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RESUMEN

SIRT1 es una enzima desacetilasa NAD-dependiente que juega un papel central en la
adaptacion del metabolismo a los cambios en la disponibilidad energética. SIRT1 regula la
acetilacién de numerosos sustratos, entre ellos factores de transcripcién clave en la regulacién del
metabolismo como FOXO, CREB y PPARY. Es ademds una proteina candidata a mediar parte de
los efectos beneficiosos de la restriccién caldrica, y se ha debatido apasionadamente si es blanco del
resveratrol y otras pequefias moléculas que tienen efectos favorables en un contexto de obesidad.
DBC1 es una proteina nuclear que une e inhibe a SIRT1. En el higado, el complejo SIRT1-
DBC1 es dindmico y su asociacién es regulada por el estado metabélico del individuo, aunque las
claves moleculares que impactan en la interaccién entre ambas proteinas era una pregunta
totalmente abierta al comienzo de esta tesis. De la misma manera, el papel de DBC1 en la
activacion farmacoldgica de SIRT1 era una interrogante. El papel de SIRT1 en la gluconeogénesis
hepitica también ha sido terreno de gran debate, con datos que apuntan tanto a que SIRT1
promueve e inhibe este proceso. Mas aun, la posibilidad que DBC1 participe en la regulacién de
dicho proceso no habia sido explorado. Durante el desarrollo de la tesis, abordamos varias
problemiticas vinculadas al complejo SIRT1-DBC1: la regulacion de la interaccién entre ambas
proteinas, su participacién como blanco farmacolégico del resveratrol y otras drogas, y su papel en
la regulacién del metabolismo glucidico en el higado. Los resultados obtenidos durante el

desarrollo de la tesis se publicaron en dos articulos en la revista Journal of Biological Chemistry.

El primer trabajo versa sobre el papel de la via del AMP ciclico (AMPc) y la kinasa
dependiente de AMPc (PKA) en la regulacion de la interaccién entre SIRT1 y DBC1. Esta via es
tipicamente activada por glucagén y glucocorticoides durante periodos de ayuno. Nuestra
publicacién muestra que un aumento en los niveles intracelulares de AMPc generan un incremento
transitorio en la actividad de PKA vy la kinasa activada por AMP (AMPK), que a su vez promueve
la disociacién de SIRT1 y DBC1. Estos eventos resultan en el aumento de la actividad desacetilasa
de SIRT1. Este es el primer trabajo que muestra que una via de sefializacién endégena, relevante en
el metabolismo, regula la interaccién entre ambas proteinas. Mas aun, en ese trabajo mostramos

que el resveratrol y otros moléculas que provocan un aumento en la actividad de SIRT1 lo hacen a
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través de la activacién intermediaria de AMPK, que resulta en la disociacién de SIRT1 y DBCI1.
Esta dltima parte del trabajo tiene implicaciones importantes en el debate sobre la activacién
farmacoldgica de SIRT1, y pone a la interaccién entre SIRT1 y DBC1 en un lugar central como
blanco de activadores de SIRTT.

En el segundo trabajo publicado nos centramos en el papel de DBC1 en la regulacién del
metabolismo hepitico, en particular en la gluconeogénesis. Para esto utilizamos principalmente un
modelo de ratén en el que se incorporé un cassette de neomicina en el gen de DBC1, generando
un knock out para DBC1. Este modelo presenta la actividad de SIRT1 elevada. En los ratones
knock out para DBC1, la gluconeogénesis hepitica es mayor y es mediada por un aumento en la
transcripcién del gen para la enzima fosfoenolpiruvatocarboxikinasa (PEPCK), que cataliza un
paso irreversible en via de la sintesis de glucosa. También mostramos que la regulacién de PEPCK
en ausencia de DBC1 es mediada por SIRT1 y por el receptor nuclear Rev-erba.. Este ultimo es
parte de un complejo represor que regula la transcripcién de algunos genes del metabolismo y del
ciclo circadiano. En ausencia de DBC1, los niveles de Rev-erba disminuyen, fenémeno que es

mediado por SIRT1 y eventos de acetilacién/desacetilacion.

En conjunto, nuestros trabajos confirman un rol central del complejo SIRT1-DBC1 en el
entramado de proteinas que regulan procesos metabdlicos, y lo pone en un lugar central de

regulacion tanto por vias de sefializacién intracelulares como farmacoldgicas.



INTRODUCCION

Metabolismo y enfermedades metabdlicas en la actualidad

Las ultimas décadas del siglo pasado y las primeras de este se han caracterizado por un
aumento continuo en el nimero de personas que sufren enfermedades metabélicas [1-3]. Segun la
organizacién mundial para la salud, cerca de mil millones y medio de personas en el mundo sufren
de sobrepeso, y 500 millones de personas en el mundo son obesas [4-6] (ver figura 1 por la
distribucién mundial), mas de 300 millones sufren de diabetes tipo II (figura 2), y se estima que el

numero llegaria a cerca de los 600 millones en unos treinta afios [7].
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Figura 2. Nimero de personas que sufren diabetes por regién, segtin la International Diabetes

Federation. Tomado de [7].

La obesidad estd directamente vinculada al desarrollo de desregulaciones metabdélicas, como
dislipidemia, glicemia elevada y resistencia a la insulina, una constelacién de factores de riesgo que
se denominan sindrome metabélico [8]. Ademds de ser considerada una enfermedad per se, la
obesidad predispone a los individuos a padecer diabetes tipo II, problemas cardiacos y céncer, entre
otros. Esta situacién determino que la Organizacién Mundial de la Salud definiera que la obesidad
es una epidemia global [9]. Las enfermedades metabélicas suponen un enorme costo econémico y
social. Desde el punto de vista clinico, la intolerancia a la glucosa, la hiperinsulinemia, la resistencia
a la insulina y la obesidad central estin estrechamente conectadas. ;Que son estas patologias y

como se explican desde el punto de vista molecular?

La resistencia a la insulina se considera un elemento central en la patogénesis del sindrome
metabdlico [10-12]. El termino resistencia a la insulina hace referencia a que esta hormona genera

una menor respuesta de captacién, metabolizacién y almacenamiento de glucosa en sus érganos



blanco [13]. Estos érganos, tanto en humanos como modelos murinos son el higado, el musculo y
el tejido adiposo [12]. En un contexto de obesidad y diabetes tipo 11, la resistencia a la insulina se
manifiesta como una menor captacién y metabolizacién de glucosa por parte del tejido adiposo y
muscular y la incapacidad de disminuir la neosintesis de glucosa por parte del higado [12]. De
manera adicional, la insulina también afecta el metabolismo de triglicéridos en todos sus érganos

blanco y la sintesis de proteinas, en particular en el musculo [13].

Varios estudios han mostrado que la obesidad (ya sea en modelos genéticos o inducida a
través de dietas ricas en grasas), provoca un estado inflamatorio en el tejido adiposo, mediado por la
secrecion de TNFa [14-17] y MCP-1 [18], lo que deriva en una infiltracién de macréfagos [19,
20]. Las dietas ricas en grasa potencian el anclaje de los macréfagos al tejido adiposo, debido a que
el dcido graso saturado palmitato promueve el incremento en la expresién de la proteina de anclaje
netrin-1 [21]. Sorprendentemente, MCP-1 no solo promueve la infiltracién de macréfagos, sino
la division de este tipo celular in situ [22]. La relacién causativa entre la inflamacién crénica del
tejido adiposo y el desarrollo de resistencia a la insulina estd bien documentada. La neutralizacién
de TNFoa disminuye la resistencia a la insulina en ratones obesos [16]. Ademds, ratones que
carecen de TNFa o sus receptores [23-25], o MCP-1 o su receptor [18], desarrollan resistencia a
la insulina en un contexto de obesidad en un grado mucho menor. Sin embargo, los mecanismos

precisos que vinculan estos dos fenémenos aun no han sido completamente clarificados.

Uno de los primeros fenémenos que desencadena una dieta rica en grasas es un aumento en
la acumulacién de triglicéridos en el higado, incluso antes de que aumente el peso del individuo o
incremente el contenido de grasas en el musculo y tejido graso [26]. Este fenémeno temprano
resulta en que toda la via de sefializacién de la insulina responda menos a la hormona, generando
resistencia a la insulina en el higado [26]. De hecho, el higado graso se correlaciona con resistencia
a la insulina en pacientes sin sobrepeso u obesidad [27]. La importancia de la resistencia a la
insulina en el higado en el desarrollo de diabetes tipo 2 fue demostrada a través de la generacién de
un ratén knock out para el receptor de insulina en el higado. Este modelo presenta
hiperinsulinemia, intolerancia a la glucosa y resistencia a la insulina a nivel sistémico [28, 29]. En
condiciones normales, la insulina provoca una disminucién en la produccién y liberacién de glucosa
a la sangre (gluconeogénesis hepdtica) [13]. Sin embargo, en ratones con resistencia hepitica a la

insulina, la hormona no logra disminuir la expresion de los genes para



fosfoenolpiruvatocarboxikinasa (PEPCK) y glucosa-6-fosfatasa (G6-P), dos enzimas clave en la
via gluconeogénica [28]. El factor de transcripcién PPARY, un factor de transcripcién que regula
en positivo a PEPCK y G6-P, también juega un papel clave en la sobreproduccién de glucosa en
ratones obesos [30]. La obesidad promueve la sobreexpresion de PPARY, lo que resulta en un
aumento en la transcripcién de las enzimas de la gluconeogénesis [30]. Finalmente, estudios en los
que se ha eliminado el receptor de insulina en el higado, grasa y musculo de forma independiente,
ha demostrado un papel clave de la resistencia hepdtica a la insulina en el desarrollo de
hiperglicemia e intolerancia a la glucosa [13]. La figura 3 esquematiza los efectos de la resistencia a

la insulina en la diabetes tipo 2.
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Al igual que en tejido adiposo, una alimentacion en base a una dieta rica en grasas también

genera un estado pro inflamatorio en el higado [31]. En el higado dicho estado se caracteriza por

un aumento en la transcripciéon de genes blanco de NFkB, como IL6 y TNFa. Ratones que

sobreexpresan IkkB en el higado (y por lo tanto presentan mayor actividad de NFkB) desarrollan

diabetes tipo 2, una profunda resistencia a la insulina en el higado e incluso resistencia sistémica a la

insulina [31].

La obesidad y la resistencia a la insulina no solo se asocian a problemas en el metabolismo

de la glucosa, sino también con el desarrollo de higado graso [27, 32, 33], dislipidemia,

ateroesclerosis y enfermedades cardiovasculares [34-36], ovario poliquistico [37-39] y algunos

tipos de cdncer [36, 40, 41], entre otros. La figura 4 detalla las complicaciones asociadas a la

obesidad.
o\
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El auge de la restriccion caldrica.

En vista de los problemas de salud generados por la obesidad y las patologias asociadas a
ella, no es sorprendente que se busquen intervenciones para paliar sus efectos negativos. La
restriccidén calérica es la unica intervencién que consistentemente aumenta el tiempo de vida y
disminuye los problemas metabélicos asociados al envejecimiento y a la obesidad en una multitud
de especies [42, 43]. Esta intervencién consiste en disminuir entre un 20 y un 40% la cantidad de
calorias ingeridas sin limitar la cantidad de nutrientes. Los efectos de la restriccidon calérica en
levaduras, ratones e incluso primates estdn bien documentados [42]. Por ejemplo, en un estudio
realizado en monos rhesus, la restriccién calérica mejoro el metabolismo de la glucosa, el perfil
lipidico, disminuyo la hipertension arterial [44, 45], la temperatura corporal y los niveles de insulina
[46]. La restriccion calérica también retardé la aparicién de diabetes, cdncer, enfermedades
cardiovasculares y atrofia cerebral. El efecto mas marcado fue la dramitica disminucién en la
incidencia de diabetes tipo 2 en el grupo sometido a restriccién calérica [44]. La figura 5 presenta
algunos de estos hallazgos. También existe evidencia parcial sobre el efecto de la restriccion calérica
en humanos [42, 47]. Los estudios de restriccién caldrica en pacientes obesos también son
prometedores. Un estudio realizado en Pensilvania, Estados Unidos, mostré que cuanto mayor es la
restricciéon calérica, mayor es la mejoria en la tolerancia a la glucosa y la sensibilidad a la insulina

independientemente de la pérdida de peso [48].

Sin embargo, es improbable que la poblacién general, y mas aun la poblacién obesa, se
someta de forma voluntaria a una dieta reducida en calorias para mejorar su salud. Por lo tanto,
encontrar firmacos que mimeticen los efectos de la restriccién calérica se convirtié en un punto
central en la busqueda de tratamientos para las enfermedades metabélicas [49, 50]. De hecho, en la

cultura popular se comenzé a denominar la bisqueda de dichos farmacos como la bisqueda de la

“fuente de la juventud” [51, 52], o del “santo grial” [53].

Tanto la obesidad como la restriccion calérica suponen un desbalance energético que tiene
profundas consecuencias en la fisiologia celular y del organismo. La necesidad de entender como
una ingesta elevada o disminuida de calorias afecta a la homedstasis energética, determinaron un

gran aumento en la investigacién sobre los mecanismos moleculares que coordinan la
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disponibilidad de sustratos energéticos con la fisiologia celular. Asi, cuando los nutrientes son
suficientes, las células ponen en marcha mecanismos de crecimiento y almacenaje de energia. En
cambio, cuando los nutrientes son insuficientes, las células deben adaptarse al stress nutricional para
no depletar las reservas energéticas [54]. ¢;En definitiva, cuales son los mecanismos intracelulares
que median los efectos deletéreos de la obesidad y los beneficiosos de la restriccién calérica? Las
respuestas a estas preguntas provienen de estudios mecanisticos en levaduras, mosca y modelos

murinos.
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Figura 5. Efecto de la restriccién calérica en monos rhesus (Macaca mulatta). Panel superior:
apariencia de monos ancianos de la misma edad. A la izquierda un mono representativo del grupo
control y a la derecha un mono representativo del grupo sometido a restriccion calérica (CR). Panel
inferior izquierdo: indice de desarrollo de diabetes tipo II. Panel inferior derecho: curvas de

supervivencia en ambos grupos. Modificado de [44].
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El acalorado debate sobre Sir2, restriccién caldrica y longevidad

Un estudio que caus6é un gran revuelo en el campo del envejecimiento y la restriccién
calérica fue el publicado en el afio 2000 por el laboratorio de Leonard Guarente en el MIT, en el
que los autores mostraron que en levadura, la ausencia de la proteina sir2 evita algunos efectos de la
restriccién calérica [55]. sir2 es una histona deacetilasa cuya actividad enzimdtica depende de
nicotinamida adenina dinucleétido en su forma oxidada (NAD+) [56] y es inhibida por
nicotinamida [57]. Trabajos posteriores mostraron que la restriccién caldrica provoca una
disminucién de nicotinamida en levadura y consecuentemente la activacion de sir2 [58]. A partir
del 2005, varios grupos han reportado resultados que desafian la importancia de sir2 en los efectos
de la restriccién calérica en levadura. Por ejemplo, varios trabajos del grupo de Brian Kennedy
mostraron que la restriccién calérica es capaz de prolongar la vida de S. cereviciae en ausencia de sir2
[59, 60]. Los partidarios de la importancia de sir2 en la restriccién calérica respondieron a estas
criticas mostrando que en ausencia de sir2, su homologo HST2 promueve la longevidad a través
del mismo mecanismo que sir2 [61], aunque este hallazgo también ha sido cuestionado [62].
Saccharoyces cerevisae presenta varias desacetilasas, pero la tnica conservada en todos los reinos es
sir2 [63]. Algunos trabajos en Drosophila melanogaster apoyaron el rol de los ortélogos de Sir2
como base mecanistica de los efectos de la restriccion calérica [64]. Finalmente, el ortélogo de sir2
de mamiferos, SIRT1, también ha sido implicada en algunos de los efectos de la restriccién
calérica en ratones [65]. El grupo de Sinclair mostré que la restriccién caldrica en ratones
promueve un aumento en la expresion de SIRT1 en varios tejidos, incluyendo cerebro, higado y
grasa, en parte mediado por el descenso en la concentracién de insulina e IGF-1 en plasma [66].
Sin embargo, algunos de estos resultados son controversiales, ya que otros trabajos encontraron que
la expresion de SIRT1 disminuye en higados de ratones sometidos a restriccion calérica [67].
Debido a que en ratones, la ausencia de SIRT1 es cuasi-letal en homocigosis en cepas puras, ha
sido dificil estudiar el efecto de la restriccién caldrica en ausencia de SIRT1. La sobreexpresion de
SIRT1 mejora varios aspectos del metabolismo, aunque es controversial si mimetiza aspectos de
animales sometidos a restriccion calérica [68]. Un modelo de ratén que sobreexpresa SIRT1 en el
tejido adiposo blanco, pardo y cerebro muestra niveles disminuidos de insulina en plasma, mejor

tolerancia a la glucosa, niveles més bajos de glucosa en ayuno, mayor consumo de oxigeno, mayor
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tasa metabdlica y mayor actividad fisica, todos ellos caracteristicos de ratones sometidos a
restriccién calérica [68]. Otro modelo de sobreexpresién de SIRT1 revelo efectos positivos en
ratones obesos, como mejora de la tolerancia a la glucosa y mejor sensibilidad a la insulina, pero
menor consumo de oxigeno y menos actividad locomotora [69]. Finalmente, en un tercer modelo
de sobreexpresion de SIRT1, los ratones también mostraron mejora en la tolerancia a la glucosa, y
una dramatica reduccién de acumulacién de grasas en el higado (esteatosis hepitica) bajo una dieta
rica en grasas [70]. Todos los articulos concuerdan en que la activacién de SIRT1 promueve
mejoras en el metabolismo. Finalmente, en el afio 2011, un articulo publicado en la revista Nature
mostré que el las cepas de C. Elegans y D. Melanogaster que sobreexpresan sir2 no son longevas,
aduciendo los resultados previos a falta de controles en la homogenizacién del “background”

genético [71].

La bisqueda de activadores de SIRT1

Previo a el acalorado debate sobre la importancia de sir2 en los mecanismos que median el
efecto de la restriccién caldrica, el grupo liderado por David Sinclair identificé al polifenol
resveratrol como un activador de sir2, y demostré que la suplementacién de resveratrol es suficiente
para prolongar la longevidad replicativa de Saccharomyces cerevisiae [72]. Ademis, el resveratrol y
otras moléculas pequefias que activan sir2 también mimetizan los efectos de la restriccién calérica
en Drosophila melanogaster 'y Caenorbabditis elegans de forma sir2-dependiente [73]. La
administracién de resveratrol a ratones obesos mejoré la sensibilidad a la insulina, el perfil lipidico,
y reprodujo la expresién génica de ratones en dieta normal. Mds aun, la administracién de
resveratrol prolongé la expectativa de vida de los ratones alimentados una dieta rica en grasa [74].
Un grupo independiente confirmo los efectos beneficiosos del resveratrol in vivo, y mostré que en
modelos celulares, la accion del resveratrol es dependiente de SIRT1 [75]. A partir de estos trabajos
el grupo de Sinclair postulé que el resveratrol activa a SIRT1 directamente, mimetizando los
mecanismos de la restriccién calérica y generando efectos beneficiosos. Empero, la controversia
no tardé en llegar. Una vez mas, el grupo de Brian Kennedy mostré que el efecto del resveratrol en

la activacién de SIRT1 in vitro es artefactual, y se debe a la presencia de un grupo hidrofébico en el
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péptido utilizado como sustrato, y que el resveratrol no activa a sir2 en levadura in vivo [76]. El
requisito del grupo hidrofébico en el péptido sustrato para que el resveratrol active a SIRT1 fue
confirmado por grupos independientes [77, 78]. También aparecieron trabajos que sugirieron
efectos del resveratrol independientes de SIRT1 [79, 80]. Finalmente, el grupo de Linda Partridge
presenté evidencia firme que el efecto de resveratrol en C. elegans es dependiente de la cepa
utilizada, y por primera vez sugiere que el efecto de este polifenol es dependiente de la activacién de
la kinasa activada por AMP (AMPK) [81]. En la tltima parte del debate, un trabajo realizado en
la compafia farmacéutica SIRTRIS reporté activadores de SIRT1 mds potentes vy
estructuralmente no relacionados al resveratrol, y mostré que estos compuestos (por ejemplo el
SRT1720 y el SRT1420), denominados STACs (por SirT1 Activating Compounds), mejoran el
metabolismo de la glucosa y la sensibilidad a la insulina de ratones obesos [82, 83] y ratones en
dieta normal [84]. Uno de estos STACs, el SRT2104 ha sido probado en adultos mayores,
mostrdndose cierto efecto beneficioso en el metabolismo lipidico [85]. No obstante, nuevamente
surgieron datos que apuntaban a que estos STACS no son activadores directos de SIRT1 [86].
Finalmente, el grupo de Chung del National Institute of Health reporté que el resveratrol es en
inhibidor de la fosfodiesterasa 4 (PDE4) y de forma indirecta un activador de SIRT1. En este
trabajo, los autores muestran que la inhibicién de PDE4 promueve la acumulacién de AMP
ciclico, la activacién de la GTPasa pequefia EPAC, la via CaMKKpB-AMPK, lo que finalmente
genera un aumento en los niveles de NAD+ y la activacién de SIRT1 [87]. La figura 6, tomada de

[88], esquematiza el modelo propuesto por Park et al [87].

