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Abstract

Promoting brown adipose tissue (BAT) formation and function may reduce obesity. Recent data
link retinoids to energy balance, but a specific role for retinoid metabolism in white versus brown
fat is unknown. Retinaldehyde dehydrogenases (Aldhs), also known as aldehyde dehydrogenases,
are rate-limiting enzymes that convert retinaldehyde (Rald) to retinoic acid. Here we show that
Aldhlalis expressed predominately in white adipose tissue (WAT), including visceral depots in
mice and humans. Deficiency of the A/dhlal gene induced a BAT-like transcriptional program in
WAT that drove uncoupled respiration and adaptive thermogenesis. WAT-selective Aldhlal
knockdown conferred this BAT program in obese mice, limiting weight gain and improving
glucose homeostasis. Rald induced uncoupling protein-1 (UcpZ) mRNA and protein levels in
white adipocytes by selectively activating the retinoic acid receptor (RAR), recruiting the
coactivator PGC-1a and inducing UcpI promoter activity. These data establish Aldhlal and its
substrate Rald as previously unrecognized determinants of adipocyte plasticity and adaptive
thermogenesis, which may have potential therapeutic implications.

Obesity is closely associated with many disorders, including atherosclerosis and type 2
diabetes2. Although excess caloric intake and decreased energy expenditure promote
overall weight gain, visceral adiposity is particularly associated with cardiometabolic risk3.
As such, unique factors may control the development and function of specific fat depots.
Whereas WAT stores energy in the form of triglycerides, BAT oxidizes fatty acids and
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dissipates energy through uncoupled respiration and heat production*%, WAT is the main
adipose depot in humans; however, recent work has established both the presence of BAT in
humans and its association with leanness®:7. These distinct aspects of adipocyte biology
require further understanding and may represent a therapeutic strategy to combat obesity and
its complications. Although the presence of brown adipocytes in WAT and factors
determining white versus brown adipogenesis have received considerable attention8-12, the
exact origin of white and brown adipocytes and the potential for adipocyte plasticity in
terms of white versus brown characteristics remains under debatel3.14,

Retinoids—vitamin A metabolites with diverse, essential biological functions—have recently
been linked to the control of adipogenesis and energy homeostasis, with effects on obesity,
diabetes and cardiovascular disease1®19, Retinoids exert these actions largely by activating
RAR and the retinoid X receptor (RXR), nuclear hormone receptors that regulate gene
expression20:21, Retinoid formation relies on a network of enzymes in which dietary vitamin
A, or retinol, is first oxidized to Rald by alcohol and retinol dehydrogenases. Subsequently,
Aldhs irreversibly convert Rald to retinoic acid—the rate-limiting step of retinoic acid
formation20-22,

We recently identified Rald as an active signaling metabolite in WAT and a modulator of
adipogenesis in 3T3-L1 cells6. Deficiency in Aldhlal (also known as RaldhI), the main
postnatal Aldh isoform, results in higher Rald concentrations!8:23 and protects mice against
diet-induced obesity and diabetes by increasing energy expenditurel®. However, the
mechanisms for this hypermetabolic phenotype, its dependency on high-fat feeding and its
relevance to human adiposity has remained unclear.

Here we show that Aldhlal is a key determinant of WAT plasticity and the regulation of
white versus brown adipocyte characteristics. In both mice and humans, Afldhlal was
expressed primarily in visceral WAT, and its expression level was highly associated with
obesity. In mice fed standard chow, Aldh1al deficiency strongly induced both expression of
classic BAT markers and uncoupled respiration in WAT, increasing adaptive thermogenesis
in vivo. Rald potently regulated transcription of UcpZ in white adipocytes through effects on
RAR and not RXR, including peroxisome proliferator—activated receptor-y coactivator
(PGC-1a) recruitment; RAR antagonist treatment reversed the thermogenic phenotype in
Aldhlal deficiency. Notably, treatment of high-fat diet—fed mice with antisense
oligonucleotides to Alahlal repressed Aldhlal expression selectively in visceral WAT,
induced a thermogenic program in WAT and conferred protection against cold exposure and
obesity. These findings establish Aldhlal and its substrate Rald as previously unrecognized
regulators of white adipose plasticity and adaptive thermogenesis and identify Aldhlal in
visceral fat as a new potential target for treating obesity.

Aldhlal is predominantly expressed in visceral fat

To consider the possible role of Aldhlal in specific adipose stores, we analyzed its mMRNA
expression and protein levels in different fat depots of standard chow—fed C57BL/6J mice
and metabolically healthy human subjects of normal weight. In C57BL/6J mice, Aldhlal
expression was highest in perigonadal white adipose tissue (GWAT), a mouse visceral fat
depot, significantly lower in inguinal subcutaneous white adipose tissue (SWAT) and barely
detectable in interscapular BAT; Aldhlal protein levels followed a similar pattern (Fig. 1a).
In humans, both ALDHIAI mRNA and protein were robustly present in visceral adipose
tissue (viscAT), with significantly lower levels in abdominal subcutaneous adipose tissue
(Fig. 1b).
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Given that visceral adiposity is strongly implicated in the pathogenesis of obesity-related
metabolic disorders, we investigated whether adipose A/dh1al expression varied with
obesity. Aldhlal expression was significantly higher in GWAT and viscAT of C57BL/6J
mice fed a high-fat diet and in morbidly obese human subjects, respectively, compared to
lean controls (Fig. 1c, d). Moreover, regression analysis revealed a positive association
between ALDHIAI mRNA expression in viscAT and body mass index (/2 = 0.39, P<
0.001) in 40 human subjects (Fig. 1e). These results implicate Aldhlal in obesity and,
specifically, in visceral adiposity.

