An aliquot of the homogenate (500 pg/500 pl) was spiked with 575 pmol trihep-
tadecanoin (Nu-Check Prep) as internal standard, and lipids extracted using the Bligh and Dyer procedure
(52). The organic extracts were dried under nitrogen and reconstituted in ethyl acetate. Triglycerides were
analyzed by high-performance liquid chromatography high-resolution mass spectrometry using an analyt-
ical C18 Luna column (2 x 150 mm, 5 um, Phenomenex) at a 0.4 ml/min flow rate using the following
gradient program: 35%-90% solvent B (0.1-9 minutes), 90% solvent B (9-11 minutes), followed by 2.5
minutes of reequilibration to initial conditions with a postcolumn infusion of 50 ul/min 10 mM ammoni-
um acetate in acetonitrile/water (9:1, v/v). Solvent A was 9:1 acetonitrile/water and solvent B was ethyl
acetate. A Q-Exactive hybrid quadrupole-orbitrap mass spectrometer (ThermoFisher) in positive mode was
used to quantify the triglycerides species using triheptadecanoin as internal standard. Trihexadecanoin
(Nu-Check Prep) standard was used as calibrant for the calibration curve with triheptadecanoin as internal
standard. The triglycerides levels were normalized to total protein (Bradford method, Bio-Rad).

Specifically, for determination of total liver triglycerides in Figure 7G, a colorimetric assay kit (catalog
10010303, Cayman Chemical) was used, and triglycerides levels were normalized to total protein.

Analysis of fatty acids in hepatic triglycerides. Lipids were extracted from liver homogenates (10 mg
tissue/ml) in the presence of 5.75 nmol triheptadecanoin internal standard using a methanol/dichloro-
methane extraction (52). Lipids were loaded onto solid-phase extraction Strata NH2 columns (100 mg/ 1
ml), cholesterol esters were eluted first with 2 ml hexane, and triglycerides were then recovered with 2
ml hexane/chloroform/ethyl acetate (100:5:5, v/v/v) (53). The triglyceride fraction was spiked with 7
ug 16:1-d14, OA-d17, AA-d8 and 70 pg 14:0-d27, 16:0-d31, 18:0-d35; dried under a stream of nitrogen;
and dissolved in 850 pl methanol/dichloromethane (8:1, v/v). Triglycerides were hydrolyzed by adding
150 wl of 40% aqueous potassium hydroxide and heating to 70°C for 30 minutes. After acidification
using hydrochloric acid, fatty acids were extracted, derivatized to a picolylamide derivatives (54), and
quantified by LC-tandem mass spectrometry analysis using a Q-Trap 6500+ mass spectrometer (Sciex) in
positive ion mode. Heptadecanoin obtained from the hydrolysis of triheptadecanoin was used as internal
standard, and fatty acids were normalized to protein content. Blank samples were processed and back-
ground signal was subtracted from samples.

Gene expression. Tissues were homogenized in Trizol (ThermoFisher) using the TissueRuptor homog-
enizer (Qiagen), and then total RNA was extracted and further purified using the RNeasy kit (Qiagen)
after on-column DNAse digestion. RNA was quantified by spectrophotometry using Nanodrop One (Ther-
mokFisher), and purity was assessed by the absorbance ratios of 260:280 and 260:230 nm. RNA integrity
was assessed by agarose gel electrophoresis. cDNA was synthesized using the qScript system (Quanta Bio-
sciences). Real-time PCR was performed using an iCycler-MyIQ (Bio-Rad) with iQ SYBR green super-
mix (Bio-Rad) in triplicate 20 pl reactions. The PCR efficiency for each primer pair was determined from
standard curves, and if samples were run on more than one 96-well plate, a sample served as interplate
calibrator. The generated amplicon was checked by the presence of a single peak in the melting curve
analysis. Relative quantification of each target’s mRINA levels was performed using the Pfaffl method (55).
The stability of 4 potential reference genes was evaluated by using the NormFinder algorithm (56), and the
most stable gene was used in the relative quantification calculations (Rps29 in the case of the liver quan-
titative PCR and B2m in the tumor vs. inguinal white adipose tissue or tumor vs. tumor PCR). Primers
sequences are described in Supplemental Table 1; they are mostly derived from the PrimerBank (57) or
custom designed using Primer-BLAST (NCBI).
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Exome sequencing, SNP and indel calls, and CNV analysis. Genomic DNA was prepared from 5 tumors of
AdNICD mice and 5 tails (considered as normal noncancer tissue) from the same animals using the QlAamp
DNA mini kit (Qiagen). DNA was quantified by spectrophotometry using Nanodrop One, and purity was
assessed by the absorbance ratios of 260:280 and 260:230 nm. The integrity of the DNA was evaluated by the
genomic DNA ScreenTape assay (Agilent) in the Agilent TapeStation system, and the DNA integrity number
was calculated for each sample. Next-generation sequencing services were provided by Admera Health LLC.
The SureSelect Mouse All Exon Kit (Agilent) was used for library preparation, and the HiSeq sequencing sys-
tem (Illumina) was used. Read length was 2 x 150 bp (paired end), with mean on target coverage per sample
of x100. Raw sequence data files (fastq) have been submitted to NCBI Sequence Read Archive under acces-
sion SRX3090633-SRX3090642. The Burrows-Wheeler Alignment tool (58) was used to map the exome
sequencing reads against the mouse genome (GRCm38/UCSCmm10). SAMtools (59) was used to produce
the sequence alignment/map (SAM) files and to convert SAM to BAM files and BAM to pileup files. Varscan
(60) was employed to call SNPs and indels from SAMtools pileup files and finally produce the VCF files. Sup-
plemental Figure 4, B-D, was generated using Maftools (61). For statistical analysis of the SNPs and indels
among the 5 tumors, VCF files were converted to PLINK files using VCFTools (62). PLINK files were edited
to include phenotype data (normal and tumor). Association analysis was performed using PLINK functional-
ity (63), and P values from the association analysis were adjusted for multiple comparisons using all available
adjustment methodologies available within “p.adjust” function present in “stats” R library. Figure 9, C and D,
which depicts the mapping of SNPs, indels, and CNVs, was generated using Phenogram (64). CNV analysis
of tumors was performed by Admera Health LLC by employing a “read depth approach,” as the depth of
coverage is directly correlated to the copy number of the region. The estimation of CNVs is reported as rela-
tive copies to the control normal tissue (mouse tail in our case).

Statistics. Data were analyzed using the Prism version 5 (GraphPad, La Jolla, CA), with the excep-
tions of the ANCOVA analysis, which was performed using SPSS statistics version 24 (IBM), and the
exome sequencing analysis, in which software R was used. All results are presented as mean = SEM. For
the comparison of 2 groups, unpaired 2-tailed Student’s ¢ test was used; for more than 2 groups, 1- or
2-way ANOVA was used followed by Tukey, as described in the relevant figure legends. The log-rank test
was used to compare the survival curves in Figure 8D. Differences with P values of less than 0.05 were
considered to be significant. Sample size was estimated on the basis of preliminary studies and previous
experimental studies performed in our lab. Experiments were not blinded, with the exception of the
intraperitoneal insulin sensitivity test and the histology sections evaluations. No mice were excluded
from our analyses.

Study approval. All mice used in this study received humane care that adhered to the principles stated in
the Guide for the Care and Use of Laboratory Animals (NIH publication, 1996 edition). The protocol describing
all mouse experiments was approved by the Institutional Animal Care and Use Committee of University
of Pittsburgh.
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