En resumen, el resveratrol y otros miméticos de la restricciéon calérica tienen efectos
positivos en el metabolismo i vivo, al igual que la sobreexpresién de SIRT1. Sin embargo, se han

propuesto varios mecanismos de accién de estos firmacos, y el tema es aun un drea de debate.

16



CALORIE RESTRICTION, FASTING, EXERCISE

LN
1 Glucagon

High-fat diet Catecholamine

— (EEED/\

-
S
’/ \_E—_'{a,é./\/ \\ Resveratrol
TCa* s
- @é@)\ = \\
CAMPKD.
‘ ‘s\\\ \\____-._
_-TNAD; Ty "’\;J’KA_)
_~ Other NAD- “SIRTI D # .
-\diilefdmt enz.y_ng/' L — _‘\ }
N e (PGC-1a)

s
U -
Y P /
4 Genome instability ~

4 Triglyceride synthesis T Fatty acid oxidation
4 Glycolysis T Gluconeogenesis

4 ROS 1 Mitochondrial biogenesis
4 Inflammation J- and respiration

METABOLIC AND AGING-RELATED DISEASE?
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[88].

Obesidad, restriccién caléricay AMPK

En el afo 2007, dos grupos independientes mostraron que la proteina AMPK es
fundamental para que la restriccién calérica prolongue la longevidad de C. elegans. Por un lado, el
grupo de Brunet de la Universidad de Stanford mostré que el efecto de la restriccién calérica en C.
elegans es mediado en gran parte por la enzima AMPK y su sustrato Daf-16, homdlogo del factor
de transcripcion FOXO [89]. Por otro lado, el articulo de Schulz e# al. mostré que la restriccion de
glucosa provoca un aumento en la longevidad de C. elegans que es independiente de Sir2 pero
requiere la presencia de AMPK [90]. De manera similar, la metformina, un activador de AMPK,

promueve la longevidad en el gusano a través de AMPK [91]. En mamiferos, la restriccién calérica
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promueve la activacién de AMPK en el miocardio, al tiempo que mejora la salud cardiovascular

[92].

Es interesante notar que el trabajo del grupo de Sinclair que describe los efectos
beneficiosos del resveratrol en ratones obesos apunta a la posible participacién de AMPK [74], y al
menos otros dos trabajos mostraron que el resveratrol activa AMPK [79, 93]. Mas adelante, un
trabajo de Um et al. mostré que muchos de los efectos metabdlicos del resveratrol no tienen efecto
en ratones que carecen de las subunidades cataliticas al o a2 de AMPK [94]. Los datos presentados
en dicho trabajo revelaron que en ausencia de AMPK, el resveratrol no previene la perdida de peso,
la mejora en la tolerancia a la glucosa y sensibilidad a la insulina, el aumento en la tasa metabdlica y
la biogénesis mitocondrial [94]. Mas aun, la activacion de AMPK con dosis pequefias de
metformina produce mejoras en la salud de ratones adultos [95]. Mas aun, la activacién de AMPK
es un tratamiento habitual en la practica clinica como tratamiento para pacientes con diabetes tipo
2 [96-99]. La metformina, y otros activadores de AMPK, como el AICAR, mejoran el transporte
de glucosa en el musculo [100], suprime la produccion de glucosa en el higado [99] y disminuye la

lip6lisis [100].

Proteinas que sensan la disponibilidad de energia: AMPKy SIRTUINAS

En los parrafos anteriores discutimos la relevancia de SIRT1 y AMPK en el mecanismo de
accién de la restriccién calérica y las dietas ricas en grasas y el metabolismo. A continuacién

describiremos en mds detalle su estructura y regulacion.
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AMPK

En la célula, las vias catabdlicas producen energia, ATP, mientras que las vias anabdlicas
consumen energia y producen ADP o AMP. A pesar que ambos grupos de reacciones fluctian,
dependiendo de la actividad celular y la concentracién de sustratos, el rango ATP:ADP se
mantiene en un rango muy estrecho [101]. Uno de los principales sistemas que mantienen la
relacion entre ATP y ADP casi constante es la kinasa activada por AMP (AMPK). Cualquier
factor de estrés celular que disminuya la relaciéon ATP:ADP activa a AMPK. En organismos
unicelulares como 8. Cerevisize, y en células en cultivo, la actividad de AMPK aumenta bajo
condiciones de restriccién de glucosa [102, 103]. Es importante notar sin embargo, que en
mamiferos, la regulacién por restriccién de glucosa ocurre fundamentalmente en las células 8 del
pancreas, en el hipotdlamo y en el higado , ya que alli se expresan el transportador de glucosa
GLUT2 y la isoforma IV de hexokinasa, llamada glucokinasa que presenta un Km alto por
glucosa. Estas caracteristicas permiten que la célula responda a fluctuaciones muy pequefias de

glucosa [104, 105].

AMPK posee tres subunidades, la subunidad catalitica (o), y dos subunidades regulatorias
(B y v). La subunidad gama de AMPK contiene cuatro motivos CBS que unen nucleétidos
(AMP, ADP y ATP). Uno de estos bolsillos permanece vacio, otro es ocupado continuamente por
AMP vy los otros dos unen ATP y sus productos de hidrélisis ADP y AMP [106]. Cuando la
disponibilidad energética de una célula es alta, los dos sitios de unién a nucledtido estarian
ocupados por ATP. En cambio, cuando la cantidad de ATP disminuye, ya sea por baja
disponibilidad de sustratos oxidables o por un aumento brusco en el consumo de energia, el ATP
unido a la subunidad gama serfa desplazado por ADP o AMP [106]. Esto resulta en la activacién
de AMPK a través de tres mecanismos: activacién alostérica, cambios conformacionales que
promueven un evento de fosforilacién en el “loop” de activacién de la proteina, y prevencién de la
desfosforilacién de ese sitio [106]. La subunidad o contiene, como otras kinasas, un loop de
activacién. La treonina 172, ubicada en dicho loop, es fosforilada por las kinasas LKB1 [107-109]

y CaMKKPp [110, 111]. La fosforilacién en este sitio es basicamente constitutiva [101], aunque es
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ripidamente desfosforilado. también de manera constitutiva [101]. La unién de AMP o ADP ala
subunidad gama genera un cambio conformacional que promueve la fosforilacién de la treonina
172, y mas importante, inhibe su desfosforilacién. Estos eventos resultan en un aumento de la
actividad kinasa de AMPK. Ademis, la unién de AMP, pero no ADP, genera una activacién

alostérica adicional, que aumenta aun mas la actividad de la enzima [101, 106].

La subunidad beta de AMPK tiene un médulo que une glucégeno y azucares

ramificados y se presume que esta subunidad es responsable de que dichos compuestos inhiban la

actividad de AMPK [112].

Actualmente se propone que en condiciones de estrés moderado, un aumento en la
concentracién de ADP es responsable de la activaciéon de AMPK, mientras que en el caso de un
estrés energético severo, la capacidad del AMP de activar alostericamente a AMPK es

fundamental [113].
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La generacién de ATP en células eucariotas esta ligada a reacciones catabdlicas como la

oxidacién de carbohidratos (glicélisis), dcidos grasos (B-oxidacion) y degradacién de proteinas, que
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generan sustratos que nutren el ciclo de Krebs en la mitocondria. En ese organelo, la cadena de
transferencia de electrones se acopla a la fosforilacion oxidativa, que genera ATP a partir de ADP.
Una de las moléculas claves en la transferencia de electrones es la coenzima nicotinamida adenina
dinucle6tido (NAD+). Durante momentos de abundancia de sustratos oxidables, la concentracién
relativa de NADH aumenta, mientras que la de NAD+ disminuye. En cambio, en momentos en
los que los sustratos oxidables son escasos, la forma reducida disminuye su concentracién [114]. Por

ende, la concentracién de NAD+, y la relacion NAD+/NADH es un indicador del estatus

energético de la célula.

La familia de sirtuinas de los mamiferos toma su nombre por su homologia con la proteina
sir2 de S. Cerevisiae, y esta compuesta por siete miembros. El factor comun a estas siete enzimas es
un dominio catalitico conservado que une NAD+ . SIRT1, SIRT6 y SIRT7 se localizan en el
nicleo [115, 116], aunque una subpoblacién de SIRT1 puede desplazarse también al citosol [117].
SIRT2 es citosdlica, mientras que SIRT3, SIRT4 y SIRTS5 son mitocondriales (figura 8). La
mayoria de las sirtuinas, incluyendo SIRT1, presentan actividad deacilasa, es decir, remueven
grupos acilo (acetilos, malonilo y succinilo), ubicados en residuos lisina [116, 118], como se
muestra en la figura 9. Para la reaccién es imprescindible la unién y consumo de NAD+. Como
resultado de la reaccion catalizada por SIRTT, el grupo acetilo de la proteina se transfiere a parte de
la molécula de NAD, que es clivada y genera nicotinamida y 1-O-ADP ribosa [119]. Una
excepcién es SIRT4 presenta Gnicamente baja actividad ADP-ribosil transferasa [120]. Cabe
destacar que a diferencia de lo que ocurre en las reacciones de oxido-reduccién, las sirtuinas
consumen NAD+ durante la reaccién enzimdtica. A continuacién nos concentraremos en SIRT1,

la sirtuina central en el desarrollo de esta tesis.
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Estructura de SIRT'1

Mucho de lo que sabemos acerca de la estructura de SIRT1 es en base a estudios
comparativos, ya que aun no ha sido posible cristalizar la enzima completa. Todas las sirtuinas
presentan una regién catalitica conservada, de aproximadamente 275 aminodcidos, flanqueada por
los dominios N y C terminales, que son de tamafio variable [63]. La region catalitica presenta una
forma elongada con un pliegue de tipo Rossman, caracteristico de las proteinas que unen NAD+ y

NADH. También presentan un pequefio domino de unién a Zinc que esta menos conservado.

Classes Enzymatic Targets and Localization  Function Involvement
activity Substrate in cancer
746aa
SIRT1
244 498 Deacetylase p53, FOXO, Nuclear/ Glucose Acute myeloid
MyoD, Ku70, cytoplasmatic metabolism, leukemia, colon,
PPARy differentiation, bladder, prostate,
NF«B, PCAF, neuroprotection, glioma, nonmalig-
H3K9, H3KI4, insulin secretion nant skin, ovarian
) 388aa
sirT2[ I
65 340 Deacetylase o-Tubulin Nuclear/ Cell-cycle control, Glioma
FOXO cytoplasmatic  tubulin
deacetylation
399aa
skt
126 382 Deacetylase GHD complex  Mitochondrial ~ ATP-production, Breast cancer
1, AceCS2 regulation of
mitochondrial
proteins
deacetylation,
fatty-acid oxidation
314aa
sirT4[_ I
Il 45 314 ADP- GHD, ANT Mitochondrial  Insulin secretion Breast cancer
ribosyl-
transferase
) 310aa )
sIRTs | [ |
1 41 309 Deacetylase CPSI Mitochondrial ~ Urea cycle Pancreatic,
breast cancer
355aa
sikTe|_ G
\Y 35 274 Deacetylase Hifla, helicase  Nuclear Telomeres and Colon,
ADP- NFkB, DNA telomeric breast cancer
ribosyl- polimerasi B functions, DNA
transferase repair
400aa
sirT7|_
90 331 Deacetylase RNA Nuclear RNA pol | Breast cancer
polymerase transcription
type 1, EIA
SMAD6

Figura 8. La familia de las sirtuinas en mamiferos. Tomado de [116].
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Ambos dominios estdn unidos por varios Joops, que se pliegan formando un surco profundo al que
entran por lados opuestos el aminodcido acetilado y la molécula de NAD+ [63]. Estudios de
biologia molecular han revelado el interesante hecho que la region catalitica de SIRT1 no presenta
actividad enzimatica per se, y que los dominios amino y carboxi terminales son imprescindibles para
la actividad enzimitica [121]. Asi mismo, se ha determinado que el domino N-terminal regula la
tasa catalitica (catalytic rate) de la enzima, mientras que el dominio C-terminal disminuye el Km
por NAD+ [121]. Es también particularmente interesante que un sector del dominio C-terminal,
denominado ESA (por Essential for SIRT1 activity) se pliega de forma que interacciona con la

region catalitica, y esa interaccién intramolecular es necesario para la catalisis [122].

Procesos metabilicos regulados por SIRT1

En el tejido adiposo

El primer efecto metabdlico descripto para SIRT1 fue su capacidad de promover la
movilizacién de grasas desde el tejido adiposo en condiciones de ayuno [123]. El mecanismo
propuesto incluye la asociacion de SIRT1 con el complejo represor NCoR-SMRT en los
promotores de genes vinculados a la diferenciacién de los adipocitos [123]. Mas adelante otro
grupo mostré que el factor de transcripcién PPARY, central en la diferenciacién del tejido adiposo
blanco, es sustrato de SIRT1 [124]. PPARY es acetilado en las lisinas 268 y 293 y desacetilado por
SIRT1. La desacetilacion de PPARy promueve la asociacién con el cofactor prdm16, un
determinante de la expresion de genes propios del tejido adiposo pardo. En definitiva, la
desacetilacién de PPARy promueve que el tejido graso blanco adquiera caracteristicas de tejido
adiposo pardo, lo que tiene efectos beneficiosos, como un aumento en la sensibilidad a la insulina y
mejor tolerancia a la glucosa. Los autores también mostraron que los niveles de acetilacién de
PPARy cambian en respuesta a situaciones fisiolégicas, aumentando cuando los animales son

expuestos a temperaturas bajas, y disminuyendo en animales alimentados una dieta rica en grasas

[124].
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En el pancreas

SIRT1 se expresa preferencialmente en las células f del pancreas [125]. Los ratones que
sobreexpresan SIRT1 en este tipo celular presentan mejor tolerancia a la glucosa y una mayor
secrecion de insulina en respuesta a glucosa [126]. Por el contrario, los ratones knock out (KO)
para SIRT1 presentan niveles bajos de insulina en plasma y no son capaces de secretar insulina en
respuesta a glucosa. Es intrigante que estos ratones también presentan mejor tolerancia a la glucosa
[125]. Desde un punto de vista mecanistico, SIRT1 promueve la secrecién de insulina via la
represion de la expresion de la proteina desacoplante 2 (UCP-2) [125]. En acuerdo con estos datos,

el resveratrol promueve la secrecién de insulina por parte de las células 3 del pancreas de forma

dependiente de SIRT1 [127].

En el higado

Un tema de gran debate ha sido el papel de SIRT1 en la produccion hepitica de glucosa. El
primer reporte sobre este tema mostré que en células SIRT1 desacetila al factor de transcripcién
PGCla, e induce los genes de enzimas gluconeogénicas PEPCK y G6P mientras que reduce la
expresion del gen de la enzima glicolitica glucokinasa (GK) [128]. Posteriormente el mismo grupo
mostré que una disminucién de la expresion de SIRT1 en el higado provoca hipoglicemia y mejor
tolerancia a la glucosa. De manera adicional, los ratones producen mas glucosa a partir del sustrato
gluconeogénico piruvato [129] Ademds, el knock down de SIRT1 en el higado provoca la
disminucién en la expresién de los genes PEPCK y G6P y el aumento de los genes para GK y
piruvato kinasa [129]. En el mismo sentido, la incubacién de hepatocitos con resveratrol provocé
un aumento en la produccién de glucosa a través de la desacetilacién del factor de transcripcién
FOXO1 [130]. Otro factor importante en la regulacién de la gluconeogénesis es STAT3, un
inhibidor de este proceso, al reprimir la transcripciéon de PGCla [131]. En condiciones de ayuno,
SIRT1 desacetila a STAT3, lo que provoca la desrepresién de PEPCK y G6P [132]. Mas aun, la
disminucién en la expresién del SIRT1 en el higado de ratas con diabetes tipo 2 provocé un

aumento en la sensibilidad a la insulina y la disminucién de la expresion de los genes
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gluconeogénicos y la produccién de glucosa [133]. Ademds, una dieta rica en fructosa provocé un
aumento en la expresién de PEPCK y mayor produccién de glucosa, efecto abolido mediante la
inhibicién de SIRT1 [134]. De manera adicional, un trabajo de Singh et al. revelo que el efecto

pro-gluconeogénico de la hormona tiroidea requiere la desacetilacién de FOXO mediada por

SIRT1 [135].

Sin embargo, un trabajo posterior revelo que SIRT1 también desacetila al coactivador de
CREB CRTC2, provocando su ubiquitinacién y degradacién, lo que suprime la transcripcién de
PEPCK y G6P. De hecho los autores de este trabajo muestran que el knock-out de SIRT1 en el
higado provoca un aumento en la produccion de glucosa [136]. En el mismo sentido, otro articulo
presenta datos que sugieren que parte del mecanismo de accién de la droga antidiabética
metformina es la induccién de SIRT1 y desacetilaciéon de CRCT2 [137]. Mas aun, un trabajo en el
que se sobreexpresa SIRT1 en el higado de ratones obesos revelé mayor sensibilidad a la insulina,
disminucién de la expresiéon de PEPCK y menor produccién de glucosa [138]. También se ha
presentado evidencia que SIRT1 inhibe la produccién de glucosa a través de la via AKT/FOXO.
En este trabajo, los autores muestran que un ratén que carece de SIRT1 en el higado presenta peor

tolerancia a la insulina y mayor produccién de glucosa a partir de piruvato [139].

En definitiva, diferentes modelos de disminucién y estimulacién de la actividad SIRT1 han
generado resultados conflictivos en torno al papel de SIRT1 en la produccién hepitica de glucosa,

tema que aun no ha sido saldado.

Procesos inflamatorios

SIRT1 es en general un inhibidor de los procesos inflamatorios. SIRT1 desacetila a la
subunidad RelA/p65 del factor de transcripcién NFkB, inhibiendo la transcripcion de sus genes
blanco [140], y promueve la interaccién de NFkB con el correpresor TLE1, sumando otra forma
de inhibicién de NFKf [141]. Como se menciono mas arriba, la obesidad se caracteriza por un
estado pro inflamatorio generalizado. En el higado, la sobreexpresién de SIRT1 o la ausencia de su
inhibidor endégeno DBC1 disminuye la expresion de las citoquinas pro inflamatorias TNF-o e
IL-6 [142] [70]. Por el contrario, la ausencia de SIRT1 en el higado se correlaciona con una mayor

infiltracién de macréfagos y un aumento en la expresiéon de varias moléculas pro inflamatorias
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[143]. De forma similar, la ausencia de SIRT1 en el tejido adiposo blanco provoca la infiltracién de
macréfagos, mientras que en ratones alimentados con dietas ricas en grasas, la sobreexpresion de
SIRT1 previene la infiltracién de macréfagos en la grasa [144]. La sobreexpresion de SIRT1
también protege a las células B del pancreas de los efectos deletéreos de las citoquinas IFN-y e
IL1P a través de la inhibicién de NFKB [126]. De manera adicional, en macréfagos el knock-
down de SIRT1 aumenta la actividad de la vias de sefializacién pro inflamatorias mediadas por
JNK y NFkB, promueve la expresién de genes inflamatorios y aumenta la secrecion de TNF-a
inducida por LPS [145]. En definitiva, SIRT1 regula varios aspectos de los procesos inflamatorios

en una variedad de tejidos.

Regulacion transcripcional de SIRT1

El promotor de SIRT1 contiene secuencias de unién a varios factores de transcripcién
[146]. Como detallaremos a continuacién, la transcripcion de SIRT1 es sujeta a regulacién positiva
y negativa. En términos generales, la evidencia experimental muestra que durante periodos de
ayuno varios factores de transcripcién aumentan la transcripcién de SIRT1 [146]. El promotor de
SIRT1 contiene un elemento de respuesta a AMPc (CRE, cAMP response element). En
condiciones de ayuno se produce un aumento en la sefializacién por glucagén y glucocorticoides.
Ambas hormonas promueven un aumento en la concentraciéon de AMPc, que resulta en la
activaciéon de CREB y un aumento en la transcripcién de SIRT1. Este mecanismo de activacion se
observo en higado, musculo, y tejido adiposo blanco y pardo[147]. También se ha mostrado que el
aumento en la expresién de SIRT1 provocado por ayuno es mediado en parte por PPARa [148].
En cultivos celulares, la falta de nutrientes también lleva a un aumento en la expresién de SIRT1
mediada en parte por FOXO3a y p53 [149]. Finalmente, el promotor de SIRT1 también contiene
secuencias de unién a FOXO1. In vitro FOXO1 que estimula la expresiéon de SIRT1 [150],

aunque la relevancia fisiolégica en la transcripcion de SIRT1 es aun desconocida.