Aldh1lal deficiency induces a BAT gene program in WAT

Given this association of Aldhlal with obesity (Fig. 1) and the enhanced energy expenditure
in Aldhial-deficient (Aldhial™~) mice fed a high-fat diet!®, we studied mitochondrial
uncoupling in WAT and BAT as a mechanism for energy dissipation in A/dhlal deficiency.
Ucpl mRNA expression and protein content were significantly induced in GWAT of
standard chow—fed A/ahlal™'~ versus C57BL/6J wild-type (WT) control mice; however,
this induction was significantly lessened in SWAT, and UcpZ mRNA and protein remained
unchanged in BAT (Fig. 2a, b). On immunohistochemistry images, lipid droplet size and
adipocyte morphology appeared unaltered in A/dhlal-deficient WAT, but UcpI was
strongly induced as compared to WT adipose tissue (Fig. 2b).

To further characterize fat in the presence or absence of Aldhlal, we measured mRNA
expression of known BAT markers including cell-death activator (Cidea), PGC-1a and
PGC-1p (encoded by Ppargclaand Ppargclb, respectively), PR domain—containing 16
(Prdm16), cytochrome ¢ (Cycs), cytochrome ¢ oxidase subunit 4il (Cox4i1), transcription
factor A (7fam) and nuclear respiratory factor 1 (Nrfl) in GWAT, SWAT and BAT from
chow-fed WT and A/ghial™~ mice. Expression of all BAT marker genes was significantly
increased in Aldhlal-deficient GWAT, with Arf1 being the only exception (Fig. 2c). In
contrast, expression of this same gene panel was either unchanged or only modestly
increased in SWAT and BAT of Aldhlal™~ versus WT mice (Fig. 2c). We next tested
whether altered mitochondrial biogenesis might explain this increase in BAT marker
expression in white fat. In GWAT, SWAT and BAT, mitochondrial DNA content was
unchanged between genotypes (Fig. 2d). Electron microscopy of GWAT revealed no
differences in mitochondrial density or ultrastructure (Supplementary Fig. 1a). These data
indicate that A/dhlal deficiency increases BAT marker expression in visceral WAT without
altering mitochondrial biogenesis.

Aldhlal deficiency activates a thermogenic program in WAT

To test whether increased Ucp1 expression in GWAT from Aldhlal™~ mice altered GWAT
function, we assayed mitochondrial activity using citrate synthase activity, the rate-limiting
step of the tricarboxylic acid cycle?4:25, Citrate synthase activity was significantly increased
in GWAT but not BAT from Aldhlal™'~ versus WT mice (Fig. 3a). Increased mitochondrial
uncoupling drives oxidative phosphorylation, enhancing cellular respiration. Oxygen
consumption rates were significantly higher in Aldhlai-deficient GWAT (1.7-fold) but not
BAT (Fig. 3b) as compared to those in WT mice.

As uncoupled respiration dissipates energy through heat production, we next measured core
body temperature in WT versus A/ahlal™~ mice at room temperature (23 °C) and during 48
h of cold exposure (4 °C). At 23 °C, body temperature did not differ between genotypes. At
4 °C, body temperatures of WT mice dropped significantly; in contrast, mice lacking
Aldhial were completely protected against cold exposure (Fig. 3c). Consistent with these
findings, cold exposure markedly increased Ucpl expression in Aldhlal-deficient GWAT
and, to a minor extent, in SWAT, with no evidence for genotypic differences in BAT (Fig.
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3d, e). Cold exposure induced the emergence of BAT-like Ucpl-positive multilocular
adipocytes in Aldhlal-deficient WAT (Fig. 3e).

We next asked whether altered adrenergic activation of BAT could have contributed to
adaptive thermogenesis seen in Aldhlal deficiency. Expression of B-adrenergic receptors
(Adrb1, Adrb2and Adrb3) and the catecholamine-synthesizing enzyme tyrosine
hydroxylase ( 7/) was unchanged in WT and A/dh1al'~ BAT (Supplementary Fig. 1b, c).
Likewise, baseline and isoproterenol-induced oxygen consumption in brown adipocytes and
expression of BAT genes did not differ between genotypes (Supplementary Fig. 1d, e).
These results argue for a role of Aldhlal in regulating uncoupled respiration and adaptive
thermogenesis through effects in WAT but not BAT.

Rald promotes Ucpl transcription in white adipocytes

To investigate mechanisms for increased uncoupling in GWAT, we used chemical and
targeted genetic approaches in mouse and human adipocyte models. The C3H10T1/2
(10T1/2) cell line is an established model of adipogenesis?®. In undifferentiated 10T1/2
cells, Aldhialis not present but is robustly induced during adipogenesis (Supplementary
Fig. 2a). Stimulation of 10T1/2 cells with the known Aldh inhibitor diethyl
aminobenzaldehyde (DEAB, 1 pM)27 during adipogenic differentiation significantly
induced Ucpl gene and protein expression as compared to that in vehicle-treated cells (Fig.
4a). Similarly, stable repression of A/dhial mRNA in 10T1/2 cells by shRNA-expressing
lentivirus (shA/dhlal, 80% knockdown without a compensatory increase in AldhiaZ2 or
Aldhla3, Supplementary Fig. 2b) induced UcpZ mRNA and protein fivefold as compared to
lentiviral-treated control cells (shCtrl, Fig. 4b). Given that A/dhlal deficiency increases
endogenous Rald concentrations'6:23, we tested Rald as a UcpZ transcriptional regulator.
Stimulation of 10T1/2 cells with all-#rans-retinal (Rald, 1 M) during adipogenic
differentiation induced expression of UcpI (100-fold) and other BAT markers including
Ppargelb, Prdm16and Cidea, whereas expression of the adipogenic genes peroxisome
proliferator-activated receptor-y (Pparg), fatty acid-binding protein 4 (Fabp4) and
adiponectin (Adipog) and lipid accumulation remained unaltered (Fig. 4c and
Supplementary Fig. 2c, d). Similarly, Rald stimulation significantly increased Ucpl
expression in differentiating human stromal-vascular cells from subcutaneous fat biopsies
(Fig. 4d).

To test whether Rald conversion to retinoic acid accounted for the increased Ucpl
expression seen, we studied Rald effects in three distinct in vitro models in which Aldhial
expression or function was repressed or absent. Co-stimulation with Rald and the Aldh
inhibitor DEAB increased UcpI expression to the same extent as did Rald alone in
differentiating 10T1/2 cells (Fig. 4e). Rald stimulation in shA/dh1al-treated 10T1/2 cells
increased UcpZ mRNA and protein expression 100-fold (Fig. 4f), an effect similar to Rald
stimulation of untransfected 10T1/2 cells (Fig. 4c). Finally, Rald stimulation (24 h) in
Aldhial’~ mouse embryonic fibroblast (MEF)-derived adipocytes increased Ucpl gene
expression 40-fold as compared to that in vehicle-treated cells (Fig. 4g). Together, these
findings support Rald induction of UcpI expression in white adipocytes independent of its
conversion to retinoic acid.

Rald regulates Ucp1l expression through RAR and PGC-1a

As retinoids regulate gene expression through retinoid receptor modulation, we next
investigated retinoid receptor involvement in Rald effects on Ucpl expression. We
stimulated differentiating 10T1/2 cells with Rald in the presence or absence of known
antagonists to either RAR (AGN193109) or RXR (HX531)28:2%, The RAR antagonist
AGN193109 completely inhibited Rald-mediated expression of Ucp and other BAT marker
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genes (Ppargclb, Prami16and Cided), whereas HX531 did not alter UcpI expression (Fig.
5a and Supplementary Fig. 3a, b). Notably, HX531 did significantly inhibit 9-c¢/s-retinoic
acid (9cisRA)-induced expression of the retinoic acid target gene CypZ26al, verifying
HX5131 as a functional RXR antagonist in this experimental model (Supplementary Fig.
3c). To further investigate RAR dependency through an alternative approach, we repeated
10T1/2 experiments in the presence of a validated siRNA to Rara (RARQ), the main isoform
expressed in these cells (data not shown) or control siRNA (siCtrl). Compared to siCtrl
treatment, repression of RaramRNA in 10T1/2 cells (60%, Supplementary Fig. 3d)
significantly blunted Rald-mediated induction of UcpI and additional BAT markers
(Ppargelb, Prdmi16and Cidea) (Fig. 5b and Supplementary Fig. 3e, f). Rxra (RXRa) siRNA
inhibited adipogenesis, resulting in extremely low Ucp1 expression in all treatment groups
(data not shown). Similar experiments in shA/dhlal-transfected 10T1/2 cells also showed
that increased UcpI expression was dependent on the presence of RAR but not RXR (Fig.
5c¢, d and Supplementary Fig. 3g).

To test /n vivo whether the thermogenic phenotype observed in AldhIal deficiency is
mediated through RAR, we injected A/dhlal-deficient mice with the RAR antagonist
AGN193109 (0.5 mg per kg of body weight per day, intraperitoneally (i.p.)) or vehicle for 2
weeks before cold exposure studies and Ucp? analysis. Core body temperature did not differ
between groups at 23 °C ambient temperature. However, during cold exposure (4 °C),
treatment of mice with RAR antagonist resulted in significantly lower body temperatures as
compared to controls (Fig. 5e). Consistent with these temperature changes, AGN193109
treatment markedly reduced UcpI expression in WAT but not in BAT (Fig. 5f), suggesting
that the thermogenic program in A/dhlal deficiency is RAR dependent.

Given these results, we next examined Rald interaction with RAR as a mechanism for
increased Ucpl expression. PGC-1a is a transcriptional coactivator that induces Ucpl
expression30. Using cell-free time-resolved fluorescence resonance energy transfer (TR-
FRET) assays, we tested Rald-mediated recruitment of PGC-1a to either the RARa or
RXRa ligand-binding domain (LBD). As expected, in response to their known natural
ligands, all-trans-retinoic acid (ATRA) and 9cisRA potently recruited PGC-1a to RARa
and RXRa, respectively. However, Rald alone also effectively recruited PGC-1a to RARa
(half-maximal effective concentration (ECsg) 82 nM) but had virtually no effect on PGC-1a
recruitment to RXRa in these cell-free assays, which lack the ability to convert Rald to
retinoic acid (Fig. 5g). Stimulation with either ATRA or Rald significantly increased activity
of a canonical retinoic acid response element (RARE) luciferase reporter in a concentration-
dependent manner (Fig. 5h).

As the Ucpl promoter contains several RARE consensus sites31, we examined whether Rald
can directly activate a RARE-containing UcpI promoter transfected into undifferentiated
10T1/2 cells, which lack retinoid-converting enzymes. Stimulation with cCAMP (250 pM), a
known Ucp1 transcriptional activator3!, significantly increased Ucp1 reporter activity (Fig.
5i). Notably, Rald and ATRA, but not their precursor retinol, increased luciferase activity in
a concentration-dependent manner (Fig. 5i and Supplementary Fig. 3h). Next, we used
chromatin immunoprecipitation (ChlP) to study Rald-dependent transcription factor
recruitment to the UcpI promoter region in 10T1/2 cells. A robust RARa signal was present
at the Ucp1 promoter under basal conditions that did not increase further after Rald
stimulation (Fig. 5j). The TR-FRET data above suggested that Rald may recruit PGC-1a to
RARa already present on the Ucpl promoter. Indeed, similar ChlP studies showed that Rald
stimulation enriched PGC-1a occupancy at the UcpI promoter region five-fold (Fig. 5j).
Taken together, these data suggest that Rald recruits PGC-1a to RARa at the Ucp?
promoter, thus inducing UcpI transcription.
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Aldhlal antisense treatment induces a thermogenic prorgam