Por otro lado, el factor de transcripcion ChREBP (carbohydrate respnonse element binding
protein, en espafiol proteina de unién al elemento de respuesta a carbohidratos) media la represién
de la expresion de SIRT1 bajo condiciones en las que los nutrientes no son escasos [147]. El

promotor de SIRT1 contiene una regién conservada de unién a ChREBP. Es interesante que
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durante el ayuno, el promotor de SIRT1 es ocupado por CREB, que estimula su transcripcion,
mientras que en presencia de alimento, la presencia de CREB en el promotor disminuye al tiempo
que la ocupacién por ChREBP aumenta [147]. Este mecanismo de intercambio de factores de
transcripcién provee un mecanismo sencillo y atractivo que explica el ajuste de los niveles de SIRT1
a la disponibilidad energética [147]. La enzima Poly-ADP-ribosil-polimerasa 2 (PARP2) también
se une a la regién proximal del promotor de SIRT1 e inhibe su expresién [151]. De hecho, el
musculo e higado de ratones que carecen de PARP2, presentan un contenido elevado de SIRTT.
Estos ratones también presentan un fenotipo caracteristico de actividad SIRT1 elevada, es decir,
proteccién contra la esteatosis hepdtica, mayor biogénesis mitocondrial, y tendencia a al
intolerancia a la glucosa [151]. Por otro lado, experimentos en cultivos celulares sugieren que
PPARy reprime la transcripcién de SIRT1 durante la senescencia celular [152]. Es interesante
destacar que este trabajo muestra que SIRT1 es reclutada por PPARY a su propio promotor, lo que
sugiere que SIRT1 es capaz de autorregular su expresion. La figura 10 resume los mecanismos de

regulacién transcripcional de SIRT1.
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Figura 10. Algunos factores
que regulan la transcripcién

de SIRT1. Tomado de [146].
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Regulacion por cambios en los niveles de NAD

Los niveles de NAD+ intracelulares son el resultado del balance entre su sintesis y su
degradacion. En mamiferos, CD38 es la principal enzima que degrada NAD+ [153]. En el afio
2007, el laboratorio del Dr. Chini fue el primero en mostrar que la manipulacién de los niveles
intracelulares de NAD+ efectivamente modulan la actividad de SIRT1 [154, 155]. En ausencia de
CD38, los niveles de NAD+ y la actividad de SIRT1 aumentan notablemente [155]. Por otro
lado, la degradacién de NAD+ mediado por la NAD+asa CD38 resulta en una reduccién de la
actividad SIRT1 [156]. Posteriormente se mostré también que la ausencia de PARP1 Poly-ADP-
ribosil-polimerasa, una enzima que consume NAD+, los niveles de NAD+ aumentan y la actividad

SIRT1 también [157].

En células eucariotas el NAD+ es sintetizado por dos vias: la sintesis de novo y la via de
rescate. En mamiferos, esta ultima es la predominante. El paso limitante en la sintesis de NAD+ es
catalizado par la enzima Nicotinamida fosforibosil transferasa (NAMPT) [158]. La sobreexpresion
de NAMPT resulta en un aumento en la concentracién de NAD+ y en la actividad SIRT1. Mas
aun, dos enzimas de la sintesis de NAD+ (NAMPT y NMAT) interaccionan con SIRT1 en
promotores de genes y colaboran en la regulacién de éstos. Este dato también abre la posibilidad de
que los niveles de NAD+ [159] sean regulados de forma local y en estrecha asociacién a la
presencia de SIRT1 [160]. Mas recientemente, se ha mostrado que la suplementacién con
precursores de la biosintesis de NAD+ aumenta la actividad SIRT1 [161, 162]. Mas aun, un
aumento en los niveles de NAD+, ya sea promovido por la disminucién de la degradacién [155,
157], o un aumento en la sintesis [161, 162], mejora la tolerancia a la glucosa, la sensibilidad a la

insulina e incluso protege del sobrepeso en ratones alimentados con dietas ricas en grasas [155, 161,

162].

Ha sido dificil de evaluar si la concentracién de NAD+ cambia en situaciones fisiolégicas lo
suficiente como para afectar la actividad SIRT1. En el 2009 Canto el al. propusieron que en el
musculo, la activacién de AMPK provocada por ejercicio genera un aumento en los niveles de

NAD-+ y en la relacion NAD+/NADH que repercute en un aumento en la actividad de SIRT1
[163]. Este articulo fue el primero en proponer un vinculo entre AMPK y SIRT1. En dicho
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trabajo [163], los datos que muestran que la activaciéon de AMPK provoca un aumento en la
actividad SIRT1 son sélidos, sin embargo, el mecanismo propuesto de activacion de SIRT1 es a mi
entender poco convincente. Los autores proponen que la activaciéon de AMPK provoca un
aumento en la relacion NAD+/NADH y en la concentracién total de NAD+. A su vez, proponen
que esto se debe al aumento en la 3-oxidacién propiciada por la activacion de AMPK [163], algo
que a priori parece contradictorio (a mayor oxidacién de sustratos, mayor reduccién de NAD+).
Tampoco proponen mecanismos que expliquen porque los niveles totales de NAD+ aumentan, y
no hay una prueba de que los cambios en la concentracién de NAD+ que reportan, que son

bastante pequefios, tengan un efecto directo sobre la actividad de SIRT1 [163].

También se ha reportado que en el higado, el ayuno provoca un aumento en los niveles de
NAD-+, y desacetilaciéon de PGCla, sustrato de SIRT1 [128]. Sin embargo otros autores no

observaron aumento de NAD+ en condiciones similares [67, 142].

El tnico proceso fisiolégico en el que es claro que los niveles de NAD+ oscilan es durante
el ciclo circadiano [164-166]. Los cambios en los niveles de NAD+ son producto de la oscilacién
en la transcripcién de NAMPT [165, 166], que es regulado por CLOCK, BMAL y SIRT1 [167].
A su vez, la actividad SIRT1 también cicla, y la acetilacién/desacetilaciéon de PER2 e histonas

contribuyen a la funcién del reloj circadiano [167, 168].

DBC1

En el afio 2008 dos trabajos mostraron que la proteina nuclear Deleted in breast cancer 1
(DBC1) es un inhibidor endégeno de SIRT1 [169, 170]. Esta proteina no debe confundirse con
otra, llamada “Deleted in bladder cancer-1” que utiliza la misma sigla. Para los efectos de esta tesis,
la sigla DBC1 se referird siempre a “Deleted in breast cancer 1. DBC1 toma su nombre por
localizarse en la regién cromosémica 8p22, originalmente identificada como ausente en algunos
tipos de cincer de mama [171]. Sin embargo, reportes recientes no han corroborado el hallazgo

inicial, y no han verificado la ausencia de DBC1 en varios tipos de cancer [172].
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DBC1 es una proteina nuclear de expresién ubicua [142], aunque es posible que se
transloque al citosol y a la mitocondria durante la apoptosis [173]. Desde el punto de vista
estructural presenta varios dominios. En el extremo C-terminal contiene una regién “coiled coil”
que se presume importante para la interaccién con otras proteinas. DBC1 también contiene un
dominio Nudix de unién a nucleétidos. Este dominio caracteriza a una familia de hidrolasas con
baja especificidad de sustratos, aunque es probable que DBC1 no presente actividad enzimatica. El
rol de este domino y la posible modulacién de DBC1 por unién a nucleétidos es un tema
completamente abierto [172]. DBC1 también presenta un domino tipo S1 de unién a ARN
[172]. De hecho, DBC1 es parte de un complejo que asocia la transcripcién dependiente de la
ARN polimerasa II con el splicing de los ARNs (153). Finalmente, el dominio N-terminal de
DBCI1, que contiene un cierre de leucina (leucine zipper, LZ), es el responsable de la interaccién

con varios receptores nucleares y enzimas [169, 174-179]. (Ver figura 11 por un esquema de la

estructura de DBC1).
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Figura 11. Diagrama de la estructura de DBC1. Se indican los dominios, los elementos que

interaccionan y las funciones que desempefian. Tomado de [186]

31



DBC1 interacciona con la region catalitica de SIRT1 [169]. De forma mas reciente se
propuso que el mecanismo por el cual DBC1 inhibe a SIRT1 implica el desplazamiento de una
interaccién intramolecular indispensable para la actividad de SIRT1 [122]. DBC1 y un péptido de
25 aminodcidos de la regién C-terminal de SIRT1 compiten por la unién a la region catalitica de
SIRT1 [122] (figura 11). La interaccién entre SIRT1 y DBC1 parece ser directa, ya que ambas
proteinas interaccionan in vitro. La regién de DBC1 responsable de la interaccién con SIRT1 se
identificé con gran precisién, e involucra una estructura tipo “cierre de leucina” presente en su

regién N-terminal [169].

substrate deacetylase core Figura 11. Esquema del

mecanismo propuesto de
deacetylase core inhibicién de SIRT1 por
DBC1. ESA: Essential for

\ SIRT1 activity, LZ: cierre de

Active Deacetylase Inactive Deacetylase leucina. Modificado de [122].

Escande et al. revelaron mediante experimentos de co-inmunoprecipitacién que mas del
50% de SIRT1 nuclear se encuentra unida a DBC1 en condiciones basales [142]. Escande et al.
también mostré que la interaccién entre SIRT1 y DBC1 es dindmica y que varia con el estado
energético del individuo [142]. En el afio 2010 el laboratorio del Dr. Chini mostré por primera vez
medidas directas de la actividad de SIRT1 en condiciones de ayuno y dieta rica en grasas [142].
Como otros autores habian sugerido, la actividad de SIRT1 aumenta durante la ausencia de
alimentos y disminuye cuando la carga calérica es excesiva [142]. También mostré que en estas
condiciones los niveles de SIRT1 y de NAD+ no varian, pero la interaccién con DBC1 si. Durante
el ayuno, el complejo SIRT1-DBC1 se disocia, mientra que en ratones alimentados una dieta rica
en grasas la interaccion entre ambas proteinas aumenta [142]. Este fenémeno también se observa
en condiciones in utero. Los fetos de ratones prefiadas alimentadas con una dieta rica en grasas
presentan una disminucién en la expresiéon de SIRT1 y una mayor asociaciéon con DBC1, lo que

promueve el desarrollo de higado graso en los fetos [180].
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Los ratones KO para DBC1 presentan mayor actividad SIRT1 , que se refleja en una
disminucién en la acetilacién de p53 [142]. Al igual que los ratones que sobreexpresan SIRT1 en el
higado [70], estin protegidos contra el desarrollo de esteatosis hepitica, y presentan menor
inflamacién en el higado [142]. Sin embargo, los ratones machos para DBC1 presentan peor

tolerancia a la glucosa, aunque el mecanismo detrds de este fenotipo no era claro al comienzo de

esta tesis [124].

Al dia de hoy se conocen dos modificaciones post-traduccionales en DBC1. Por un lado,
DBC1 es fosforilado en la treonina 454 por las kinasas ATM/ATR (ataxia telangiectasia-mutated
y ataxia telangiectasia and Rad3-related) [181, 182]. La fosforilacion de DBC1 en dicho sitio
promueve la interaccién con SIRT1. La interaccién de SIRT1 con DBC1 desplaza la interaccién
entre SIRT1 y p53, lo que redunda en la acetilacién e inhibicién de p53 [170, 181]. De esta forma,
la interaccién entre SIRT1 y DBC1 impide que se desencadene la entrada en apoptosis [169, 181,
182]. Por otro lado, las lisinas 112 y 215 son blanco de la acetiltrasferasa hMOF. La acetilacién de
estas lisinas provoca la disociacién de DBC1 y SIRT1. Es muy interesante que SIRT1 desacetila
esos sitios, lo que promueve su inhibicién a través de la interaccién con DBC1. La interaccién
entre h(MOF y DBC1 disminuye en condiciones de dafio al ADN, provocando una disminucién en
la acetilacion de DBC1 [183]. Ambas vias de sefializacién contribuyen a que DBC1 inhiba la
apoptosis a través de SIRT1 en situaciones de dafio al ADN. Otro trabajo en la misma linea

presenta evidencia que DBCI1 reprime la anoiquis (apoptosis promovida por perdida de anclaje) al

estimular la actividad kinasa de IKKf y la actividad transcripcional de NFxB [184].

DBC1 también une e inhibe otras enzimas nucleares. A través de su dominio N terminal,
en particular a través del cierre de leucina, DBC1 se une a la desacetilasa de histonas HDAC3
[176]. El dominio N-terminal también es responsable de unir a la metiltransferasa SUV39H1,
aunque en este caso la regién no incluye al cierre de leucina [175]. La unién de DBC1 a todas estas
enzimas resulta en la inhibicién de las mismas [169, 170, 175, 176]. La acetilacién y metilacion son
modificaciones epigenéticas con un rol central en la regulacién de la expresién génica y la apertura
de la cromatina [185]. Es posible entonces que DBC1 regule de forma indirecta el destino celular
al modificar la informacién epigenética de la célula. De hecho, la respuesta inflamatoria en
macréfagos promueve la degradacién de DBC1, provocando la activacién de desacetilasas y

remodelacién de la cromatina [186].
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De manera adicional, DBC1 interacciona y regula la actividad transcripcional de varios
receptores nucleares. Entre ellos se encuentran el receptor de andrégeno [174], los receptores de
estrégeno o [179, 187] y B [177], el receptor de hormonas tiroideas [187], el receptor de
glucocorticoides [187], y el receptor de hem Rev-erbo [188]. DBC1 funciona como co-activador
ligando-dependiente del receptor de estrégenos a, del receptor de glucocorticoides y del receptor
de hormonas tiroideas [187]. DBC1 también es parte de un complejo co-activador del receptor de
andrégeno [174]. Ademas, DBC1 reprime la actividad del receptor de estrégenos f§ [177] y del
factor de transcripciéon BRCA1 [178]. DBC1 también interacciona con el receptor de Hem Rev-
erba [188], que participa en la represién de varios genes vinculados al ciclo circadiano y al
metabolismo, como PEPCK y PGCla (169,170). La interaccién entre DBC1 y los receptores
nucleares se da a través de la regién N-terminal de DBC1 [172, 189], siendo la unica excepcion la
interaccién con Rev-erba, que se da a través de la regién C-terminal de DBC1 [188]. La
interaccién entre Rev-erba y DBC1 resulta en un aumento en la estabilidad de Rev-erba, lo que
repercute en un aumento en la capacidad de este receptor de reprimir la transcripcién de algunos de

sus genes blanco [188].

Al comenzar el trabajo de tesis nos propusimos abordar varios aspectos debatidos o
desconocidos relativos al complejo SIRT1-DBC1. En primer lugar, si la interaccién entre amabas
proteinas es regulada por vias de sefializacién endégenas. En segundo lugar, si los firmacos que
activan SIRT1 lo hacen alterando la asociacién a DBC1. Tercero, dado que al menos tres de las
proteinas que interaccionan con DBC1 (SIRT1, HDACS3 y Rev-erba) regulan la transcripcién de
PEPCK, decidimos evaluar la posibilidad de que DBC1 participe en la regulacién de la

transcripcién de esta enzima, fundamental para la gluconeogénesis.
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HIPOTESIS DE TRABAJO

La hipétesis general de esta tesis fue que el complejo SIRT1-DBC1 es regulado por vias de
sefializacién, es blanco de drogas y que ambas proteinas cumplen un papel importante en la

regulacion del metabolismo energético en el higado.
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RESULTADOS

Los resultados obtenidos se presentan en los siguientes articulos:

-Role of deleted in breast cancer 1 (DBC1) protein in SIRT1 deacetylase activation
induced by protein kinase A and AMP-activated protein kinase.

Nin V, Escande C, Chini CC, Giri S, Camacho-Pereira J, Matalonga J, Lou Z, Chini
EN.

J Biol Chem. 2012 Jul 6;287(28):23489-501
-Deleted in breast cancer 1 (DBC1) protein regulates hepatic gluconeogenesis.

Nin V, Chini CC, Escande C, Capellini V, Chini EN.

J Biol Chem. 2014 Feb 28;289(9):5518-27
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Role of Deleted in Breast Cancer 1 (DBC1) Protein in SIRT1
Deacetylase Activation Induced by Protein Kinase A and
AMP-activated Protein Kinase™
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Veronica Nin*'?, Carlos Escande®', Claudia C. Chini*, Shailendra Giri®, Juliana Camacho-Pereira™,
Jonathan Matalonga®, Zhenkun Lou’, and Eduardo N. Chini**

From the *Department of Anesthesiology and Kogod Aging Center, SDepartment of Experimental Pathology, and "Division of
Oncology Research, Department of Oncology, Mayo Clinic, Rochester, Minnesota 55905

Background: DBC1 is a key regulator of SIRT1 activity, although it is unknown how the SIRT1-DBCI interaction is

regulated.

Results: PKA and AMPK activate SIRT1 by disrupting the interaction between SIRT1 and DBC1.
Conclusion: We provide mechanistic evidence on how the SIRT1-DBC1 complex is regulated.
Significance: The SIRT1-DBC1 complex constitutes a target for the development of drugs to activate SIRT1.

The NAD*-dependent deacetylase SIRT1 is a key regulator of
several aspects of metabolism and aging. SIRT1 activation is
beneficial for several human diseases, including metabolic syn-
drome, diabetes, obesity, liver steatosis, and Alzheimer disease.
We have recently shown that the protein deleted in breast can-
cer 1 (DBC1) is a key regulator of SIRT1 activity in vivo. Further-
more, SIRT1 and DBC1 form a dynamic complex that is regu-
lated by the energetic state of the organism. Understanding how
the interaction between SIRT1 and DBC1 is regulated is there-
fore essential to design strategies aimed to activate SIRT1. Here,
we investigated which pathways can lead to the dissociation of
SIRT1 and DBC1 and consequently to SIRT1 activation. We
observed that PKA activation leads to a fast and transient acti-
vation of SIRT1 that is DBC1-dependent. In fact, an increase in
cAMP/PKA activity resulted in the dissociation of SIRT1 and
DBC1 in an AMP-activated protein kinase (AMPK)-dependent
manner. Pharmacological AMPK activation led to SIRT1 activa-
tion by a DBC1-dependent mechanism. Indeed, we found that
AMPK activators promote SIRT1-DBC1 dissociation in cells,
resulting in an increase in SIRT1 activity. In addition, we
observed that the SIRT1 activation promoted by PKA and
AMPK occurs without changes in the intracellular levels of
NAD™. We propose that PKA and AMPK can acutely activate
SIRT1 by inducing dissociation of SIRT1 from its endogenous
inhibitor DBC1. Our experiments provide new insight on the in
vivo mechanism of SIRT1 regulation and a new avenue for the
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development of pharmacological SIRT1 activators targeted at
the dissociation of the SIRT1-DBC1 complex.

SIRT1 is an NAD"-dependent deacetylase that regulates
gene expression and protein function by deacetylating lysine
residues in proteins. It has been shown to regulate many aspects
of cell and tissue metabolism, including liver gluconeogenesis
(1, 2), insulin secretion (3-5), insulin sensitivity (5), fatty acid
oxidation (6), and adipogenesis (7). Although the literature
regarding the physiological processes regulated by SIRT1 is
vast, our knowledge about how this key enzyme is regulated in
the cellular context is scarce. In this regard, several possible
regulatory mechanisms have been described.

One of the proposed mechanisms of SIRT1 regulation
involves alterations in the intracellular concentration of
NAD™. Because SIRT1 enzymatic activity is dependent on
NAD™ (8), changes in the concentration of this nucleotide can
lead to changes in SIRT1 activity. Indeed, modification of the
two main enzymes responsible for the control of intracellular
NAD™ levels, namely NamPT (9) and CD38 (10-12), can lead
to changes in SIRT1 activity (11, 13, 14). However, the specific-
ity of this mechanism seems low as there are several other
NAD™-consuming enzymes in the cell. Moreover, it remains
unknown whether global changes in NAD™ are reflected by
similar changes in the nuclei where most SIRT1 is localized.