To test whether acute, tissue-selective loss of Aldhlal /n vivoalters Ucpl expression,
thermogenesis and body weight, we injected a validated A/dhIal antisense oligonucleotide
(ASO) or a control ASO twice a week for 6 weeks (35 mg per kg of body weight per dose,
i.p.) into C57BL/6J mice fed standard chow. The Aldhial ASO treatment significantly
decreased A/dhial mRNA and protein levels selectively in liver and GWAT; Aldhlal
expression remained unchanged in SWAT, BAT, spleen, intestine and skeletal muscle as
compared to treatment with control ASO (Fig. 6a, b and Supplementary Fig. 4a). Aldhlal
ASO treatment significantly increased Ucpl expression in GWAT but not SWAT or BAT
(Fig. 6c, d). To test the functional impact of these effects, we measured core body
temperature under ambient and cold-induced conditions. Core body temperature did not
differ between mice treated with A/dhial ASO or control ASO at ambient temperature (23
°C). Exposure to 4 °C (48 h) decreased body temperature in mice treated with control ASO;
in contrast, A/dhial ASO-treated mice were protected significantly against cold exposure
(Fig. 6e).

To test whether GWAT-selective Aldhial repression could modulate established obesity,
we fed C57BL/6J mice a high-fat diet for 8 weeks before treating them with Aldhial ASO
and continuing the high-fat diet for an additional 9 weeks. AldhIal ASO treatment
significantly limited weight gain in obese mice and decreased GWAT mass (Fig. 6f-h),
resulting in improved insulin and glucose tolerance (Fig. 6i and Supplementary Fig. 4b), all
as compared to a treatment with control ASO. Thus, selective Aldhial repression in visceral
fat confers induction of a thermogenic program that inhibits body weight gain and improves
glucose homeostasis in obesity.

DISCUSSION

Understanding determinants of energy storage and utilization is crucial for addressing the
epidemic of obesity and its complications. Energy dissipation through uncoupled respiration
and increased thermogenesis are key components of energy balance. Promoting BAT or
BAT-like characteristics may represent a therapeutic strategy for treating excess adiposity32.
Despite this, activation of BAT differentiation and function remains poorly understood.
Similarly, mechanisms that manipulate WAT to acquire BAT-like characteristics remain an
alternative but even less well-characterized approach to enhancing energy expenditure and
decreasing obesity33.

Retinoids, and the enzymes that control retinoid formation, represent a complex, highly
regulated system that controls fundamental biological processes, including fuel
metabolism1®17:21 We previously reported that mice lacking A/dhial, the rate-limiting
enzyme in Rald conversion to retinoic acid, show enhanced energy expenditure when fed a
high-fat diet, suggesting that they have altered BAT activity. Here we report that Alahial
shows an adipose depot-specific expression pattern in mice fed a chow diet, with expression
lowest in BAT and highest in visceral WAT. Moreover, genetic Aldhlal deficiency
increased expression of Ucpl and other classical BAT markers in mouse GWAT, with
minimal changes in SWAT and BAT. Aldhlal deficiency increased mitochondrial enzyme
activity and oxygen consumption in GWAT, but not BAT, consistent with increased
thermogenic capacity in white fat. Indeed, A/dhZal™'~ mice were completely resistant to
cold exposure, establishing Aldhlal as a central regulator of WAT thermogenesis
independent of BAT changes.

Other pathways that can induce brown-like transformation of white fat have been reported,
although these mechanisms predominately altered subcutaneous fat, with the visceral depot
considered less susceptible to acquiring BAT characteristics343°. In GWAT of Aldhlal!~
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mice, the abundance of Ucpl-expressing unilocular white adipocytes under basal conditions
and the increased presence of multilocular brown adipocytes after cold exposure suggest that
Aldhlal deficiency fosters thermogenic activation in visceral fat. This latent thermogenic
potential of Aldhiai-deficient visceral fat is unmasked in response to cold or high-fat
feeding. Although the exact origins of BAT-like white adipocytes remains under debate, the
lack of bona fide BAT cells, despite high UcpI expression in Aldhlal-deficient WAT at
baseline, suggests ‘browning’ of white adipocytes rather than recruitment of BAT cells in
this model. Our findings show that altered retinoid metabolism can promote functional
plasticity of adipocytes, and identify Aldhlal as a previously unrecognized determinant of
white versus brown fat transformation. This selective action of Aldhlal in GWAT may
derive from the distinct expression pattern of this enzyme in different fat depots.

The effect of Aldhial deficiency on white versus brown characteristics in adipocyte seems
to involve Rald’s action as a transcriptional mediator that modulates retinoid receptor
activity. Although other Aldhlal effects are difficult to exclude in contributing to the /n
vivo effects seen here, Aldhial deficiency is an established model of elevated endogenous
Rald concentrations, especially in tissues with high A/dhIal expression, such as WAT16:23,
Rald can impair adipogenesis in 3T3-L1 cells and /n vivo in response to high-fat feeding?.
However, as studied here, in distinct pluripotent cell models and in the absence of the high-
fat feeding, adipogenesis did not seem altered. We identify Rald as a positive transcriptional
regulator of a classic BAT gene program including Ucp in mouse and human white
adipocytes through RAR- but not RXR-dependent mechanisms. Rald recruited the
coactivator PGC-1a to the UcpI promoter in white adipocytes, a seminal event in BAT
activation30, Those /7 vitro observations suggested that RAR activation might mediate the
thermogenic phenotype in Aldhlal deficiency. Indeed, A/dhlal™~ mice treated with RAR
antagonist had reduced Ucpl expression in WAT and no longer manifested increased
thermogenesis, consistent with RAR-dependent adaptive thermogenesis in this /n vivo
model. Previously, the RAR ligand retinoic acid has been shown to activate Ucpl
transcription31:36,

Our observation that Rald’s effects on Ucpl transcription were similar in the presence or
absence of the Rald-converting enzyme Aldhlal suggests Rald as a mediator in this model.
In contrast to Rald, retinol failed to induce UcpI promoter activity. The fact that both retinol
and Rald can bind RAR in ligand-displacement assays3’, but only Rald activates Ucpl
expression in these experimental models, argues for Rald-specific functional effects in
WAT. Whether other Aldhlal effects or Ucpl-independent pathways might contribute to
thermogenesis in A/dhlal deficiency cannot be completely excluded. Similarly, the precise
mechanisms through which Rald-RAR interaction potently induce a BAT-like thermogenic
program in WAT warrants further investigation, but could include synergistic effects
between Rald and retinoic acid, differential RXR and RAR modulation, or altered
intracellular retinoid concentrations. In addition, intracellular or extracellular binding
proteins, including retinol-binding protein-4 or cellular retinoic acid—binding protein 11,
which influence partitioning of retinoid ligands to specific nuclear receptors3®, may
influence Rald effects. Indeed, we have previously observed reduced retinol- binding
protein-4 plasma concentrations in A/ahIaz™'~ micelS, a pattern consistent with improved
insulin sensitivity3®.

Dissipating energy stores by promoting thermogenic capacity in WAT has been proposed as
an approach to treating obesity and its complications33. Although gene repression through
antisense therapies has possible limitations*?, the impact of an A/dhiai ASO on body-
weight control and glucose metabolism in obese mice identifies Aldhlal as a therapeutic
target. Although ASO-mediated reduction of hepatic Ad/fh1al expression makes other
effects, including altered glucose metabolism, difficult to exclude, selective Aldhial
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repression in GWAT through ASO treatment supports the prospect of specifically targeting
visceral fat depots, including induction of BAT-like characteristics and thermogenesis.

Here we establish Aldhlal and its substrate Rald as previously unidentified determinants of
functional plasticity in WAT that can activate a thermogenic program, promote energy
dissipation and limit obesity. Disruption of Aldhlal expression or function in visceral fat
could offer new opportunities in targeting and treating specific adipose depots and obesity-
related complications.

Methods and any associated references are available in the online version of the paper.

ONLINE METHODS

Animals, Aldhlal antisense oligonucleotide, RAR antagonist

We purchased C57BL/6J WT mice from the Jackson Laboratory. A/dhlal-deficient
(Aldhia1™'") mice, provided by G. Duester, were backcrossed to a C57BL/6J background
(>20 generations). Mice were kept on a standard chow diet with a vitamin A content of 15
IU g~1 or on a high-fat diet (60% of kilocalories as fat, Research Diets). Mice had free
access to food and water. Experiments were conducted using female mice at 12-14 weeks
old, unless otherwise indicated. All animal studies were approved by the Harvard Medical
School Institutional Animal Care and Use Committee.

An ASO targeting mouse AldhIaland a control ASO not hybridizing to any known mouse
RNA sequences were synthesized and purified by Isis Pharmaceuticals as described®L. /n
vitro characterization including knockdown validation of the AldhZal ASO was done in
mouse primary hepatocytes. ASOs (70 mg per kg of body weight per week) were
administered via i.p. injection twice per week.

RAR antagonist AGN193109 (0.5 mg per kg of body weight, Santa Cruz Biotechnology)
was injected i.p. daily for 14 d.

Human adipose tissue samples

Paired samples of visceral (omental) and subcutaneous adipose tissue were obtained from
men (1= 8) and women (7= 32) of European descent. Morbidly obese subjects (BMI = 53.0
+0.55 kg m™2, 7= 20) undergoing laparoscopic gastric banding were matched by age and
sex to lean control subjects (BMI = 25.2 + 0.15 kg m~2, 7= 20) undergoing laparoscopic
cholecystectomy or fundoplication. Adipose tissue samples were taken from similar
locations in all patients. After excision, tissue specimens were washed in saline buffer,
visible blood vessels were excised and the tissue was immediately snap frozen in liquid
nitrogen. Subjects with any infectious, inflammatory, neoplastic or systemic disease,
diabetes or other uncontrolled endocrine disease, or those receiving antibiotics, anti-
inflammatory or antiobesity drugs were excluded. The study was approved by the Medical
University of Vienna Ethics Committee. All subjects provided written informed consent.

Body temperature measurements

Core body temperature was assessed in mice as described*243. WT and Aldhlal’~ mice (12
weeks old, 7= 6 per group) were killed (ketamine/xylazine/acepromazine, 100/10/3 mg per
kgof body weight i.p.) and a telemetric temperature probe (E-mitter, MiniMitter) was
implanted intra-abdominally. One week after surgery, mice were single housed in open-
circuit Oxymax chambers as part of the Comprehensive Lab Animal Monitoring System
(CLAMS; Columbus Instruments)#4. Oxymax chambers were kept in a temperature
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enclosure with 12-h light and dark cycles at 23 °C, and mice had ad /ibitum access to food
and water. After a 48-h acclimatization phase, core body temperature was recorded every 10
min for 48 h at ambient temperature (23 °C), followed by 48 h of cold stimulation (4 °C).
After killing, fat depots were dissected and analyzed.