Several authors have shown that SIRT1 can be regulated at
the transcriptional level (7, 15, 16). Although this mechanism
could certainly explain long term changes in SIRT1 activity, it
does not account for transient changes in its activity. Several
post-transcriptional modifications can also affect SIRT1 activ-
ity. In this regard, it has been described that SUMOylation (17)
and phosphorylation by several kinases (18-23) can increase
SIRT1 activity. The kinases cyclin-dependent kinase 1 (22),
casein kinase, (23, 24), and the c-Jun N-terminal kinase (JNK)
(21) have been shown to directly phosphorylate SIRT1. On the
other hand, it has been reported that the cAMP-dependent pro-
tein kinase (PKA) activates SIRT1 indirectly (19), the effects
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DBC1 Is Necessary for SIRT1 Activation by PKA and AMPK

being mediated by an unidentified kinase. In addition, it has
been proposed that AMP-dependent protein kinase (AMPK)®
modulates NAD™ intracellular levels and consequently SIRT1
activity (25). Interestingly, some of the effects of PKA appear to
be mediated by AMPK (26, 27). Moreover, PKA activation can
lead to a fast activation of AMPK in several tissues and cell
models (26, 28 —30).

In addition, SIRT1 is regulated by protein-protein interac-
tions. Recently, we and others demonstrated that in vivo SIRT1
is largely associated with its endogenous inhibitor deleted in
breast cancer 1 (DBC1) (31-33). DBC1 is a nuclear protein that,
in addition to SIRT1, binds to several nuclear receptors and
enzymes, including the estrogen receptors « (34) and 3 (35), the
androgen receptor (36), the transcription factor BRCA1 (37),
and the deacetylase HDACS3 (38).

SIRT1 and DBC1 form a dynamic complex in cells and in vivo
(31). Moreover, the binding between SIRT1 and DBCI1 is regu-
lated by the energetic state of the organism (31). So far it is
unknown which are the molecular pathways that modulate the
interaction between SIRT1 and DBC1 and consequently SIRT1
activity in vivo.

Here, we show that the activation of the cAMP/PKA pathway
leads to SIRT1 activation through an AMPK-dependent mech-
anism. Furthermore, this activation is DBC1-dependent and
involves dissociation of the SIRT1-DBC1 complex. We propose
that AMPK activation, either pharmacological or induced by
PKA, results in the dissociation of SIRT1 from DBC1 and acti-
vation of SIRT1. Our results provide insight into the mecha-
nisms that regulate the interaction between SIRT1 and DBC1
and may lead to newer pharmacological approaches to activate
SIRT1.

EXPERIMENTAL PROCEDURES

Reagents and Antibodies—Unless otherwise specified, all
reagents and chemicals were from Sigma-Aldrich. Anti-human
SIRT1, anti-phosphorylated SIRT1 (Ser-47), anti-phosphory-
lated AMPK (Thr-172), anti-AMPK antibodies, and AICAR
were from Cell Signaling Technology. Anti-DBC1 antibodies
were from Bethyl Laboratories. Antibodies for p53, acetylated
p53, and tubulin were from Abcam. Anti-actin antibody was
from Sigma. PKA activator 6-MB-cAMP and exchange protein
activated by cAMP (EPAC) activator 8-(4-chlorophenylthio)-
2'-O-methyl-cAMP were from Biolog. A769662 was from
Santa Cruz Biotechnology Inc. Resveratrol and recombinant
SIRT1 were from Enzo Life Sciences. 1,1,2-Trichloro-1,2,2-tri-
fluroethane was from Fisher.

Cell Culture and Transfections—HepG2, HEK 293T, and
DBC1 and AMPK wild type (WT) and knock-out (KO) MEFs
were cultured in Dulbecco’s modified Eagle’s medium (5 g/liter
glucose), and A549 cells were maintained in RPMI 1640
medium, all of them supplemented with 10% FBS and penicil-
lin/streptomycin (Invitrogen). For all the experiments, the cul-

®The abbreviations used are: AMPK, AMP-activated protein kinase; DBC1,
deleted in breast cancer 1; AICAR, 5-amino-1-B-p-ribofuranosylimidazole-
4-carboxamide; 6-MB-cAMP, N°-monobutytyl-cAMP; EPAC, exchange pro-
tein activated by cAMP; cpt-cAMP, 8-(4-chlorophenylthio)-adenosine 3,5'-
cycle monophosphate-cAMP; MEF, mouse embryonic fibroblast; CA,
constitutively active; ANOVA, analysis of variance.
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tures were serum-starved for 1 h before the treatments. AMPK
al/a2 WT and KO MEFs were a kind gift from Dr. Keith R.
Laderoute. SIRT1 KO MEFS were kindly provided by Dr. David
Sinclair.

Transient overexpression of SIRT1 and DBC1 was per-
formed under the conditions and using the vectors described
previously (31). The dominant-negative mutant of human
AMPK al catalytic subunit (D157A) was kindly provided by Dr.
David Carling. The constitutively active form of AMPK «1 was
kindly provided by Dr. Benoit Viollet. Transient overexpression
of these constructs was performed using Lipofectamine 2000
(Invitrogen) for 48 h following the manufacturer’s instructions.

siRNA—AIl siRNAs were from Dharmacon (Lafayette, CO).
The siRNA duplex against DBC1 was 21 bp as follows: DBC1
siRNA sense strand, 5'-AAACGGAGCCUACUGAACAUU.
SMARTpool siRNAs were used to knock down SIRT1. Non-
targeting siRNA number 3 was used as a control (D001210-03-
20). Transfections were performed with 150 nm siRNA using
Darmaphect 1 (Dharmacon) according to the manufacturer’s
instructions. Cells were harvested 72 h after the transfection.

Immunoprecipitation and Western Blot—Cultured cells were
lysed in NETN buffer (20 mm Tris-HCI, pH 8.0, 100 mm NaCl, 1
mM EDTA, and 0.5% Nonidet P-40) supplemented with 5 mm
NaF, 50 mm 2-glycerophosphate, 1 mm Na;VO,, and a protease
inhibitor mixture (Roche Applied Science). Homogenates were
incubated at 4 °C for 30 min under constant agitation and then
centrifuged at 11,200 X g for 10 min at 4 °C. For immunopre-
cipitation, 1-1.5 mg of protein were incubated with 20 ul of
Protein A/G (Santa Cruz Biotechnology Inc.) and 1 ug of anti-
body for 1 h at 4 °C under constant rotation. Nonspecific IgG
(Santa Cruz Biotechnology Inc.) was used as a control. Finally,
immunoprecipitates were washed two times with cold NETN
before addition of 2X Laemmli buffer. Cell lysates and immu-
noprecipitates were analyzed by Western blot with the indi-
cated antibodies. Western blots were developed using second-
ary antibodies or protein A-HRP and SuperSignal West Pico
chemiluminescent substrate (Pierce).

SIRT1 Activity Measurement—SIRT1 activity was measured
with a fluorometric assay (Enzo Life Sciences catalogue number
BML-AK555-0001). Cells were extracted with NETN buffer as
described above, and then the protein concentration in the
lysates was quantified and equalized with deacetylase buffer (50
mM Tris-HCI, pH 8, 137 mm NaCl, 2.7 mm KCl, 1 mm MgCl,,
and 1 mg/ml BSA). Samples were incubated for 10 min at 30 °C
to allow for NAD ™ degradation and incubated for 10 additional
min with 2 um DTT. Finally, 30 -50 mg of protein of each sam-
ple were transferred to 6 wells of a 96-well plate, and a solution
of deacetylase buffer containing 100 um substrate and 5 um
trichostatin A was added to the wells. Half the wells included
100 um NAD™. The reaction proceeded for 2 h at room tem-
perature, and then the developer, prepared according to the
manufacturer’s recommendations, was added for 1 h. Finally,
the fluorescence was read with excitation of 360 nm and emis-
sion at 460 nm. SIRT1 activity was calculated as NAD " -depen-
dent fluorescence. All the activity measurements were deter-
mined in the initial linear portion of the reaction.

NAD" Extraction and Quantification—Cells were placed on
ice, washed with ice-cold PBS twice, harvested, and spun down.
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The cell pellet was extracted on ice with ice-cold 10% TCA and
sonicated three times, and then the TCA was extracted with 2
volumes of an organic phase consisting of 1,1,2-trichloro-1,2,2-
trifluroethane and trioctylamine in a 3:1 ratio. Both phases were
vigorously vortexed for 15 s and then allowed to separate for 3
min. The pH of the top aqueous layer containing NAD " was
adjusted with 1 M Tris, pH 8. The NAD™ concentration was
measured by means of an enzymatic cycling assay. Briefly, the
aqueous layer was incubated with a 20 mm Na,HPO,, pH 8
buffer containing 0.76% ethanol, 4 mm flavine mononucleotide
(FMN), 27 units/ml alcohol dehydrogenase, 0.4 unit/ml dia-
phorase, and 8 uM rezarsurin. A standard curve for NAD ™ was
included. The fluorescence in the samples was followed with
excitation at 544 nm and emission at 590 nm. Measurements
were made in triplicates.

Autoradiography—293T cells were transfected with FLAG-
SIRT1 or with FLAG-SIRT1 and constitutively active (CA)
AMPK. After 48 of transfection, the medium was replaced with
phosphate-free DMEM supplemented with H,**PO,, (0.5 mCi/
ml). Cells were incubated in this medium for 2 h. After that, the
medium was replaced with regular DMEM. Cells were stimu-
lated with the AMPK activator resveratrol for 2 h. After that,
SIRT1 was immunoprecipitated, and **P incorporation was
evidenced by electrophoresis and autoradiography.

Site-directed Mutagenesis—Mutagenesis was performed on
FLAG-SIRT1 using a QuikChange II site-directed mutagenesis
kit from Agilent Technologies following the manufacturer’s
instructions.

Statistics—Values are presented as mean = S.E. of three to
five experiments unless otherwise indicated. The significance
of differences between means was assessed by ANOVA or two-
tailed Student’s ¢ test as indicated. A p value less than 0.05 was
considered significant.

RESULTS

Measurement of SIRT1 Activity in Cells—Cellular SIRT1
activity and activation were determined with a SIRT1 fluoro-
metric kit (Enzo Life Sciences) according to the manufacturer’s
instructions. This assay has been extensively characterized in
our laboratory (14, 31). The substrate used is a small peptide
derived from p53 that includes an acetylated lysine, corre-
sponding to Lys-382 of human p53; this residue is the target of
SIRT1 enzymatic activity. Independent investigators have
shown that this assay is a reliable tool to measure cellular SIRT1
activity and regulation (19, 31, 39 —41) However, a controversy
regarding the validity of this assay arose when it was shown that
in vitro some compounds produce fluorescence artifacts that
could be misinterpreted as changes in SIRT1 activity (42). In
fact, the Fluor-de-Lys SIRT1 assay was used to propose that the
polyphenol resveratrol is a direct SIRT1 activator (43, 44). It
was later shown that the direct activation of SIRT1 by resvera-
trol was an artifact as a consequence of the interaction between
resveratrol and the 7-amino-4-methylcoumarin fluorescent
probe linked to the acetylated peptide (42). Nevertheless, these
artifacts occur only when SIRT1 activity is measured in vitro
and in the presence of small molecules (42, 45, 46) and not when
used to measure SIRT1 activity in cell extracts. This has been
clearly established by different independent investigators,
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including us (14, 31, 39 —41). Here, we further characterize the
assay to demonstrate that indeed it constitutes a highly reliable
way to measure SIRT1 activation in cells.

A brief scheme of the basic steps used to measure cellular
SIRT1 activity is provided in Fig. 1A. Determination of cellular
SIRT1 activity by this method depends on the addition of exog-
enous NAD™, and this activity is inhibited when the cellular
extracts are also incubated with nicotinamide, suramin, or
EX527, three very well know inhibitors of SIRT1 (Fig. 1B). The
fact that cellular determination of SIRT1 activity by this
method requires the addition of NAD " constitutes at the same
time a limitation and an advantage because it provides a way to
measure changes in SIRT1 activity regardless of changes in
intracellular NAD ™ levels. This is especially relevant when one
wants to determine whether post-translational modifications
like phosphorylation or protein-protein interactions may alter
SIRT1 activity.

To prove that the cellular activity measured by the Fluor-de-
Lys assay quantitatively correlates with the level of SIRT1
expression in the cells, we performed a dose-response curve.
For that, we transfected different amounts of a SIRT1-coding
plasmid in 293T cells and then measured SIRT1 activity. As can
be seen in Fig. 1C, the amount of SIRT1 in the cell lysates
increased with increasing concentrations of plasmid. We mea-
sured SIRT1 activity in these samples, and we found that the
increase in protein levels correlates with the activity measured
by the assay. In fact, when we plotted SIRT1 activity versus the
expression level of SIRT1, we found that these parameters cor-
relate perfectly with an r* of 0.9945 (Fig. 1C, right panel). To
further prove that the activity measured is linearly dependent
on SIRT1 concentration, we assessed different amounts of pro-
tein lysates from SIRT1-positive cells. As can be seen in supple-
mental Fig. S1, SIRT1 activity correlates perfectly with the
amount of protein assessed (> of 0.994). These experiments
show that the activity measured by this method is a quantitative
reflection of the SIRT1 content in cells.

Furthermore, to assess the specificity of the assay, we meas-
ured SIRT1 activity in WT and SIRT1 KO MEFs. SIRT1 activity
was undetectable in SIRT1 KO MEFs (Fig. 1D), clearly showing
that the enzymatic activity measured by the Fluor-de-Lys assay
is not present in cellular extracts that lack SIRT1. The same
result was obtained when SIRT1 was knocked down by siRNA
transfection in HepG2 cells (Fig. 1E).

In addition, we evaluated whether the assay was able to
detect changes in SIRT1 activity regardless of changes in the
expression level of SIRT1. To do so, we evaluated the effect of
the SIRT1 negative regulator DBC1 on SIRT1 activity. As we
had shown previously (31), knockdown of DBC1 led to an
increase in cellular SIRT1 activity, an event that was not
observed if SIRT1 was absent (Fig. 1E). Moreover, when SIRT1
was cotransfected with DBC1, we observed inhibition of the
SIRT1 cellular activity. This inhibition was lost when SIRT1
was cotransfected with ALZ-DBCI, a deletion mutant of DBC1
that was shown previously by us (31, 33) not to bind to SIRT1
(Fig. 1F). Also, cellular SIRT1 activity was higher in DBC1 KO
MEFs than in the WT control cells (Fig. 1G). This result is
specific for DBC1 KO MEFS because there was no difference in
SIRT1 activity between WT cells and AMPK (ala2) KO cells
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FIGURE 1. Characterization of assay used to measure cellular SIRT1 activity. A, basic scheme showing the steps followed to measure cellular SIRTT activity.
Detailed information is provided under “Experimental Procedures.” B, measurement of endogenous cellular SIRT1 activity in 293T cells. Activity was measured
in cellular extracts in the absence of exogenous NAD ™ (—NAD™), with the addition of 100 um NAD ™ (+NAD), or with NAD " plus 2 mm nicotinamide (NAD+ Nic),
with NAD™" plus 100 um suramin (NAD+Sur), or NAD ™ plus 10 um EX527 (NAD+EX527). C, 293T cells were transfected with different amounts of a FLAG-SIRT1-
coding plasmid. Cell lysates were immunoblotted with anti-SIRT1, anti-FLAG, and anti-tubulin antibodies. The graph on the left is the cellular SIRT1 activity
measured 24 h after the transfection. The graph on the right shows the relationship between SIRT1 expression levels and cellular SIRT1 activity. D, SIRT1 activity
was measured in MEFs obtained from WT and SIRT1 KO mice. E, SIRT1 and DBC1 were knocked down in HepG2 cells with specific siRNAs, and SIRT1 activity was
assessed. Activity is shown as -fold change with respect to the control. *, p < 0.05 (ANOVA test, n = 3). Cell lysates were immunoblotted with anti-SIRTT,
anti-DBC1, and anti-tubulin antibodies. F, cellular SIRT1 activity was measured in 293T cells transfected with FLAG-SIRT1, FLAG-SIRT1 + Myc-DBC1, or FLAG-
SIRT1 + ALZ Myc-DBC1, a mutant DBC1 that does not have the leucine zipper domain and does not bind to SIRT1. *, p < 0.05 (ANOVA test, n = 3). G, cellular
SIRT1 activity was measured in MEFs from WT, DBC1 KO, and AMPK (a1«2) KO mice. The activity of 1 unit of purified recombinant human SIRT1 was measured

in parallel for the same time. *, p < 0.05 (ANOVA test, n = 3). Error bars represent S.D. AFU, arbitrary fluorescence units.

(Fig. 1G). More importantly, we also found that the cellular
SIRT1 activity measured in cell lysates is within the linear range
of detection of the assay, and further changes could be deter-
mined as shown by the measurement in parallel of recombinant
purified SIRT1 activity (Fig. 1G). Taken together, the results
shown here plus what we and others have previously and inde-
pendently shown (31,39 —41) provide very strong evidence that
the Fluor-de-Lys SIRT1 assay is an extremely valuable assay to
measure cellular SIRT1 activation.

cAMP/PKA Pathway Activates SIRTI—We (31) and other
investigators (2, 47) have shown previously that SIRT1 is acti-
vated in the liver and in cells upon starvation. In fact, we have
shown that starvation increases SIRT1 activity by displacing it
from DBCI1 (31). However, the molecular pathways that lead to
the dissociation of the SIRT1-DBC1 complex are not known.
One of the main kinases activated by starvation is PKA (48). In
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fact, while this manuscript was in preparation, Gerhart-Hines
et al. (19) showed that PKA stimulation leads to SIRT1 activa-
tion by a not completely elucidated mechanism. Similar to what
was found by Gerhart-Hines et al. (19), we observed that treat-
ment of cells with forskolin or cpt-cAMP, a permeant analog of
cAMP, produces a rapid and transient activation of SIRT1 in
several cell lines (Fig. 2, A—C). Because it has been proposed
that changes in NAD™ can lead to changes in SIRT1 activity
(49), we measured intracellular NAD™ levels after forskolin and
cpt-cAMP treatments. We did not detect changes in the intra-
cellular levels of NAD™ under these experimental conditions
(Fig. 2D), suggesting that SIRT1 activation is achieved by a dif-
ferent mechanism.