Glucose and insulin tolerance tests

Glucose tolerance tests and insulin tolerance tests were performed on mice after fasting (12
h and 6 h, respectively). Mice were injected i.p. either with d-glucose (Sigma, 0.75 g per kg
of body weight) or recombinant human regular insulin (0.5 U per kg of body weight,
Humulin R, Eli Lilly); blood glucose concentrations were measured periodically up to 120
min by a glucometer (Abbott Laboratories).

Cell culture reagents

Except as noted, media were purchased from Invitrogen, and retinoids and other chemicals
from Sigma. RAR antagonist AGN193109 was obtained from Santa Cruz Biotechnology.
RXR antagonist HX531 was provided by H. Kagechika.

Isolation of human and mouse adipose tissue stromal-vascular fraction and mouse
embryonic fibroblasts

Abdominal subcutaneous fat biopsies were obtained from a 22-year-old woman undergoing
gastric bypass surgery who gave written informed consent. Human subcutaneous fat
biopsies and mouse BAT were immediately washed with PBS, minced and digested (1 mg
ml~1 collagenase, 45 min, 37 °C) in DMEM containing 1% (wt/vol) BSA. Digested tissues
were filtered through sterile 150-ym nylon mesh and centrifuged (250g, 5 min). The floating
fractions containing adipocytes were discarded, and the stromal-vascular fraction pellet was
resuspended in erythrocyte lysis buffer (154 mM NH,4CI, 10 mM KHCO3z and 0.1 mM
EDTA for 10 min) to remove red blood cells. The cells were further centrifuged at 500¢g for
5 min, plated on a 24-well culture dish, and grown and differentiated to mature adipocytes as
described below.

MEFs were isolated from A/dhlal™~ embryos at embryonic day 14.5 using standard
techniques®.

In vitro adipocyte differentiation

C3H10T1/2, isolated human stromal-vascular cells and A/dhal™~ MEFs were cultured and
differentiated as described®. Briefly, cells were grown to confluence in DMEM, 10% (vol/
vol) FBS and 1% (vol/vol) penicillin-streptomycin followed by standard adipogenic
induction (20 nM insulin, 1 nM T3, 0.5 mM isobutylmethylxanthine, 1 uM dexamethasone,
0.125 mM indomethacin) and stimulation with retinoids, retinoid antagonists or vehicle
(DMSO) as indicated. After a 48-h induction phase, growth medium was supplemented with
insulin, T3 and the indicated retinoids, which were changed every other day up to day 6.

Cell transfection, reporter assays, siRNA and lentivirus infection

Undifferentiated C3H10T1/2 cells (which do not express Aldhs) were transfected with
pGL3-RARE (Addgene) or Ucpl promoter luciferase reporter constructs (from R. Koza)
using FuGene HD (Roche) as described6. At 24 h after transfection, cells were stimulated
with retinoids or cyclic AMP as indicated in Figure 5 and Supplementary Figure 3. Cell
lysates were harvested 48 h after transfection, and luciferase activity was quantified by
standard luminometer assay and normalized to -galactosidase.
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Mission shRNA constructs targeting A/dhal and a nontargeting control ShRNA were
purchased from Sigma. To generate lentivirus particles, ShARNA constructs were transfected
into HEK293TN cells (SA Biosciences) along with the packaging vectors psPAX and
pM2DG. After 72 h, virus-containing supernatant was precipitated using polyethylene
glycol (SA Biosciences) and concentrated in PBS (30x). For stable cell line generation,
C3H10T1/2 cells were infected with lentivirus and selected with puromycin (5 ug mi=1)
over a 2-week period. For transient knockdown, C3H10T1/2 and shA/dhial cells were
transfected with siRNA constructs against RARa and RXRa (Ambion) using siDeliverX
reagent (Panomics) following manufacturer’s protocol. Knockdown was confirmed by
mRNA and protein expression.

Chromatin immunoprecipitation

ChIP was performed in Rald-stimulated versus vehicle-stimulated C3H10T1/2 adipocytes
using the EZ-Magna ChIP kit following the manufacturer’s instructions (Millipore) and
antibodies to RARa (C-20), PGC-1a (H-300) or rabbit 1gG as a negative control (all Santa
Cruz). We used 4 pg antibody per confluent 10-cm cell-culture dish. Immunoprecipitated
DNA was amplified by real-time PCR using primers specific for the mouse UcpI promoter
region. Relative PGC-1a and RARa occupancy at the Ucpl promoter was determined and
normalized to input DNA.

Reverse transcription and gene expression

Total RNA was extracted using Trizol (Invitrogen), treated with DNase (Qiagen) and
reverse transcribed to cDNA according to manufacturer’s instructions. Gene expression,
normalized to 36B4, was analyzed by quantitative real-time RT-PCR (Sybr Green, 96-well
plates) using a MyiQ cycler (Bio-Rad). Primer sequences are available upon request.

Mitochondrial DNA content

Genomic DNA was isolated from GWAT, SWAT and BAT of WT and A/dhlal~'~ mice (n
= 8 per group) using the DNeasy Blood & Tissue Kit (Qiagen) following manufacturer’s
instructions. Quantitative real-time PCR assessed genomic expression of mitochondrial
NADH dehydrogenase subunit 1 (ND1) normalized to -globin.

Immunoblotting

Homogenized tissue was lysed in RIPA buffer (Boston Bioproducts) containing protease and
phosphatase inhibitors. Standard western blotting was performed using rabbit polyclonal
antibodies to Ucpl (ab23841, Abcam) and GAPDH (FL-335, Santa Cruz Biotechnology)
rabbit monoclonal antibody to Aldhlal (EP1933Y, Abcam), and mouse monoclonal
antibody to B-actin (C-4, both Santa Cruz Biotechnology). All antibodies were used at a
dilution of 1:1,000. Proteins were detected by chemiluminescence (GE HealthCare).

Immunohistochemistry and Oil Red O

Paraffin sections were prepared from mouse GWAT, SWAT and BAT after fixation (10%
(vol/vol) neutral-buffered formalin). Sections were stained with rabbit polyclonal antibody
to Ucpl (ab23841, Abcam, 1:1,000) or tyrosine hydroxylase (Millipore) and biotinylated
secondary goat antibody to rabbit 1gG (Vector Laboratories Inc., 1:1,000). Control staining
was performed on selected sections with isotype control. Differentiated C3H10T1/2 cells
were stained with Oil Red O (Thermo Fisher Scientific Inc.) as per the manufacturer’s
protocol. Micrographs were taken with an Olympus Q-color 3 digital camera attached to an
Olympus BX50 microscope.
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Electron microscopy

GWAT from WT and Alahlal™~ mice (n= 4 per group) was fixed in 4% (vol/vol)
formaldehyde, 5% (vol/vol) glutaraldehyde in 200 mM phosphate buffer, pH 7.2, for 12 h at
4 °C. Ultra-thin sections were cut, and micrographs were generated with a transmission
electron microscope (JEOL).

Adipose tissue citrate synthase activity

GWAT and BAT from WT and AldhIaz™'~ mice (7= 6 per group) were homogenized in
protein extraction buffer (50 mM Tris-HCI, 250 mM mannitol, 1700 mM NaCl, 1 mM
EDTA, 1 mM EGTA, 1 mM DTT, 10% (vol/vol) glycerol, 1% (vol/vol) Triton and protease
inhibitors) to obtain protein lysates. After centrifugation and removal of the lipid layer,
protein concentration was determined using the BCA Protein Assay (Thermo Fisher
Scientific Inc.). Protein lysate (8 ug) was used for the citrate synthase activity assay
following the manufacturer’s protocol (Sigma).

Adipose tissue and adipocyte oxygen consumption

Oxygen consumption rate (OCR) was determined in mouse adipose tissue and stromal-
vascular cells derived from brown adipocytes using a modified protocol4’. Briefly, freshly
isolated GWAT and BAT from WT and A/dhlal™~ mice (n=5 per genotype) were rinsed
with unbuffered KHB medium containing 111 mM NaCl, 4.7 mM KCI, 2 mM MgSQy, 1.2
mM NayHPOy, 0.5 mM carnitin and 2.5 mM glucose. Adipose tissue was cut into small
pieces and rinsed with KHB medium, and 10 mg of tissue was placed in each well of a
XF24-well Islet Flux plate (Seahorse Bioscience). Then, 450 pl of KHB medium was added
to each well and samples were analyzed in an XF24 Extracellular Flux Analyzer (Seahorse
Bioscience) at 37 °C (ref. 48). The XF24 Analyzer mixed the media in each well three times
for 2 min before measurements to allow oxygen partial pressure to equilibrate. Basal OCR
was measured simultaneously in all wells three times. Five tissue replicates from five mice
per genotype were analyzed in independent experiments and results were normalized to
tissue weight. For brown adipocytes OCR, stromal-vascular cells from WT and Aldhlal™~
mice were plated in a 24-well XF24 V28 cell culture microplate followed by adipogenic
differentiation. Basal and isoproterenol-stimulated (1 uM) OCR were determined in an
XF24 Extracellular Flux Analyzer. Five tissue replicates from four mice per genotype were
analyzed in independent experiments.

Time-resolved fluorescence energy transfer

Lanthascreen TR-FRET RARa and RXR[ coactivator assays (Invitrogen) were performed
as per the manufacturer’s protocol using a PerkinEImer EnVision fluorescence plate reader.
Briefly, a glutathione- S-transferase (GST)-tagged recombinant RARa LBD or RXRa LBD
was incubated with a terbium-labeled anti-GST antibody and a fluorescein-labeled
coactivator peptide (PGC-1a) as well as increasing concentrations of the given retinoids.
Binding of exogenous agonist (retinoids) to the LBD causes a conformational change that
increases the affinity of the nuclear receptor (RARa or RXRa) for the coactivator peptide
(PGC-10a). The close proximity of the fluorescently labeled coactivator peptide to the
terbium-labeled antibody enhances the TR-FRET signal measured by the emission ratio of
520 nm/495 nm.

Statistical analyses

All data are given as mean + s.e.m. Comparisons between two groups were assessed by the
unpaired two-tail Student’s #test after normal distribution was confirmed. Linear regression
analysis was performed to evaluate association between ALDH1AI mRNA expression in
human fat and BMI. A Pvalue of 0.05 or less was considered statistically significant.

Nat Med. Author manuscript; available in PMC 2013 October 08.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kiefer et al.

Page 12

Supplementary Material

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

Aldhlalis present primarily in visceral fat, and its expression correlates with obesity. (a)
Aldhial mRNA and protein expression in different fat depots of female C57BL/6J mice (n
=10). (b) ALDH1AI mRNA and protein expression in visceral adipose tissue (viscAT) and
subcutaneous adipose tissue (scAT) from nonobese male and female subjects (/7= 20). (c)
Aldhlal mRNA and protein expression in GWAT from standard chow—fed (SC) lean and
high-fat diet-fed (HF) obese C57BL/6J mice (1= 8 per group). (d) ALDH1A1 mRNA and
protein expression in viscAT from nonobese (body-mass index (BMI) = 25.2 + 0.15 kg m~2)
and morbidly obese (BMI = 53.0 + 0.55 kg m~2) subjects; /7= 20 per group. Representative
western blots are shown. (€) Linear regression analysis between BMI and ALDH1A1
MRNA expression in human viscAT (7= 40). **P< 0.01, ***P< 0.001. Data are given as
mean % s.e.m.
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Figure 3.