To confirm the specificity of the activity measurements, we
transfected HepG2 cells with control and SIRT1 siRNAs. We
did not detect any SIRT1 activity in the SIRT1 siRNA-treated
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FIGURE 2. cAMP/PKA increase SIRT1 activity by mechanism that is independent of changes in NAD levels. SIRT1 activity was measured in A549 cells (A),
mouse embryonic fibroblasts (B), and HepG2 cells (C) treated with 10 um forskolin (FSK) or 100 um cpt-cAMP for the indicated times. *, p < 0.01 (ANOVA, n =
3-9). SIRT1 activity was normalized to time 0. D, -fold change in NAD* concentration in HepG2 cells after forskolin (10 um) or cpt-cAMP (100 um) incubation for
10 min (n = 3).E, SIRT1 was knocked down in HepG2 cells with specific siRNA, and SIRT1 activity was assessed after stimulation with 10 um forskolin for 10 min.
Activity is shown as -fold change with respect to the control. *, p < 0.05 (ANOVA test, n = 3). Cell lysates were immunoblotted with anti-SIRT1 and anti-tubulin
antibodies. F, cells were pretreated for 45 min with the PKA inhibitor H89 (30 um) or (R,)-cAMP (100 um) and then stimulated with 10 um forskolin or 100 um
cpt-cAMP for 10 min. SIRT1 activity was normalized to the control. * shows significant diﬁ’erence with respect to the control (p < 0.01, ANOVA, n = 3).G,human
recombinant purified SIRT1 activity in the presence of different compounds was measured in vitro. 0.2 unit of SIRT1 was incubated with the compounds at the
indicated concentrations. H, HepG2 cells were pretreated for 45 min with the PKA inhibitor H89 (30 um) or (R,)-cAMP (Rp; 100 um) and then stimulated with 10
M forskolin for 10 min. Immunofluorescence for Ac-p53 and total p53 was analyzed using specific antibodies. /, cells were incubated with the PKA activator
6-MB-cAMP (100 wm) and the EPAC activator 8-CPT-2'-O-Me-cAMP; (100 um) for 10 min before harvesting. SIRT1 activity was measured and normalized to the
control. *, p < 0.01 (t test, n = 3). Error bars represent S.D. AU, arbitrary units.

cultures either in the control cells or after treatment with fors-
kolin (Fig. 2E).

cAMP can regulate cellular functions by a direct effect on
target proteins (50), or it can activate a signal transducer like
PKA or the EPACs (50). To further explore the mechanism by
which cAMP activates SIRT 1, we studied which of these differ-

JULY 6,2012-VOLUME 287 +NUMBER 28

ent mechanisms account for the cAMP-mediated SIRT1 acti-
vation. The cAMP-induced SIRT1 activation was prevented by
the PKA inhibitors H89 and (R,)-cAMP (Fig. 2F), suggesting
that in cells this effect is mediated by PKA. As a control, we
tested whether these compounds directly interfered with the
SIRT1 assay. We found that none of the PKA activators or
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FIGURE 3. SIRT1 activation by PKA is AMPK-dependent. A, activity of human recombinant purified SIRT1 (0.2 unit) was measured using a fluorometric assay
after performing a kinase assay with the catalytic subunit of PKA in the presence or absence of 200 um ATP. B, AMPK activation was measured by immunoblot
using anti-Thr(P)-172 antibody in different cell lines after treatment with 10 um forskolin (FSK) for different times. Compound C (CC; 10 um) and (R,)-cAMP (Rp;
100 um) were added 2 h prior to the addition of forskolin. C, SIRT1 activity in A549 cells was measured after a 2-h incubation with A769662 (100 um), AICAR (2
mm), and oligomycin (5 um). Activity was expressed as the percentage of activity with respect to the control. *, p < 0.05 (ANOVA test, n = 3). AMPK activation
by the different compounds was confirmed by Western blot (right) with anti-Thr(P)-172 antibody. D, determination of intracellular NAD™" levels in A549 cells
treated as described in C. E, SIRT1 activity was measured in MEFs from WT, AMPK KO, and SIRT1 KO mice. Cells were incubated with A769662 (100 um), AICAR
(2 mm), or oligomycin (5 um) for 2 h before measuring SIRT1 activity. SIRT1 activity was normalized to the respective control for each cell type. SIRT1 KO cells
showed no detectable activity. * and **, p < 0.05 (ANOVA test, n = 3). F, SIRT1 activity was determined in MEFs from WT mice. The AMPK inhibitor compound
C (10 um) was added to the cells 2 h before starting the treatments. Cells were incubated with A769662 (100 um), A769662 + compound C, AICAR (2 mwm),
AICAR + compound C, oligomycin (5 um), and oligomycin + compound C for 2 h before measuring SIRT1 activity. SIRT1 activity was normalized to control. *
and **, p < 0.05 (ANOVA test, n = 3). G, intracellular NAD ™" levels in WT MEFs treated as described in F. H, AMPK was inhibited in HepG2 cells by a pretreatment
with compound C (10 um) for 2 h, and SIRT1 activity was assessed after stimulation with 10 umforskolin for 10 min. Activity is shown as -fold change with respect
to the control. *, p < 0.05 (ANOVA test, n = 3)./, SIRT1 activity was measured in AMPK WT and KO (a1a2) MEFS treated with 10 um forskolin for the indicated
times. ¥, p < 0.05 (ANOVA test, n = 3). Error bars represent S.D. AFU, arbitrary fluorescence units; P-AMPK, phosphorylated AMPK.

inhibitors had a direct effect on SIRT1 activity in vitro (Fig. 2G).
To provide additional evidence that SIRT1 is activated by the
cAMP/PKA pathway, we performed an immunofluorescence
assay for endogenous p53 acetylation. We used an antibody
against acetylated Lys-382 on p53, a site that is deacetylated by
SIRT1 (51). Although forskolin treatment induced p53 deacety-
lation, H89 and (R,)-cAMP prevented the deacetylation
induced by forskolin (Fig. 2H), confirming the results obtained
using the Fluor-de-Lys assay.

To further assess the role of PKA and to evaluate a possible
contribution of EPAC, we treated cell cultures with 6-MB-
cAMP, a direct and specific activator of PKA, and with 8-CPT-
2'-O-Me-cAMDP, a specific activator of EPAC. We observed
that only the PKA stimulator produced activation of SIRT1
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(Fig. 2I), confirming that the cAMP/PKA pathway can tran-
siently activate SIRT1. Taken together, these results indicate
that the cAMP/PKA pathway can activate endogenous cellular
SIRT1.

AMPK Mediates Effect of cAMP/PKA on SIRTI Activation—
We measured recombinant SIRT1 activity in vitro after a kinase
assay that included the catalytic subunit of PKA with or without
ATP. We found that PKA does not affect SIRT1 activity directly
(Fig. 34), suggesting that another kinase mediates the effect of
PKA on SIRT1 activation. Interestingly, we observed that when
cells were treated with forskolin the AMPK was also transiently
activated in a pattern that followed the same temporal curve
observed for SIRT1 activation (Fig. 3B). This fast AMPK acti-
vation by forskolin was observed in several cell lines, including
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MEFs, HepG2, and A549. Preincubation of A549 cell cultures
with the AMPK inhibitor compound C prevented the activation
of AMPK, confirming the specificity of the antibody (Fig. 3B). In
addition, preincubation of the cells with the PKA inhibitor (R )-
cAMP also prevented the forskolin-induced increase in AMPK
phosphorylation, suggesting that the AMPK activation ob-
served is dependent on PKA (Fig. 3B). In light of these observa-
tions, we tested whether AMPK was mediating the PKA-in-
duced SIRT1 activation.

AMPK is a kinase that has a key role in metabolism and has
been shown to regulate SIRT1 activity (25). In fact, it was
recently shown that incubation of cells with AMPK activators
for long periods (typically 8 —12 h) leads to SIRT1 activation
through an increase in the intracellular levels of NAD™ (25).
Our results showed a fast SIRT1 activation that occurred inde-
pendently of changes in NAD™ levels, suggesting that SIRT1 is
activated through a different mechanism. Therefore, we tested
whether short treatments (1-2 h) with AMPK activators can
induce an increase in SIRT1 activity without changes in the
intracellular levels of NAD™,

To test our hypothesis, we used several AMPK activators:
A769662 (52), AICAR (53), and oligomycin (54). We found that
a short incubation of A549 cells with all these AMPK activators
promoted SIRT1 activation (Fig. 3C) without any changes in
NAD™ levels (Fig. 3D). We measured the in vitro recombinant
SIRT1 activity in the presence of the AMPK activators and con-
firmed that the AMPK activators have no direct effect on SIRT1
activity in vitro (supplemental Fig. S2). Resveratrol was
excluded from the in vitro SIRT1 activity assay due to the arti-
fact it has been reported to produce in the fluorescence assay.
To confirm that the effect of the AMPK activators was indeed
AMPK-dependent, we incubated AMPK WT and KO MEFs
with AMPK activators and then measured SIRT1 activity. None
of the AMPK activators induced SIRT1 activity on the AMPK
KO MEFs in contrast to the WT cells (Fig. 3E). As a control for
the assay, SIRT1 activity was also measured in SIRT1 KO MEFs
(Fig. 3E), and we detected no activity in these cells. Finally, to
further confirm our results, we measured the effect of the
AMPK activators on SIRT1 activity in WT MEFs pretreated
with the AMPK inhibitor compound C. We found that in these
conditions the AMPK activators did not induce SIRT1 activa-
tion (Fig. 3F). All the observed changes in SIRT1 activity
occurred independently of changes in NAD™ levels (Fig. 3G).
To demonstrate that the assay we used to measure NAD™ is
able to detect even small changes in NAD™, we performed a
time course with the NamPT inhibitor FK866. As shown in
supplemental Fig. S3, the methodology used in this study was
sensitive to small variations in NAD™ concentration. Further-
more, we have previously detected changes in NAD™ and
NAD™ metabolites in several cells and tissues using the same
method (10, 11, 14, 31, 55-57). Taken together, these results
demonstrate that AMPK can activate SIRT1 without detectable
changes in cellular NAD™ levels.

Finally, we directly tested the role of AMPK in the cAMP/
PKA-mediated SIRT1 activation. For this, we used HepG2 cells
pretreated with the AMPK inhibitor compound C. In agree-
ment with our hypothesis, when AMPK activation was blocked
by compound C, forskolin no longer induced SIRT1 activation
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(Fig. 3H). Moreover, the response to forskolin was abrogated in
AMPK (ala2) KO MEFs but not in WT MEFs (Fig. 3/). From
these experiments, we concluded that the activation of SIRT1
induced by cAMP/PKA is dependent on AMPK activation.

DBCI Is Required for SIRT1 Activation Induced by PKA and
AMPK—W e have observed previously that, in vivo, fasting pro-
motes an increase in SIRT1 activity by disrupting the interac-
tion between SIRT1 and DBC1 without changes in NAD " levels
or in the expression levels of SIRT1 (31). We then explored
whether DBC1 was required for the AMPK- and PKA-induced
SIRT1 activation. For this, we stimulated AMPK with A769662,
AICAR, and oligomycin in DBC1 WT and KO MEFs. As shown
in Fig. 4A, none of the AMPK activators were able to induce an
increase in SIRT1 activity in cells that lacked DBC1 in contrast
with the clear induction of SIRT1 activity in WT cells. We fur-
ther confirmed that SIRT1 activation was AMPK-mediated in
these cells by preincubating them with compound C. Again, the
activation promoted by the AMPK activators was prevented by
pretreatment with compound C (Fig. 4A4).

Next, we investigated whether the SIRT 1 response to cAMP/
PKA activation was also dependent on DBCI. For this, we stim-
ulated the cAMP/PKA pathway in cells that lacked DBC1 and in
cells treated with siRNA specific for DBC1. Our results show
that forskolin did not activate SIRT1 in the absence of DBC1
either in DBC1 KO MEFS (Fig. 4B) or in HepG2 cells where
DBC1 was knocked down (Fig. 4C). Altogether, our results indi-
cate that DBCI is required for the AMPK- and PKA-induced
SIRT1 activation.

AMPK and PKA Activation Promote Dissociation of SIRT1
from DBCI1—Because DBC1 is required for the AMPK effect on
SIRT1, we examined the effect of the AMPK activation on the
interaction between endogenous SIRT1 and DBC1. We per-
formed co-immunoprecipitation in A549 cells treated with the
AMPK activators A769662, oligomycin, and resveratrol. Res-
veratrol was used at high concentrations that have been shown
previously to activate AMPK (54) due to impairment in mito-
chondrial function (58) (see also supplemental Fig. S4). As
shown in Fig. 54, all of these compounds promoted a robust
dissociation of the SIRT1-DBC1 complex, an event that was
partially blocked by preincubation with the AMPK inhibitor
compound C (Fig. 5B).

We also evaluated the effect of a CA form of AMPK or a
dominant-negative form of AMPK on the interaction between
transfected SIRT1 and DBCI1 (Fig. 5C). Our results show that
cellular AMPK activity inversely correlates with the amount of
interaction between SIRT1 and DBCI. In other words, the
transfection of the CA form of AMPK decreased the interaction
between SIRT1 and DBCI1, whereas the dominant-negative
form increased the interaction between these two proteins.
This set of experiments demonstrates that AMPK modulates
the interaction between SIRT1 and DBCI.

Next, we tested whether the cAMP/PKA pathway also mod-
ulates the SIRT1-DBC1 complex. We activated PKA with fors-
kolin and 6-MB-cAMP and evaluated the interaction between
SIRT1 and DBCI. Treatment of A549 cells with these com-
pounds resulted in a clear loss of the interaction between SIRT1
and DBC1 (Fig. 6A), an event that was blocked by preincubation
with the PKA inhibitor H89 (Fig. 6B). To further prove that
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FIGURE 4. SIRT1 activation by cAMP/PKA/AMPK pathway depends on DBC1. A, SIRT1 activity was measured in WT and DBC1 KO MEFs. Cells were incubated
with A769662 (100 um) or A769662 + compound C (CC), AICAR (2 mm) or AICAR + compound C, and oligomycin (5 um) or oligomycin + compound C for 2 h
before measuring SIRT1 activity. Compound C was used at 10 um and was preincubated for 2 h. Activity in the WT cells was normalized to the WT control, and
activity in the KO cells was normalized to the KO control. SIRT1 activity in the control was always higher in DBC1 KO than in WT MEFs (see Fig. 1). ¥, p < 0.05
(ANOVA test, n = 3). B, DBC1 was knocked down in HepG2 cells with siRNA, and SIRT1 activity was assessed after stimulation with 10 um forskolin (FSK) for 10
min. Activity is shown as -fold change with respect to the control. *, p < 0.05 (ANOVA test, n = 3). C, SIRT1 activity in DBC1 WT and KO MEFS treated with 10 um
forskolin for the indicated times. *, p < 0.05 (ANOVA test, n = 3). Error bars represent S.D.

PKA activates SIRT1 in an AMPK-dependent manner, we
tested the effect of compound C on the dissociation promoted
by forskolin. As shown in Fig. 6C, preincubation of cells with
compound C blocked the dissociation induced by forskolin,
indicating that indeed AMPK is part of the signaling pathway
that connects PKA and SIRT1.

SIRT1 Is Phosphorylated in Response to AMPK Activation—
Phosphorylation is a key modification that regulates SIRT1
function as it has been clearly shown in numerous reports (18,
20-24). However, there is no evidence to support that either
PKA or AMPK phosphorylates SIRT1 directly in vivo. Gerhart-
Hines et al. (19) showed that Ser-434 phosphorylation on
mouse SIRT1 is necessary for PKA regulation, although the
authors speculate that the site is unlikely to be a direct target of
PKA. On the other hand, two independent investigators failed
to observe SIRT1 phosphorylation by AMPK in vitro or in cells
(25, 59). Therefore, it is unlikely that either PKA or AMPK is
directly phosphorylating SIRT1. However, PKA and AMPK
activation could result in SIRT1 phosphorylation by an inter-
mediate kinase. To determine whether AMPK activation
results in SIRT1 phosphorylation, we performed autoradiogra-
phy in cells loaded with **P. As can be seen in Fig. 74, transfec-
tion of a constitutively active form of AMPK resulted in incor-
poration of >*P into SIRT1. Moreover, treatment of cells with
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resveratrol also resulted in incorporation of P into SIRT1 (Fig.
7B). These data indicate that SIRT1 phosphorylation could be
involved in the SIRT1 activation by PKA and AMPK.

To date, several phosphorylation sites have been reported on
SIRT1. We directly tested the phosphorylation of serine 47
because this site has been suggested to mediate activation of
SIRT1 (13). For this, we used a specific antibody against phos-
phorylated serine 47. We found that treatment with resveratrol
or A769662 resulted in an increase in phosphorylation in serine
47 that was blocked by preincubation with compound C (Fig. 7,
C and D). The specificity of the phosphoantibody was assessed
by immunoblotting of the wild type SIRT1 and the mutant form
of SIRT1 in which serine 47 was replaced by arginine (S47R). As
can be seen in Fig. 7E, the antibody did not recognize the
mutant that lacks serine 47. In light of these findings, we tested
the relevance of this site in the regulation of SIRT1 by PKA and
AMPK. In particular, we tested the ability of the S47R mutant to
dissociate from DBCI1 in response to AMPK activation. How-
ever, we found that AMPK activators were still able to dissoci-
ate the complex between DBC1 and the S47R SIRT1 mutant
(data not shown), suggesting that more than one site may be
needed to regulate the interaction by AMPK.

In an attempt to map additional sites on SIRT1 that might be
atarget of regulation by PKA/AMPK and to evaluate the impor-
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FIGURE 5. AMPK activation induces dissociation of SIRT1 from DBC1. A and B, SIRT1-DBC1 interaction was evaluated by co-immunoprecipitation in A549
cells. A, cells were treated with resveratrol (100 um), oligomycin (5 um), or A769662 (100 um) for 2 h before performing immunoprecipitation (/P) for DBC1.
Proteins were immunoblotted with anti-SIRT1, anti-DBC1, anti-phosphorylated AMPK (P-AMPK) (Thr-172), and anti-AMPK antibodies. B, cells were treated with
resveratrol (RSV; 100 um) or resveratrol + compound C (CC; 10 um) for 2 h before performing immunoprecipitation. Immunoprecipitates were immunoblotted
with anti-SIRT1 and anti-DBC1 antibodies. The graph shows the average of three independent experiments. * Denotes difference to control, and ** denotes
difference to RSV+CC. Error bars represent S.D. C, SIRT1-DBC1 interaction was evaluated by co-immunoprecipitation in 293T cells after transfection of FLAG-
SIRT1, Myc-DBC1, and CA AMPa or dominant-negative AMPKa (DN). Immunoprecipitates were immunoblotted with anti-FLAG and anti-Myc antibodies.
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FIGURE 6. cAMP-PKA activation promotes dissociation of SIRT1 from DBC1 by AMPK-dependent mechanism. A-C, co-immunoprecipitation (/P) of SIRT1
with DBC1 in A549 cells. DBC1 was immunoprecipitated from cell lysates, and immunoprecipitates were immunoblotted with anti-SIRT1 and anti-DBC1
antibodies. In A, cells were stimulated with forskolin (FSK) + isobutylmethylxanthine (IBMX) (10 and 70 uwm, respectively) for the indicated times or the PKA
activator 6-MB-cAMP (100 um) for 10 min ('). B, cells were pretreated with the PKA inhibitor H89 (30 um for 45 min) and then stimulated with forskolin and
isobutylmethylxanthine (10 and 70 um, respectively) for 10 min. C, cells were pretreated with compound C (CC; 10 um) for 2 h and then stimulated as in B.

tance of the dissociation of SIRT1 and DBC1 in the activation of
SIRT1 mediated by PKA/AMPK, we performed point muta-
tions of other reported phosphosites (for a complete list of
mutations, see supplemental Fig. S5). First, we tested the ability
of the single phosphomutants to dissociate from DBC1 upon
activation of PKA and AMPK. We found that AMPK activators
were still able to dissociate DBC1 from all the SIRT1 single
phosphomutants. We therefore speculated that that a combi-
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nation of phosphosites could be responsible for the regulation
of the binding between SIRT1 and DBC1. Interestingly, the tri-
ple mutant S47R,S605R,S615R did not dissociates from DBC1
in response to PKA activation (Fig. 7F). Furthermore, the activ-
ity of the triple mutant was insensitive to PKA activation (Fig.
7G). The results shown in Fig. 7, F and G, clearly show that the
dissociation from DBCI is required for the SIRT1 activation
promoted by the cAMP/PKA pathway. Moreover, our data
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average of four experiments (**, p < 0.001; ANOVA test). G, SIRT1 activity was measured in the same experimental conditions described in B. Error bars represent

S.D.

identified the sites 47, 605, and 615 as residues involved in the
regulation of the interaction between SIRT1 and DBCI.
Although we do not have evidence that the activation of SIRT1
involves phosphorylation of serines 605 and 615, we provide
evidence that suggest that these sites modulate the binding
between SIRT1 and DBCI. A scheme representing our main
findings is shown in Fig. 8.

DISCUSSION

The beneficial effects of SIRT1 activation have been studied
extensively (60). Mounting evidence from independent groups
shows that SIRT1 activation leads to protection against meta-
bolic syndrome, cardiovascular diseases, and cancer (60)
among other diseases. However, a much more complex issue is
how to achieve SIRT1 activation in vivo. We have recently
shown that, iz vivo, most SIRT1 is bound to its regulator DBC1
and that this interaction is dynamic and can be displaced (31).
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In fact, we also showed that when DBC1 is absent and therefore
SIRT1 is more active mice are protected against metabolic syn-
drome (31). It therefore becomes of key importance to under-
stand how the SIRT1-DBC1 complex is regulated because it
may lead to the development of new strategies to activate SIRT1
pharmacologically.

In this work, we attempted to characterize in detail the mech-
anism involved in the regulation of the interaction between
SIRT1 and DBC1 and therefore SIRT1 activity. We found that
SIRT1 activity is positively regulated by the protein kinases
PKA and AMPK. We showed that PKA activation leads to a fast
and transient SIRT1 activation. This activation was AMPK-de-
pendent, involved the dissociation of SIRT1 from DBC1, and
occurred independently of changes in NAD™ levels.

While this article was in preparation, Gerhart-Hines et al.
(19) also showed SIRT1 activation by PKA. These authors pro-
pose that SIRT1 activation by PKA involves phosphorylation of
SIRT1 and changes in the affinity of SIRT1 for NAD™.
Although our findings do not exclude this possibility, we
showed that SIRT1 must dissociate from DBC1 to be activated
by PKA. Also, a recent paper shows that the polyphenol res-
veratrol induces cellular SIRT1 activation via activation of the
cAMP/EPAC pathway and AMPK (61). Therefore, our group
and two independent groups have shown that an increase in
cAMP leads to SIRT1 activation. Our study provides further
information about the specific mechanism of SIRT1 activation,
which is mediated by modulation of the SIRT1-DBC1 interaction.