Aldhlal deficiency activates a thermogenic program in white fat. (a, b) Citrate synthase
activity (a) and oxygen consumption rate (b) in GWAT and BAT of WT versus Aldhlal!~
mice as measured by enzymatic assays and the Seahorse Extracellular Flux Analyzer,
respectively. (c) Core body temperature of WT versus A/ahlal™'~ mice. Results represent
average body temperature over a 48-h period at 23 °C and 4 °C, respectively. (d, €)
Representative Ucpl western blot (d) and H&E and immunohistochemical Ucpl staining (€)
in GWAT, SWAT and BAT of WT versus Aldhlal™~ (KO) mice after 48 h of cold
stimulation. /7= 6-8 per group, *P< 0.05. Scale bar, 100 ym. Data are given as mean *
s.e.m.
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Figure4.

Rald induces UcpI expression in white adipocytes. (a) UcpZ mRNA expression and protein
levels in 10T1/2 cells after adipocyte differentiation in the presence or absence of the Aldh
inhibitor DEAB (1 uM). (b) UcpZI mRNA and protein analysis in differentiated 10T1/2 cells
stably transfected with scrambled (shCtrl) or Aldhial-targeting (shA/dhial) shRNA. (c, d)
UcpI mRNA and protein analysis in 10T1/2 cells (c) and human stromal-vascular cells (d)
from subcutaneous fat biopsies, differentiated into adipocytes in the presence or absence of
Rald (1 uM). (e) UcpI gene expression and protein content in differentiated 10T1/2 cells
stimulated with DEAB (1 uM), Rald (1 uM) or both. (f, g) shA/dhlal-transfected 10T1/2
cells (f) and MEFs (g) isolated from A/dhlai-deficient embryos were stimulated with Rald
(1 uM) during adipogenic differentiation followed by UcpZ mRNA and protein analysis. 7=
5 or 6 per condition, *£< 0.05, **P< 0.01, ***P< 0.001. Data are given as mean + s.e.m.
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Figure5.

Rald-mediated Ucp? expression is RAR-dependent and involves PGC-1a recruitment. (a)
UcpI mRNA expression in 10T1/2 adipocytes stimulated with either the RAR antagonist
AGN193109 (AGN), the RXR antagonist HX531, Rald (1 uM) or the combination of Rald +
AGN or Rald + HX531 (each 1 uM). (b) UcpZ mRNA quantification in 10T1/2 adipocytes
transiently transfected with scrambled (siCtrl) or RarasiRNA (siRARa) and stimulated with
Rald (1 uM). (c) UcpI mRNA quantification in shControl and shA/dh1ai-transfected
10T1/2 adipocytes stimulated with AGN193109 or HX531 (both 1 uM). (d) UcpI mRNA
analysis in Aldhlal knockdown 10T1/2 cells (shA/dhial) transfected with siCtrl or
siRARa. (€) Core body temperature in A/dhZal™'~ mice injected with the RAR antagonist
AGN193109 or vehicle for 2 weeks. Results represent average body temperature over a 48-h
period at 23 °C and 4 °C, respectively. (f) Western blot for Ucp1l in vehicle- and AGN-
treated A/dhlal’~ mice after cold exposure. (g) Ligand-dependent recruitment of PGC-1a
to either the RARa-LBD or RXRa-LBD, respectively, as determined by cell-free TR-FRET
assays. Dose-response curves for Rald, ATRA and 9-cis-retinoic acid (9-¢/s-RA) are shown.
(h) Undifferentiated 10T1/2 cells, which lack Aldhs, were transfected with an RARE-
luciferase construct (RARE-Luc) followed by stimulation (24 h) with increasing
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concentrations of Rald or ATRA and luciferase activity assays. (i) Undifferentiated 10T1/2
cells were transfected with a mouse 3.1-kb Ucp1 promoter luciferase construct (UcpI-Luc)
and subsequently stimulated (24 h) with cAMP (250 uM), Rald, ATRA and retinol (each 1
KM). Normalized luciferase activities are shown as fold change. (j) RARa and PGC-1a
recruitment to the UcpI promoter region in Rald-stimulated (1 uM) 10T1/2 adipocytes
analyzed by ChlIP. Fold enrichment and a representative DNA gel pictures are given. 7=5
or 6 per condition, *£< 0.05,**P< 0.01, ***P< 0.001; Veh, vehicle. Data are given as
mean + s.e.m.
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Figure6.

ASO-mediated Aldhialknockdown in GWAT promotes white-fat thermogenesis and limits
diet-induced obesity. C57BL/6J mice on standard chow diet were injected with Aldhlal
ASO and control ASO (Ctrl ASO) for 6 weeks (two doses of 35 mg per kg of body weight
per week, i.p., 7= 8 per group). (a, b) Aldhial mRNA (a) and protein (b) expression in the
indicated tissues of mice treated with A/dhial ASO or control ASO (Ctrl, Ctrl ASO; ASO,
Aldhial ASO). (c, d) UcpI mRNA (c) and protein (d) levels in GWAT, SWAT and BAT of
mice treated with A/dhlal ASO versus control ASO. (e) Core body temperature of mice
treated with A/dhlal ASO versus control ASO at 23 °C and at 4 °C over 48 h (r7=6 per
group). (f—i) A cohort of C57BL/6J mice (n = 16) was fed a high-fat diet (HFD) for 8 weeks
before initiation of A/dhial ASO or control ASO treatment (7= 8 per group), continued
HFD, and measurement of body weight gain (f, g), fat depot mass (h) and insulin tolerance
testing (at 17 weeks) (i). *P< 0.05, **P< 0.01, ***P < 0.001. Data are given as mean +
s.e.m. NS, not significant.
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