Recent publications, including this one, have reported
changes in SIRT1 activity that are independent of alterations in
the concentration of NAD ™ (19, 31). Since our first observation
of an increase in SIRT1 activity in vivo without detectable
changes in NAD™ concentration (31), evidence has accumu-
lated to prove that it is possible to induce SIRT1 activation
without detectable changes in intracellular NAD ™ levels (19).
During physiological processes, it may be necessary to activate
SIRT1 and not other NAD *-consuming enzymes. However, an
increase in the cytoplasmic and nuclear levels of NAD™ could
result in higher activity of several sirtuins and the poly(ADP-
ribosyl) polymerases. Therefore, one can foresee that there
must be an alternative, specific mode of SIRT1 regulation.

The results presented here provide mechanistic insight into
the PKA-induced SIRT1 activation. Our results point to AMPK
as akinase that is downstream of PKA. In support of this notion,
we observed that forskolin induces a transient activation of
AMPK that parallels the increase in SIRT1 activity, that the
AMPK inhibitor compound C abolishes the effect of forskolin
in SIRT1 activity, and that in AMPK KO MEFs SIRT1 is insen-
sitive to cCAMP elevations. In line with our observations, others
have also reported that PKA can transiently activate AMPK
(26 -30, 62). This activation seems to occur through the kinase
LKB1, which activates AMPK by phosphorylation of serine 172
(63). PKA phosphorylates LKB1 directly at serine 431 (62, 64),
and phosphorylation at this site is needed for some of the LKB1
functions (64, 65). Another possible mechanism that may lead
to AMPK activation by the cAMP/PKA pathway is through
regulation of cCAMP degradation. Once cAMP levels increase in
cells, the level of this second messenger quickly returns to basal
levels due to its degradation by phosphodiesterases. Phos-
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phodiesterases degrade cAMP into 5'-AMP (66), and therefore
its action could result in a fast accumulation of AMP. There-
fore, it seems plausible that agents that activate the cAMP/PKA
pathway could result in activation of AMPK either by activation
of LKB1, an increase in AMP levels, or both.

In this work, we present evidence that SIRT1 is phosphory-
lated upon AMPK activation. However, it remains unknown
which kinase is responsible for SIRT1 phosphorylation upon
PKA and AMPK activation. Our data identified serines 47, 605,
and 615 as key residues involved in the regulation of the inter-
action between SIRT1 and DBCI1. We provide evidence of
phosphorylation of serine 47, but it remains to be elucidated
whether serines 605 and 615 are also phosphorylated when
PKA and AMPK are activated. As mentioned before, two inde-
pendent groups failed to detect SIRT1 phosphorylation by
AMPK (25, 59), which suggests that the regulation of this pro-
cess is extremely complex. However, sequence analysis of
human SIRT1 suggests that SIRT1 could be a target for AMPK
phosphorylation. The consensus sequence for AMPK phosphor-
ylation as first proposed by Carling and Hardie (67) consists of
an arginine in the —2, —3, or —4 position and a hydrophobic
residue at —1 relative to the serine or threonine target of phos-
phorylation. Later on, a study by Dale et al. (68) described the
importance of a leucine at positions —5 and +4 (although other
hydrophobic amino acids are accepted too) besides the basic
amino acid at —3 or —4. More recently, another study identi-
fied that AMPK favors a serine with a valine or arginine at —2
(69). However, it is also important to note that not all known
substrates for AMPK have the perfect consensus sequence but a
variation of it. FOXO3 for example is phosphorylated by AMPK
at Ser-413, which is not flanked by a leucine at position —5 or
+4, and Ser-588 that lacks a basic residue at —3 or —4 (59).
Using the above data as a reference, we searched the human
SIRT1 sequence for serines and threonines in potential AMPK
consensus sequence. Interestingly, the serine residue in posi-
tion 605, one of the sites that is involved in SIRT1 activation by
PKA, is flanked by a lysine at —4, aleucine at —5, and a valine at
—2inaddition to a hydrophobic amino acid at —1, which is very
close to the optimal sequence for AMPK phosphorylation. This
fact suggests that further effort should be made to determine
whether SIRT1 is a direct target for AMPK.

Of interest is that Kang et al. (70) recently found that the
amino acids 631-655 in SIRT1 (what they call the essential for
SIRT1 activity region) are necessary for SIRT1 activation.
Moreover, these authors proposed that this region is important
for the regulation of SIRT1 by DBC1. Interestingly, two of the
amino acids, 605 and 615, which are involved in the PKA/
AMPK-induced activation of SIRT1, are in close proximity to
this region. Therefore, amino acids 605 and 615 may play a role
in the activation of SIRT1 by PKA and AMPK by regulating the
essential for SIRT1 activity region of SIRT1.

Serine 47 in SIRT1 has been shown to be target of JNK1 (21).
Furthermore, Gao et al. (18) recently showed that JNK1 leads to
SIRT1 phosphorylation and a fast increase in SIRT1 activity
upon glucose treatment that correlates very well with the time
course that we observed for PKA-dependent SIRT1 activation.
It could be that AMPK and JNK1 are acting in conjunction to
promote SIRT1 dissociation form DBCI.
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Finally, we want to highlight how important it is to under-
stand how the interaction between SIRT1 and DBCI1 is regu-
lated to study the regulation of SIRT1. The fact that in the
absence of DBC1 the cAMP/PKA and AMPK pathways are
incapable of activating SIRT1 suggests that a possible phos-
phorylation of SIRT1 per se is not enough to sustain an increase
in its activity. Furthermore, our observations place the SIRT1-
DBC1 complex as a key physiological target for SIRT1 regulation.

In summary, our results provide a novel mechanism of SIRT1
activation by a cAMP/PKA/AMPK/DBC1-dependent pathway.
It also provides the evidence that the interaction between
SIRT1 and DBC1 can be regulated by endogenous cell signaling
pathways and opens the possibility that other signals may also
promote SIRT1 activation through the dissociation of the
SIRT1-DBC1 complex. For instance, it was recently shown that
the ataxia telangiectasia mutated kinase (ATM) phosphorylates
DBCI1 and increases the interaction between SIRT1 and DBC1
(71). Finally, mounting evidence indicates that modulation of
SIRT1 activity can be achieved without the nonspecific changes
in global cellular NAD™ levels. The understanding of specific
mechanisms of SIRT1 activation as described here may provide
a clearer picture about the regulation of cellular SIRT1 and its
physiological consequences.
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Background: Gluconeogenesis is an important physiological pathway in response to fasting and stress.
Results: DBC1 regulates gluconeogenesis and PEPCK expression by a mechanism that is at least in part explained by the

Rev-erba and the deacetylase SIRT1.

Conclusion: A new role for DBClas a regulator of PEPCK expression is described.
Significance: We aim to understand the molecular mechanisms of glucose metabolism and response to fasting.

Liver gluconeogenesis is essential to provide energy to glyco-
Iytic tissues during fasting periods. However, aberrant up-regu-
lation of this metabolic pathway contributes to the progression
of glucose intolerance in individuals with diabetes. Phosphoe-
nolpyruvate carboxykinase (PEPCK) expression plays a critical
role in the modulation of gluconeogenesis. Several pathways
contribute to the regulation of PEPCK, including the nuclear
receptor Rev-erba and the histone deacetylase SIRT1. Deleted
in breast cancer 1 (DBC1) is a nuclear protein that binds to and
regulates both Rev-erba and SIRT1 and, therefore, is a candi-
date to participate in the regulation of PEPCK. In this work, we
provide evidence that DBC1 regulates glucose metabolism and
the expression of PEPCK. We show that DBC1 levels decrease
early in the fasting state. Also, DBC1 KO mice display higher
gluconeogenesis in a normal and a high-fat diet. DBC1 absence
leads to an increase in PEPCK mRNA and protein expression.
Conversely, overexpression of DBC1 results in a decrease in
PEPCK mRNA and protein levels. DBC1 regulates the levels of
Rev-erbea, and manipulation of Rev-erba activity or levels pre-
vents the effect of DBC1 on PEPCK. In addition, Rev-erba levels
decrease in the first hours of fasting. Finally, knockdown of the
deacetylase SIRT1 eliminates the effect of DBC1 knockdown on
Rev-erba levels and PEPCK expression, suggesting that the
mechanism of PEPCK regulation is, at least in part, dependent
on the activity of this enzyme. Our results point to DBC1 as a
novel regulator of gluconeogenesis.

Hepatic gluconeogenesis plays a key role in the maintenance
of systemic glucose levels during health and disease. During
fasting, circulating hormones promote the de novo synthesis of
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glucose (1, 2), ensuring delivery of energy to glucose-dependent
tissues. However, up-regulation of glucose production in the
liver may also play a role in the development of hyperglycemia
in diabetes (3). Regulation of gluconeogenesis mainly targets
the expression of the enzyme phosphoenolpyruvate carboxyki-
nase (PEPCIC, also known as PCK1) because this enzyme cat-
alyzes a committed step in the gluconeogenic pathway (1, 4).
PEPCK is regulated by several signaling systems, including the
glucagon-cAMP and the insulin-AKT pathways (1). In addi-
tion, like many other metabolically relevant enzymes, PEPCK
displays a circadian regulation (5). Central to the metabolic cir-
cadian rhythms are the nuclear receptors Rev-erbs (6). Rev-
erba, the most studied member of the family, is a heme receptor
(7, 8) that represses transcription of target genes via an interac-
tion with the nuclear corepressor (NCoR) (6). Two studies have
demonstrated that Rev-erba is a transcriptional repressor of
PEPCK in liver cells (8, 9), and a central role for Rev-erba in the
control of hepatic metabolism has been proposed (10, 11).

The relative abundance of Rev-erba present in a cell is in part
controlled by its ubiquitin-mediated proteasomal degradation
(12). We have shown recently that deleted in breast cancer 1
(DBC1) binds and stabilizes Rev-erba, preventing its degrada-
tion (13). In fact, in DBC1 KO mice, the hepatic levels of Rev-
erbo are lower than in wild-type littermates. More importantly,
our previous study demonstrated that DBC1 regulates circa-
dian rhythms that are Rev-erba-dependent (13).

DBCl1 is a nuclear protein that binds and regulates the activ-
ity of several nuclear receptors (14) and enzymes involved in
epigenetic processes, such as the methyltransferase SUV39H1
(15) and the deacetylases HDAC3 (16) and SIRT1 (17, 18). Not
much is known about the molecular cues that modulate the
interaction between DBCI1 and its partners. However, we have
shown previously that the interaction between DBC1 and
SIRT1 is disrupted under fasting conditions (19) and that the
kinases AMP-activated protein kinase (AMPK) and PKA regu-
late the interaction between both proteins (20). SIRT1, a NAD-
dependent deacetylase, regulates glucose metabolism in the
liver through deacetylation of several targets, although different
models provide conflicting results (21-27). It appears that

3 The abbreviations used are: PEPCK, phosphoenol pyruvatecarboxikinase;
DBC, deleted in breast cancer.
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SIRT1 deacetylates PGCla (21) and FOXO (Forkhead box)
(28), increasing their transcriptional activity. We previously
showed that mice knocked out for DBC1 display higher SIRT1
activity (19) and are protected against high-fat diet-induced
liver steatosis (19), suggesting that DBC1 plays an important
role in the regulation of liver metabolism (19).

In this study, we explored whether DBC1 is important for
glucose metabolism and PEPCK regulation and the mecha-
nisms involved in this process. Our data reveal that DBC1 is a
novel regulator of PEPCK expression and gluconeogenesis by a
mechanism that involves, at least in part, both Rev-erba and
SIRT1.

EXPERIMENTAL PROCEDURES

Reagents and Antibodies—Unless specified otherwise, all
reagents and chemicals were purchased from Sigma-Aldrich.
The Rev-erba antagonist SR8278 was from Tocris Bioscience.
Anti-human SIRT1 and anti-mouse SIRT1, phospho-AKT,
AKT, tubulin, and GAPDH antibodies were from Cell Signaling
Technology. Anti-DBC1 antibodies were from Bethyl Labora-
tories. The anti-mouse PEPCK antibody was from Cayman
Chemical. Anti-human PCK1, anti-Rev-erbe, and anti HA anti-
bodies were from Abcam. Anti-actin and anti-FLAG antibodies
were from Sigma.

Animal Handling and Studies—All mice used in this study
were maintained at the Mayo Clinic animal facility. All experi-
mental protocols were approved by the Institutional Animal
Care and Use Committee at the Mayo Clinic (protocol A33209
and A52112), and studies were performed according to the
methods approved in the protocols. The production and char-
acterization of DBC1 KO mice has been described before (19).
All studies were performed in animals that were between 12
and 36 weeks old. Mice were fed normal chow or a 60% high-fat
diet as described before (19). A glucose tolerance test was per-
formed after 16 h of fasting. Mice were injected intraperitone-
ally with 1.5 g of dextrose/kg. To perform the insulin sensitivity
test and the pyruvate tolerance test, DBC1 WT or KO mice
were fasted for 6 h. After this, mice were challenged with a
single dose of either 0.5units/kg of insulin or 1.5g/kg of pyru-
vate intraperitoneally. All mice had access to water during the
fasting period. Blood glucose was measured from the tip of the
tail vein using an AlphaTRAK blood glucose monitoring system
(Abbott). For the glucose tolerance test and the pyruvate toler-
ance test, the area under the curve was calculated as the net
incremental area over the baseline. For the insulin sensitivity
test, the blood glucose values were normalized to time 0, and
the total area under the curve was calculated. For shorter fast-
ing periods, food was removed 1 h before the start of the dark
cycle.

Cell Culture—HepG2 and 293T cells were cultured in Dul-
becco’s modified Eagle’s medium (5 g/liter glucose) with 10%
FBS, glutamine, and penicillin/streptomycin (Invitrogen). In all
experiments with HepG2 cells, the cells were switched to
serum-free medium 16 h before harvesting. Transfection of
HA/Myc or FLAG-Rev-erba in 293T cells was performed in
6-well plates using Lipofectamine 2000 (Invitrogen) and 1 ug of
total DNA. To generate 293T stable cell lines overexpressing
FLAG-DBC1 or HA/Myc-Rev erba, cells were cotransfected
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with a vector that confers resistance to puromycin and the vec-
tor with the ¢cDNA for DBC1 or Rev-erbaa using Lipo-
fectamine 2000. 48 h after transfection, the cells were diluted
and selected with puromycin for 15 days. Individual cells were
grown to generate clones, which were screened by immunofluo-
rescence and Western blot analysis with anti-tag antibodies.

siRNA—AIl siRNAs were from Dharmacon (Lafayette, CO).
The siRNA duplex against DBC1 was 5'-CAGUUGCAUGAC-
UACUUUUU (sense). SMARTpool siRNAs were used to knock
down SIRT1. Non-targeting siRNA 3 was used as a control
(D001210-03-20). Transfections in HepG2 and 293T were per-
formed with 100 nm siRNA on day 1. Cells were split on the
following day, transfected again on the third day, and harvested
96 h after the first transfection.

Western Blot Analysis—Mouse tissues and cultured cells
were lysed in NETN buffer (20 mm Tris-HCI (pH 8.0), 100 mm
NaCl, 1 mm EDTA, and 0.5% Nonidet P-40) supplemented with
5 mm NaF, 50 mMm 2-glycerophosphate, 1 mm Na3VO4, and
protease inhibitor mixture (Roche). For experiments to detect
acetylation, 5 uMm trichostatin A and 5 mMm nicotinamide were
also added. Homogenates were incubated at 4 °C for 30 min
under constant agitation and then centrifuged at 11,200 X g for
10 min at4 °C. Cell and tissue lysates were analyzed by Western
blot analysis with the indicated antibodies. Western blots were
developed using secondary antibodies and SuperSignal West
Pico chemiluminescent substrate (Pierce). Films were
scanned, and bands were quantified by densitometry using
Image] (http://rsbweb.nih.gov/ij/).

Real-time PCR—Total RNA was prepared and retrotrans-
cribed as described before (13). TagMan probes for DBC1,
PEPCK, and GAPDH were obtained from Applied Biosystems.
The relative amount of mRNA was calculated using the ACT
method using GAPDH as an internal control.

Site-directed Mutagenesis—Point mutations were performed
using a QuikChange directed mutagenesis kit (Stratagene) fol-
lowing the instructions of the manufacturer.

Statistics—Values are presented as mean = S.D. of three to
five experiments unless indicated otherwise. The significance
of differences between means was assessed by one-way analysis
of variance or two-tailed Student’s ¢ test. A p value of less than
0.05 was considered significant.

RESULTS

Lack of DBCI Results in Elevated Gluconeogenesis—To char-
acterize the role of DBCI in glucose homeostasis, we first per-
formed glucose tolerance tests in WT and DBC1 KO mice fed
regular chow. We observed that DBC1 KO male mice reached
higher levels of blood glucose than WT mice after an intraperi-
toneal challenge of glucose (Fig. 14). We also observed that
DBC1 KO mice display higher blood glucose levels in the fed
state (Fig. 1B) than WT mice, although glycemia was not differ-
ent in the fasted state (Fig. 14). We then evaluated whether
insulin release and insulin sensitivity were responsible for the
differences in glucose tolerance between WT and DBC1 KO
mice. We found that insulin release was similar between geno-
types (Fig. 1C). There was no significant difference in insulin
sensitivity (Fig. 1D). Because the glycemia is a balance between
glucose clearance and glucose production, we sought to assess
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FIGURE 1. DBC1 KO mice are more gluconeogenic than WT littermates. A, glucose tolerance test and net incremental area under the curve (JAUC) in WT and DBC1

KO mice fed regular chow. B, blood glucose in WT and DBC1 KO mouse males fed ad
DBC1 KO mice. E, pyruvate tolerance test and net incremental area under the curve

the contribution of gluconeogenesis to the observed glucose
intolerance. To this end, we compared the response of wild-
type and DBC1 KO mice to a pyruvate challenge, a precursor for
glucose synthesis. As can be seen in Fig. 1E, KO mice reached
higher levels of blood glucose than their WT littermates (Fig.
1B). These findings point to elevated gluconeogenesis in the
DBC1 KO mice compared with the WT counterparts.
Increased gluconeogenesis is a hallmark of type II diabetes
and is usually accompanied by obesity. To study glucose metab-
olism in obese mice, we fed DBC1 WT and KO mice a hyper-
caloric high-fat diet. We performed a glucose tolerance test
after 16 weeks of high-fat diet and found that both genotypes
became glucose-intolerant, although the glucose tolerance was
more altered in DBC1 KO mice (Fig. 24). Akin to what we
observed when mice were fed normal chow, feed glycemia was
higher in the DBC1 knockout mice (180 mg/dl) compared with
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libitum. C, insulin release after a glucose challenge. D, insulin sensitivity in WT and
in WT and DBC1 KO mice fed regular chow. *, p < 0.05;n = 4-8.

wild-type mice (140 mg/dl), although insulin sensitivity was
similar between genotypes (Fig. 2B). However, when we per-
formed a pyruvate tolerance test, the response of DBC1 KO
mice on the high-fat diet was exaggerated in comparison with
WT mice (Fig. 2C). Therefore, the effect of the high-fat diet on
gluconeogenesis was more pronounced in mice lacking DBC1.
Taken together, our results demonstrate that the absence of
DBC1 leads to glucose intolerance driven mainly by elevated
gluconeogenesis.

DBC1 Regulates PEPCK Expression—To confirm that the
phenotype we observed was driven by elevated gluconeogenesis
and not insulin sensitivity, we evaluated the expression level of
AKT and PEPCK in the livers of WT and KO mice. The levels of
phospho-AKT and AKT were similar in ad libitum conditions
in both genotypes (Fig. 34). In contrast, PEPCK levels were
higher in KO mice than in WT mice under basal conditions and
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after 6 and 24 h of fasting (Fig. 3, B and C). These results are in
agreement with glucose synthesis as the main cause of the glu-
cose intolerance presented by the DBC1 KO mice. In addition
to elevated levels of PEPCK, we also observed that the protein
levels of PGC1-a, a coactivator that potentiates PEPCK tran-
scription, were also increased in DBC1 KO livers (Fig. 3B). The
fact that the expression of both PGC1-a and PEPCK is higher in
KO mice is not surprising, considering that several signaling
pathways regulate both genes. In fact, we hypothesized that
DBC1 is upstream of a factor that is common to the regulation
of PEPCK and PGCl-a. Among the transcription factors
involved in the regulation of PEPCK, the heme receptor Rev-
erba has recently gained attention. We showed previously that
DBC1 regulates the stability and the function of Rev-erba (13),
a repressor of PEPCK and PGC1-« (8). In fact, we showed that
DBC1 stabilizes Rev-erba and that the livers of DBC1 KO mice
express lower levels of this nuclear receptor (13). So far, a pos-
sible function for DBC1 and Rev-erba during fasting and glu-
coneogenesis has not been established. We speculated that if
alterations in these proteins were involved in the onset of
PEPCK transcription, these should occur early during fasting.

askviEe

FEBRUARY 28, 2014 «VOLUME 289-NUMBER 9

To test this hypothesis, mice were fasted for a short period (3 h),
and the levels of DBC1 and Rev-erba were assessed by Western
blot analysis. We found that DBC1 levels decreased about 40%
in this condition (Fig. 3D). We also detected a similar decrease
in Rev-erba, specifically in the band that migrates at ~80 kDa
(Fig. 3D). It is important to note that the decrease in DBC1
levels is transient. After 24 h of fasting, its levels are similar to
the fed state (Fig. 3C).

To confirm that DBC1 regulates the expression of PEPCK,
we manipulated the levels of DBC1 and assessed whether there
were changes in PEPCK levels. First, we knocked down DBC1
and, akin to what was observed in mice lacking DBC1, the
expression of PEPCK was increased (Fig. 44). This was accom-
panied by an increase in the amount of mRNA for PEPCK (Fig.
4B). Then we overexpressed DBC1 and observed a decrease in
the protein and mRNA levels of PEPCK (Fig. 4, C and D), sup-
porting our initial hypothesis that DBC1 is involved in the reg-
ulation of PEPCK.

DBC1 Regulates PEPCK Expression, at Least in Part, through
Rev-erba—To investigate whether Rev-erba is involved in the
regulation of PEPCK by DBCI1, we first expanded our previous
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FIGURE 3.DBC1 KO mice display similar levels of P-AKT and elevated expression of PEPCK than WT mice. A, liver extracts of DBC1 WT and KO mice fed ad
libitum were immunoblotted for P-AKT and AKT. The densitometry is shown in the right panel. B, DBC1 WT and KO mice were fasted for 6 h, and the liver extracts
were immunoblotted with specific antibodies against PGC1«, PEPCK, DBC1, and GAPDH. The graph in the right panel shows the quantification of the bands by
densitometry. **, p < 0.005. C, DBCT WT and KO mice were fasted for 24 h or fed ad libitum, and the expression of the indicated proteins was determined by
Western blot analysis. The graph in the right panel shows the quantification of the bands by densitometry. D, liver extracts of WT mice fasted for 3 h were
immunoblotted with specific antibodies against DBC1, Rev-erba, and tubulin. The graph in the right panel shows the quantification of the bands by densitom-

etry.*, p < 0.05.

observations that manipulation of DBC1 levels affects the levels
of Rev-erba (13). Indeed, in agreement with our previous report
(13) in 3T3 cells, we observed that knock down of DBCI1 in
Hep@G2 cells also resulted in a decrease in endogenous Rev-erba
(Fig. 5A) and that overexpression of DBC1 in 293T cells was
accompanied by an increase in the endogenous levels of this
nuclear receptor (Fig. 5B). The changes in the levels of Rev-erba
were not dramatic, and, therefore, we decided to evaluate
whether they were enough to participate in the regulation of
PEPCK by DBC1. With this in mind, we tested whether a Rev-
erba antagonist would rescue the decrease in PEPCK induced
by overexpression of DBC1. We treated stable cell lines
expressing either an empty vector (control) or overexpressing
FLAG-DBCI1 with the Rev-erba antagonist SR8278 (29) for
24 h, and then the levels of PEPCK were evaluated. In accord-
ance with our hypothesis, the treatment of the FLAG-DBC1
stable cell line with SR8278 increased PEPCK expression to a
level comparable with the untreated control cells (Fig. 5C). In
addition, we tested whether the small decrease in Rev-erba
induced by knockdown of DBC1 had a functional effect. For
this, we generated a stable cell line that overexpresses a
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HA/Myc-Rev-erba in a vector that contains multiple nuclear
localization motives. Our idea was that, by forcing Rev-erba to
remain in the nucleus, there would be more stable functional
Rev-erbe, even in the absence of DBC1. Certainly, when we
treated this cell line with a DBC1 siRNA, the levels of Myc/HA-
Rev-erba did not decrease (Fig. 5D). In this scenario, the up-
regulation of PEPCK by DBC1 was lost. However, in the empty
vector-transfected cell line, a similar decrease in DBC1 led to an
increase in PEPCK. Taken together, our results support, at least
in part, a role for Rev-erba in the DBC1-mediated regulation of
PEPCK.

SIRT1 Is Important for the Regulation of PEPCK and Rev-
eraa by DBCI—DBCI is an endogenous inhibitor of several
nuclear enzymes. Among these, SIRT1 is a NAD-dependent
deacetylase involved in the regulation of gluconeogenesis. To
further understand the mechanism of PEPCK regulation by
DBC1, we evaluated a possible contribution of SIRT1. We com-
pared the levels of PEPCK expression in HepG2 cells treated
with a control siRNA, a DBC1 siRNA, and a combination of
DBC1 and SIRT1 siRNA. As shown in Fig. 64, in the absence of
SIRT1, DBC1 is no longer able to up-regulate PEPCK. More-
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over, the absence of SIRT1 led to a clear decrease in the levels of
PEPCK. We also analyzed whether SIRT1 is required for the
regulation of Rev-erba. Again, we observed that, in the absence
of SIRT1, a decrease in DBC1 does not result in a decrease in
Rev-erba (Fig. 6A). In addition, the treatment of cells overex-
pressing Rev-erba with the sirtuin inhibitor nicotinamide
resulted in increased levels of this nuclear receptor (Fig. 6B). To
further explore the role of acetylation in the regulation of Rev-
erba, we transfected cells with Rev-erba and the acetyltrans-
ferase p300 in the presence or absence of SIRT1. In agreement
with our previous observations, expression of p300 increased
the levels of Rev-erbe, and this effect was ablated by cotrans-
fection with SIRT1 (Fig. 6C). p300 appears to increase levels of
Rev-erba by stabilization of the protein (supplemental Fig. 1).
To assess the acetylation of Rev-erba, we cotransfected cells
with Rev-erba and p300 and immunoprecipitated Rev-erba.
We could not detect acetylation under this condition (not
shown). In addition, we could not detect acetylation of Rev-
erbaimmunoprecipitated from liver tissue (not shown). To dis-
miss the possibility that the negative results were due to tech-
nical issues, we incubated 293T cells transfected with Rev-erba
with deacetylase inhibitors and analyzed Rev-erba posttransla-
tional modifications by mass spectrometry. We found that
lysines 400 and 591 were indeed acetylated. However, single
mutants of these sites are still up-regulated by p300 (supple-
mental Fig. 2). Moreover, the protein levels of the single mutant
(supplemental Fig. 2) and double mutant (Fig. 6D) are not lower
than the WT, as one would expect if acetylation of Rev-erba
promoted its stabilization. Therefore, it is likely that p300 and
SIRT1 regulate Rev-erba levels by an indirect mechanism that
involves acetylation/deacetylation events upstream of Rev-
erba. A schematic of the proposed mechanism by which DBC1
regulates transcription of PEPCK is shown in Fig. 7. Taken

FEBRUARY 28, 2014 «VOLUME 289-NUMBER 9

together, our results unveil a novel role for DBC1 in the regu-
lation of PEPCK expression and gluconeogenesis through a
mechanism that, at least in part, involves Rev-erba and, possi-
bly, SIRTT1.

DISCUSSION

Hepatic gluconeogenesis is an essential component of the
homeostatic mechanisms that ensure proper supply of glucose
to glucolytic tissues during times of food deprivation (2). How-
ever, deregulation of this process can lead to increased blood
glucose levels and is an important contributor to the pathogen-
esis of diabetes (3). Therefore, understanding the molecular
mechanisms involved in the regulation of gluconeogenesis will
provide us with potential new targets to treat diabetes. A variety
of hormones and dietary signals that control glucose synthesis
target the expression of PEPCK, given that this enzyme cata-
lyzes the first committed step of gluconeogenesis (4). In mouse
models, overexpression of PEPCK is enough to induce glucose
intolerance (30), and even a modest reduction in PEPCK
expression is able to ameliorate fasting glucose levels and glu-
cose tolerance (31).

In this report, we demonstrate a new role for the protein
DBC1 in the regulation of gluconeogenesis. DBC1 levels
decrease in the early hours of the fasting state, suggesting that
such a decrease is one of the first events that lead to the onset of
the gluconeogenic program. Mice that lack DBC1 mimic a
fasted state and, therefore, display an increased production of
glucose. Hence, one can infer that the natural role of DBC1 is to
act as a suppressor of gluconeogenesis. Interestingly, Qiang et
al. (32) showed that DBC1 knockout mice are glucose-intolerant
in a normal and a high-fat diet, a phenotype that is in agreement
with our findings. Ours is the first report that presents evidence
that DBC1 levels are regulated in different metabolic states.
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Whether this regulation is transcriptional or posttranslational and
which are the signaling pathways involved are a completely new
avenue of research that warrants further investigation.

We have shown previously that DBC1 is important for the
stability of Rev-erba. In fact, DBC1 KO mice present lower
levels of Rev-erba in the liver and fat than wild-type littermates
(13). Moreover, we demonstrated that DBC1 modulates Rev-
erba transcriptional repressor activity and that it is required for
proper oscillations of clock genes, such as bmal (13). In this
work, we unveil further implications of the DBC1-Rev-erba
axis, particularly in the regulation of PEPCK.

Rev-erba has recently gained attention in the field of metab-
olism regulation because it connects circadian oscillations to
metabolic adaptations (13). A recent report also implicates Rev-
erba in the secretion of glucagon (33). Although Rev-erba has
been linked mainly to the regulation of hepatic lipid metabo-
lism (10, 34), previous articles show that this nuclear receptor
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regulates PEPCK at the mRNA level (8, 9). We show that Rev-
erba levels decrease during the first hours of starvation, an
event that can contribute to derepression of the PEPCK gene.
Our findings support and expand the role of Rev-erba in the
regulation of PEPCK, stressing the importance of a DBC1-Rev-
erba axis in the control of metabolic processes. Solt et al. (35)
recently reported the development of Rev-erba agonists along
with its effects on circadian behavior and some aspects of
metabolism. The authors find that administration of the ligand
SR9009 improve lipid metabolism. However, data on glucose
metabolism are not provided. Noteworthy is that Cho et al. (10)
showed that, in the absence of Reverb-a and f3, fasting glucose is
elevated. In light of these findings and the ones presented here,
it would be advisable to study the effect of Rev-erba ligands on
glucose metabolism, especially in the context of obesity.
Glucose synthesis is regulated in a circadian fashion by the
repressor cryptochrome (36), and the activator Bmal (37).
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FIGURE 6. SIRT1 is involved in the regulation of PEPCK and Rev-erba. A, DBC1 was knocked down alone or in combination with SIRT1 siRNA in HEPG2 cells,
and the expression of PEPCK and Rev-erba was evaluated by Western blot analysis. The graph in the right panel shows the quantification of the PEPCK and
Rev-erba levels normalized to actin. *, p < 0.05; n = 4. B, 293T cells were transfected with FLAG-Rev-erba and treated with 5 mm nicotinamide for 16 h. The levels
of Rev-erba were assessed by Western blot analysis, and the quantification of the bands is shown in the graph in the right panel. *, p < 0.05; n = 3. C, 293T cells
were transfected as indicated. 48 h later, the protein levels of HA-Rev-erba, HA-p300, and SIRT1 were evaluated by Western blot analysis. The graph in the right
panel shows the quantification of the bands by densitometry. **, p < 0.01; n = 3.D, 293T cells were transfected with Rev-erba WT or the Rev-erba K400A/K591A
double mutant (DM), and the protein levels were assessed by Western blot analysis with anti-HA antibody.

FED FASTED DBC1KO

DBC1

Rev

Rev

Rev

FIGURE 7. Putative mechanism of DBC1regulation of DBC1. Left, we propose that, in the fed state, DBC1 is bound to SIRT1, inhibiting it (light red). Rev-erba
(Rev) represses the transcription of PEPCK. Center, in the fasted state, DBC1 levels decrease, and it dissociates from SIRT1, which leads to an increase in its activity
(dark red) and a decrease in Rev-erba levels. These events result in derepression of PEPCK. The mechanism by which SIRT1 regulates Rev-erba is likely indirect
and not completely understood. Right, in the DBC1 KO model, SIRT1 is active, and the levels of Rev-erba are low, which results in PEPCK expression. The model
does not exclude the possibility that other targets of DBC1, such as HDAC3, SIRT1, PGC1, and FOXO1 may also play a role in the mechanism of regulation of
PEPCK by DBC1.

Hepatic Rev-erba levels also oscillate in a circadian way (34), ies in vivo during the circadian cycle and if this is, in turn,
and we have shown oscillations of DBCI in cells (13). It connected to the oscillations in Rev-erba and glucose
would be interesting to study whether DBC1 expression var-  synthesis.
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Finally, we observed that SIRT1 regulates Rev-erba protein
levels, an observation that, to our knowledge, has not been
reported before. In agreement with our observations, Vieria et
al. (33) suggested that, in a pancreatic cell line, SIRT1 is
involved in the regulation of Rev-erbae mRNA levels. On the
other hand, Rev-erba regulates the expression of SIRT1 (38),
which points to a loop of cross-regulation between these two
proteins. We provide evidence that acetylation/deacetylation
processes regulate Rev-erba protein levels. However, whether
SIRT1 regulates Rev-erba by directly deacetylating it, or
through an indirect mechanism, requires further research. One
possibility is that activation of SIRT1 results in repression of
p300, as has been shown by Bouras et al. (39), and that this, in
turn, results in destabilization of Rev-erba. The precise mech-
anism by which SIRT1 regulates Rev-erba, and the physiologic
consequences of this regulation, warrant further investigation.

We want to stress that the DBC1-Rev-erba-SIRT1 pathway
described in this paper may not be the only one mediating the
regulation of PEPCK by DBCI1. In the fasted state, and in the
DBC1 KO mice, increased SIRT1 activity could result in
deacetylation of PGCla (21) and FOXO (28), which would also
result in higher glucose production. Moreover, it is possible
that DBC1 also regulates gluconeogenesis through histone
deacetylase 3 (HDAC3), which is inhibited by DBC1 (16) and
has been shown to promote glucose production (40, 41). In
addition, it could also be that changes in the levels of DBC1, or
changes to its binding partners, result in alterations in the epi-
genetic landscape of the PEPCK promoter. Finally, one can
envision that DBCI is a coordinator of all these different path-
ways that converge on PEPCK.

In conclusion, we describe, for the first time, a key role for the
nuclear protein DBC1 as a regulator of gluconeogenesis. DBC1
may play a major role in the development of glucose intolerance
and may also have a physiological role in plasma glucose main-
tenance during starvation. We believe that our studies reveal a
new pathway involved in the regulation of gluconeogenesis and
may provide a better understanding of the mechanisms that
maintain body glucose homeostasis during normal physiology
and disease states.
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CONTRIBUCIONES, PERSEPECTIVAS Y CONTROVERSIAS

Esta seccién serd dividida en relacién a los diferentes aspectos que fueron abordados en el
desarrollo de la tesis con respecto a DBC1, su interaccion con SIRT1 y los procesos biolégicos

regulados por ambas proteinas.

Regulacion de la interaccidon entre SIRT1 y DBC1: preguntas y controversias

En los ultimos afios, nuestro trabajo [190] junto con otros [181-183] han empezado a
generar datos que demuestran que la interaccién entre SIRT1 y DBC1 es dindmica y regulada por
claves fisiolégicas. Dentro de estos, el nuestro es el Unico que evalda la interaccién entre SIRT1 y
DBCI1 en contextos relevantes para el metabolismo [190]. En este sentido, un resultado central de
la tesis es que el complejo SIRT1-DBC1 se disocia en condiciones que mimetizan el ayuno.
¢Cuidles son algunas de las preguntas que surgen a partir de los datos presentados? Para poner
nuestros datos en un contexto mas fisiolégico, seria interesante investigar si el glucagén y otras
hormonas elevadas durante el ayuno generan la misma respuesta que la forskolina en términos de
activacién de SIRT1 y disociacion del complejo SIRT1-DBC1. En este sentido, una posibilidad es
generar una curva temporal de la interaccién entre SIRT1 y DBC1 in vivo luego de inyecciones de
glucagén, o al menos ex vivo en s/ices de higado. Otra posibilidad consistiria en estudiar que sucede
con la interaccién entre SIRT1 y DBC1 y la actividad de SIRT1 en ratones que carecen del
receptor para glucagén [191]. Finalmente, la expansién de estos estudios a otros tejidos
importantes para la homeostasis energética, como el pancreas, el musculo y el tejido adiposo nos

permitiria comprender las caracteristicas tejido-especificas de la regulacién de SIRT1 y del

complejo SIRT1-DBCI1.

La insulina también juega un papel central en la regulacién de la homeostasis energética y
tiene una gran capacidad inhibitoria de la gluconeogénesis hepética. Esta hormona no ejerce su

funcién a través de la via del AMPc sino a través de kinasas, en particular la kinasa AKT [192]. Al
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dia de hoy no hay evidencia que vincule los niveles de insulina con la actividad enzimitica de

SIRT1, o la interaccién entre SIRT1 y DBCI.

Uno de los datos que presentamos en el primer trabajo de la tesis muestra que la activacién
de PKA estimula la actividad de SIRT1 [190]. Es relevante notar que un grupo de investigacién
independiente también mostré que la activacién de PKA promueve un aumento en la actividad
SIRT1 con una curva temporal similar a la observada por nosotros [193]. Estos autores identifican
la serina 434 como blanco directo de PKA [193]. Sin embargo, nuestros estudios iz witro no
coinciden en este aspecto [190]. Es posible que otros estudios aporten mas informacion relevante a
este punto, sin embargo, hasta ahora, no se han presentado nuevos articulos que echen luz sobre
este tema. Los autores de este trabajo también muestran que a pesar que la activacién de SIRT1
por PKA es transitoria, tiene un efecto sobre la transcripcién de genes vinculados a la oxidacién de
dcidos grasos en fibroblastos embrionarios en cultivo [193]. Es interesante que en concordancia con
nuestros datos, Gerhart-Hinez también proponen que la activacion de SIRT1 es independiente de
cambios en los niveles de NAD+ intracelular [193], una particularidad bastante novedosa y anti-
paradigmatica en el campo de las sirtuinas. Un aspecto contradictorio entre ambos trabajos es que
nuestros datos apuntan a que la activacién de SIRT1 mediada por PKA es indirecta y mediada por
AMPK [190], mientras que Gerhart-Hinez proponen que la activacion es directa, mediada por la
fosforilaciéon de la region catalitica de SIRT1 [193]. Es mas, nuestro trabajo es el primero en
mostrar que AMPK activa a SIRT1 en ausencia de cambios en el NAD+ intracelular [190]. De
hecho, nuestros datos apuntan con firmeza que la activacién farmacolégica de AMPK redunda en
la activacién de SIRT1, y que incluso el resveratrol, un firmaco que marcé un antes y un después

en el campo de las sirtuinas, actia mediante esta via [190].

Un articulo mas reciente propone que el resveratrol actia como inhibidor de la
fosfodiesterasa 4, una enzima que cliva AMPc [87]. Park et al. mostraron que el resveratrol
provoca un aumento en los niveles de AMPc que resultan en la activacién de AMPK via EPAC
(una GTPasa pequefia cuya actividad es regulada por AMPc) [87]. Cabe notar que nuestros datos
apuntan a PKA y no a EPAC como intermediario de la accién del AMPc sobre SIRT1 [190].
Ambos trabajos utilizan modelos celulares diferentes, por lo que, tomando los datos en conjunto,

es posible generar un panorama en el que el AMPc y el resveratrol promuevan la activacién de
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SIRT1 a través de mecanismos que dependen del tipo celular, pero que generan el mismo

resultado.

Ademis de la activaciéon aguda que produce el AMPc sobre la actividad SIRT1, el factor de
transcripcién CREB, que es activado por la via del AMPc y PKA, provoca un aumento en la
transcripcion de SIRT1 [147]. Por lo tanto, un aumento en los niveles de este segundo mensajero
promueven primero una activacién transitoria de SIRT1, mientras que a largo plazo, lo mismo se

consigue aumentando los niveles de proteina. En este escenario es factible cuestionarse si la via del

AMPc/PKA regula a través de CREB también la transcripcién de DBCI.

Hasta ahora, los datos generados por varios laboratorios independientes, incluido el de
realizacion de esta tesis, proponen que AMPK regula la actividad de SIRT1. Sin embargo, un
tema de debate aun no saldado es la posible fosforilacién directa de SIRT1 por AMPK. En el
primer trabajo que mostré que AMPK regula la actividad de SIRT1, los autores defienden que
AMPK no fosforila directamente a SIRT1 [163]. Los datos se presentan en el material
suplementario del trabajo, donde muestran una grafica de incorporacién de fésforo radiactivo en un
ensayo kinasa i vitro. Si bien el nivel de incorporacién de radiactividad en SIRT1 es mucho menor
que en el control positivo, los datos presentados en el trabajo muestran que SIRT1 incorpora
radiactividad [163]. Sin embargo, los autores proponen que AMPK no fosforila directamente a
SIRT1 [163]. Nuestros resultados muestran claramente que la co-transfeccién de AMPK y SIRT1
en células HEK-293 resulta en la incorporacién de radiactividad en SIRT1, al igual que el
tratamiento con resveratrol [190]. De hecho, la serina 605 de SIRT1, se encuentra en una
secuencia que contiene muchos de los aspectos de las secuencias consenso de AMPK, y nuestros
datos apuntan a que este residuo es necesario para que el AMPc provoque la disociacién de SIRT1
y DBC1 [190]. Mas aun, datos no publicados de nuestro laboratorio muestran que AMPK
fosforila a SIRT1 en ensayos in wvitro. Un trabajo mas reciente presenta evidencia que AMPK
fosforila directamente a SIRT1 en la treonina 344, que resulta en la inhibicién de SIRT1 [194]. En
mi opinién, es importante estudiar mas a fondo la posibilidad que SIRT1 sea un sustrato de

AMPK, los posibles sitios de fosforilacién, y la relevancia fisiolégica de dichos sitios.

La superfamilia de desacetilasas de histonas es vasta, y esta compuesta por cuatro clases. Las

familia de desacetilasas de histonas cldsicas (clases I, II y IV), son independientes de NAD+,
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mientras que la familia III, también conocida como sirtuinas, presentan actividad enzimatica
NAD+ dependiente [195]. Es interesante que de las diecisiete desacetilasas presentes en
mamiferos, HDAC3 y SIRT1 comparten sustratos, regulan algunos procesos fisiolégicos en
comun, y comparten formas de regulacién. A modo de ejemplo, ambas proteinas desacetilan a p53
[196, 197], FOXO [198, 199], NF«B [140, 200] y MEF2 [201, 202]. Tanto SIRT1 como
HDACS3 regulan la produccién de glucosa hepitica [198, 203] (ver introduccién por una
descripcién detallada de los mecanismos por los que SIRT1 regula la gluconeogénesis). Mas aun,
ambas desacetilasas son inhibidas por DBC1 [169, 170, 176]. No obstante, hasta la fecha no hay
datos sobre los mecanismos moleculares que regulan la interaccién entre HDAC3 y DBC1. A la
vista de la similitud entre HDAC3 y SIRT1 recién discutida, es razonable hipotetizar que la via
del AMPc incide sobre la interaccién entre DBC1 y HDAC3 de forma similar a lo que ocurre con
SIRT1.

Como se menciona en la introduccién, DBC1 es una proteina con multiples interactores.
No obstante, es muy poco lo que se conoce acerca de las sefiales que regulan la interaccién entre
DBC1 y sus partners. En este sentido, la atencién se ha centrado el la interaccién SIRT1-DBCI1.
La interaccién entre DBC1 y algunos receptores nucleares es ligando dependiente, mientras que
otras es ligando independiente [172, 189]. Sin embargo, no sabemos si todos los posibles
interactores compiten entre si por su unién a DBC1, ni las constantes de asociacién entre DBC1 y
las proteinas con las que interactia, o que efecto tiene la disociacién de DBC1 y un interactor en
particular sobre las otras interacciones. ¢Es posible que existan poo/s intranucleares de DBC1, por
ejemplo, un poo/ DBCl-receptor nuclear, otro DBCl-enzimas que modifican el cédigo
epigenético y uno DBC1-ARNpol II? ;Qué papel juega DBC1 en los procesos regulados por
hormonas? ¢Participa DBC1 en la regulacién del splicing de todos los ARNm o de algunos, en

todas las células, en todas las etapas del desarrollo?.

Otro aspecto que podria afectar la interaccién entre DBC1, SIRT1 y otros interactores son
modificaciones post-traduccionales en DBC1. Se ha descrito, por ejemplo, que la fosforilacién de
DBC1 en la treonina 454 por las kinasas ATM/ATR promueve la interaccién con SIRT1 [181,
182]. Un dato importante que aportaria a nuestra comprensién acerca de la regulacién de la

interacciona entre SIRT1 y DBC1 por la via del AMPc es estudiar si DBC1 es un blanco directo
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de PKA. En este sentido, es alentador que la serina 249 de DBC1 se encuentra en una secuencia
con caracteristicas de la secuencia consenso para PKA. Esta serina es parte del dominio cierre de
leucina de DBC1, que como hemos mencionado es fundamental para la interaccién con SIRT1

[142, 169]. En la misma linea, resulta imprescindible evaluar si DBC1 puede ser blanco de otras
kinasas, entre ellas AMPK.

Regulacion de los niveles de DBC1: interrogantes

La experiencia de nuestro laboratorio indica que DBC1 es una proteina muy
estable. Por lo tanto, la observacién que un periodo de ayuno corto resultara en una disminucién de
DBC1 en el higado fue muy sorprendente [204]. Este dato en particular abre varias preguntas
cuyas respuestas sin duda aportaran a comprender mejor la regulacién de DBC1. Una posibilidad
es que la disminucién en la sefializacién por insulina, o la activacién de la sefalizacién por glucagén,
desestabilicen a DBC1. Otra posibilidad es que DBC1 sea ubiquitinada y por lo tanto degradada
via el proteasoma. ;Es DBC1 blanco de modificaciones post-traduccionales que la hacen blanco de
ubiquitin-ligasas? ¢si es asi, cuales son?. Otra posibilidad es que la transcripcién de DBC1 se
detenga abruptamente. No existen datos en la literatura que indiquen como se regula la
transcripciéon de DBC1. Una estrategia sencilla para evaluar esta posibilidad es estudiar las
caracteristicas del promotor de DBC1. En particular, la bisqueda de secuencias consenso para
factores de transcripcidn, en particular, regulados por hormonas o sensibles a los cambios

energéticos del organismo permitiria comenzar a abordar este punto.

En cultivos celulares, los niveles d¢ ARNm para DBC1 ciclan en un patrén de estilo
circadiano [188]. Los niveles proteicos también cambian, aunque las variaciones no coinciden
completamente con los cambios en el ARNm [188]. En conjunto, estos datos apuntan a que existe
una regulacién compleja de los niveles de DBC1, por un lado a nivel de transcripcién, y

probablemente también a nivel de estabilidad de la proteina.
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DBC1 y farmacos activadores de SIRT1

Dado que la restriccién calérica ha demostrado generar beneficios en la salud de varios
organismos (ver la introduccién por una discusién detallada y referencias), varios grupos de
investigacién han intentado identificar moléculas que mimeticen los efectos de la restriccién
calérica [205]. Es importante notar que la restriccién calérica afecta simultdneamente a varias vias
intracelulares, entre ellas la de mTOR [206], SIRT1 [55] y AMPK [89]. Por ende, la busqueda de
miméticos de la restriccién calérica puede orientarse a cualquiera de dichos blancos [205]. En lo
que respecta a la busqueda de activadores de SIRT1, los ensayos utilizados hasta el momento son
ensayos in vitro [72, 83]. Sin embargo, como mencionamos con anterioridad, nuestros datos
apuntan a que la disociaciéon de DBC1 es parte central del mecanismo de accién de algunos
farmacos activadores de SIRT1 [190]. Cabe preguntarse si este mecanismo de busqueda de
activadores de SIRT1 no deja por fuera una potencial clase de activadores, los que dependen de
DBC1. ¢Es posible disefiar firmacos que apunten a la disociacién del complejo? Seria de gran
utilidad contar con una estructura cristalina del complejo SIRT1-DBC1, o al menos entre SIRT1
y el cierre de leucina de DBC1. De manera adicional, contar con un ensayo que permita probar
farmacos sobre el complejo SIRT1-DBC1 es fundamental. Chiba et al. [207] desarrollaron un
bioensayo que detecta firmacos que activan una respuesta similar a la desencadenada por la
restriccion calérica. Los autores analizaron los promotores de genes regulados en positivo en el
higado de animales sometidos a restriccién caldrica, e identificaron un motivo presente en los
promotores de dichos genes al que denominaron DFCR-REs (por DwarFism and Calorie
Restriction Responsive Elements). Con esta informacién construyeron un plasmido que incluye un
motivo DFCR-RE en el promotor de un gen reportero [207], y demostraron que es sensible a la
restriccién caldrica tanto iz vive como en cultivos celulares [207]. Con este método es posible
probar que drogas promueven la expresién de un programa simil-restriccién calérica, pero ademds

es posible transfectar el plasmido en células que carecen de DBC1 y probar las drogas en ausencia

de DBC1.
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DBC1, epigenética y el acetiloma

DBC1 regula al menos tres enzimas vinculadas a modificaciones epigenéticas: SIRT1,
HDACS3 y la metiltransferasa SUV39H1 [175]. Esto sugiere que DBC1 participa en la regulacién
del “paisaje” epigenético de la cromatina (epigenetic landscape), que tiene profundas consecuencias
en la fisiologia celular . Algunos datos preliminares que no fueron incluidos en los trabajos
presentados sugieren que en ausencia de DBC1 la acetilacién y metilacién de histonas en el
promotor de PEPCK esta alterada. ;Cémo juega esto en relacién a la interpretacién de los
resultados?. Es posible que DBC1 regule la expresién de PEPCK a varios niveles: el primer nivel
serfa regular la acetilacién y metilacién de histonas en el promotor de PEPCK, el siguiente nivel
serfa a través del reclutamiento de enzimas y factores nucleares al promotor. Por un lado, nuestro
trabajo plantea la importancia de SIRT1 y Rev-erba [204], pero es posible que DBC1 también
regule la acetilacién de FOXO1 a través de HDAC3 [198], y la acetilacién de PPARy via SIRTT.
Mas aun, es atractivo especular que DBC1 orqueste todo esto a nivel del promotor de PEPCK
para promover una regulacién coordinada de la expresién del gen. En la actualidad existen
aproximaciones globales que permiten estudiar las modificaciones epigenéticas a gran escala [208,
209]. Aplicar estas técnicas en un futuro al modelo de ratén KO para DBC1 revelard hasta que

grado DBC1 regula la informacién epigenética del organismo.

La acetilacién es una modificacién postraduccional importante también por fuera de la
cromatina. Varios trabajos muestran que miles de proteinas celulares son acetiladas [210], de
hecho, es posible que la acetilacion de proteinas sea tan comun como la fosforilacién [211]. Mas
aun, estudios comparativos entre Drosophila y humanos han demostrado que las regiones en las que
aparecen lisinas acetiladas estin muy conservadas [212, 213] y que regulan importantes procesos,
como la traduccién de proteinas, el plegamiento proteico, empaquetamiento del ADN y funcién
mitocondrial [212]. De hecho, Zhao et al. presentaron el impactante hecho de que en el higado
todas las enzimas de glicdlisis, gluconeogénesis, ciclo de Krebs, el ciclo de la urea, y del
metabolismo del glicégeno y dcidos grasos estin acetiladas [213]. Seria interesante aplicar técnicas

de estudio global de acetilacién para evaluar el acetiloma regulado por DBC1.
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Para terminar, cabe destacar que al comienzo del desarrollo de esta tesis el conocimiento
acumulado sobre DBC1 era relativamente pequefio. Nuestro trabajo aporta datos acerca de rol de
esta proteina en varios campos de debate y aporta al panorama emergente que posiciona a DBC1

como una molécula central en la regulacién y coordinacién de procesos metabdlicos.
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ANEXO 1

De manera paralela al desarrollo del tema principal de la tesis, durante el trabajo de
doctorado también se colaboro en otras dos lineas de investigacién. Una de ellas es el papel de
DBC1 en el tejido adiposo blanco, en especial su papel en la diferenciacién y senescencia celular y
en la sensibilidad a la insulina. La participacién en esta linea result6 en la coautoria de los siguientes

trabajos, el ultimo de ellos en vias de publicacién:
-Deleted in Breast Cancer 1 regulates cellular senescense during obesity

Carlos Escande, Verénica Nin, Tamar Pirtskhalava, Claudia C. Chinil, Maria Thereza
Barbosa, Angela Mathison, Raul Urrutia, Tamar Tchkonia, James L. Kirkland, Eduardo N. Chini.

Aging Cell. 2014 Jul 3. doi: 10.1111/acel.12235. [Epub ahead of print]

-Deleted in Breast Cancer 1 limits adipose tissue fat accumulation and plays a key role in

the development of metabolic syndrome phenotype.
Escande C, Nin V, Pirtskhalava T, Chini CC, Tchkonia T, Kirkland JL, Chini EN.

Diabetes. 2014 Jul 22. pii: DB_140192. [Epub ahead of print]
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Summary

Chronic obesity leads to inflammation, tissue dysfunction, and
cellular senescence. It was proposed that cellular senescence
during obesity and aging drives inflammation and dysfunction.
Consistent with this, clearance of senescent cells increases
healthspan in progeroid mice. Here, we show that the protein
Deleted in Breast Cancer-1 (DBC1) regulates cellular senescence
during obesity. Deletion of DBC1 protects preadipocytes against
cellular senescence and senescence-driven inflammation. Further-
more, we show protection against cellular senescence in DBC1 KO
mice during obesity. Finally, we found that DBC1 participates in
the onset of cellular senescence in response to cell damage by
mechanism that involves binding and inhibition of HDAC3. We
propose that by regulating HDAC3 activity during cellular dam-
age, DBC1 participates in the fate decision that leads to the
establishment of cellular senescence and consequently to inflam-
mation and tissue dysfunction during obesity.

Key words: aging; hdacs; mice; obesity; senescence; signal-
ing; Sir2.

Introduction

Obesity, a major health problem in the USA and many developed
countries (Flegal et al., 2012), is associated with an increase in cellular
senescence and inflammation (Tchkonia et al., 2010). Cellular senes-
cence has been proposed to promote chronic, “sterile” inflammation
through the senescence-associated secretory phenotype (SASP) (Tchko-
nia et al, 2010). Supporting this notion, some of us found that
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eliminating senescent cells from progeroid mice improves healthspan
(Baker et al., 2011). The physiological and molecular events that lead to
cellular senescence, however, are still poorly understood. We have been
studying the role of the protein Deleted in Breast Cancer-1 (DBC1) in
energy metabolism (Chini et al., 2013). DBC1 regulates several nuclear
proteins, including SIRT1 and HDAC3 (Escande et al., 2010; Chini et al.,
2013). Both SIRT1 and HDAC3 regulate cellular senescence (Ghosh,
2008; Feng et al., 2009). We investigated whether DBC1 plays a role in
cellular senescence and the SASP during obesity. We found that
preadipocytes isolated from WT and DBC1 KO mice after 12 weeks of
high-fat diet feeding exhibit less senescence, indicated by lower levels of
p16™ 4 and p21, as well as the SASP markers, MCP-1, TNF-o, and IL-6
(Fig. 1A). Also, we found fewer y-H2.AX (a marker of activated DNA
damage responses)-positive preadipocytes isolated from DBC1 KO mice
(Fig. 1B). Several markers of antioxidant defense mechanisms were up-
regulated in preadipocytes from DBC1 KO mice (Fig. 1C). Consistent
with our in vitro results, DBC1 KO mice have less cellular senescence in
adipose tissue during high-fat diet feeding measured by cytoplasmic (Fig.
STA) SA-BGal activity and p16"™“2 expression (Fig. 1D-F). The effect of
DBC1 on cellular senescence may not be linked to chronological aging,
as there was no difference between WT and DBC1 KO mice fed with
normal chow during 16 months (Fig. 1G-H). Nevertheless, DBC1 KO
mice had less inflammation in fat tissue (Fig. 1H). We are currently
investigating whether there is a difference on cellular senescence that
may appear later in life.

Next, we investigated whether deletion of DBC1 protects against
DNA damage-induced cellular senescence. We induced DNA damage by
H,0, treatment in 3T3-L1 preadipocytes stable expressing scrambled
shRNA (Control shRNA) or DBC1 shRNA. We found increased cellular SA-
BGal activity in the control shRNA cells exposed to H,0,, but not in cells
expressing DBC1 shRNA (Fig. 2A). Control cells showed a dose-depen-
dent increase in expression of p53 and p21 after H,O, treatment.
However, there were no changes in p53 and p21 in cells expressing
DBC1 shRNA (Fig. 2A). The effect of DBC1 on the response to H,0,-
induced DNA damage was only related to cellular senescence, as
apoptosis was not affected by DBC1 knockdown (Fig. S1B). DBC1 binds
and inhibits HDAC3 (Chini et al., 2010). Indeed, HDAC3 regulates DNA
damage response (Bhaskara et al., 2010) and inhibits expression of the
senescence mediator p16"™“? (Zheng et al., 2012). We found that the
effect of DBC1 knockdown on senescence was completely abrogated by
cotransfection with HDAC3 siRNA, but not by SIRT1 siRNA (Fig. 2C and
Fig. S1C). Indeed, DBC1 knockdown increased HDAC3 activity in 3T3-L1
cells (Fig. 2D). Furthermore, HDAC3 siRNA, restored p21 expression
driven by H,O, treatment in DBC1 shRNA-expressing cells (Fig. 2E and
Fig. S1D). Also, knockdown of DBC1 resulted in less y-H2.AX-positive
cells (Fig. 2F and Fig. S1E), an effect that was lost when HDAC3 was
knocked down together with DBC1 (Fig. 2F). Interestingly, treatment
with H,0, led to a rapid increase in DBC1 binding to HDAC3 (Fig. 2G),
which correlated with an increase in histone H3 acetylation (Ac-H3K9,
Fig. 2H), a target site for HDAC3 (Bhaskara et al., 2010). Finally, we
found that DBC1 is present in both p16 and p21 promoter regions in
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Fig. 2 DBC1 regulates cellular senescence by an HDAC3-mediated mechanism (A) Quantification of cellular SA-BGal activity in 3T3-L1 preadipocytes following H,0,
treatment (200 pm; *P < 0.05; t-test; n = 5). (B) Protein expression of p53 and p21 in 3T3-L1 preadipocytes stably transfected with scrambled or DBC1 shRNA and treated
with 200 pm H,0,. (C) Quantitation of SA-BGal staining in 3T3-L1 after treatment with H,0, (200 pm). Cells stably transfected with control or DBC1 shRNA were transfected
with control, SIRT1, or HDAC3 siRNA before H,0, treatment. Senescence was evaluated by cellular SA-BGal activity (*P < 0.05; t-test; n = 5). (D) HDAC3 deacetylase activity
measured after immunoprecipitation of HDAC3 preadipocytes stably transfected with control or DBC1 shRNA. (E) Representative effect of SIRT1 and HDAC3 knockdown on
the effect of DBC1 in p21 expression after H,0, treatment. (n = 3) (F) Effect of DBC1, SIRT1, and HDAC3 siRNA on y-H2.AX foci in 3T3-L1 preadipocytes after incubation
with H,0, (200 pm) (n = 3). (G) Time-dependent interaction between HDAC3 and DBC1 after treatment of 3T3-L1 preadipocytes with 200 um of H,0,. (H) Upper, time
dependence of histone H3 lysine residue 9 acetylation (K9) after treatment of preadipocytes with 200 um H,0,. Lower, densitometry analysis of K9 histone 3 acetylation
(*P < 0.05; t-test; n = 3). (I) Chromatin immunoprecipitation (ChIP) for the p21 and p16 promoter regions in 3T3-L1 preadipocytes using an antibody against DBC1.
Nonspecific IgG was used as control. The results shown are the average + SEM of 4 independent ChIP. (*P < 0.01; t-test)
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3T3-L1 cells (Fig. 21), with a binding profile similar to the one of HDAC3
(Fig. S1F), which suggests that DBC1 binding to the chromatin is bridged
by HDAC3. DBC1 is regulated by the checkpoint kinase ATM (Yuan
et al., 2012), and HDAC3 is required for the DNA damage response
(Bhaskara et al., 2010). We propose that during the cellular stress driven
by obesity, DBC1 has an active role in the onset of cellular senescence
and inflammation. It is plausible that in the event of chronic damage or
stress, DBC1 plays a role in checkpoint control, contributing to a switch
in cell fate and promoting cellular senescence.
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Fig. S1 (A) DAPI counterstaining of fat tissue SA-BGal staining described in
Figure 1D, showing cytoplasmic localization of the BGal signal. (B) Effect of
DBC1 knockdown on apoptosis triggered by H,0, in 3t3-L1 preadipocytes.
Cells were incubated with 200 pm H,0, for 2 h, washed and let them
recover for 4 more hours. Apoptosis was determined by nuclear shape using
DAPI as nuclear marker. Pictures were taken blindly before and after
treatment and apoptosis was independently evaluated by counting cells in
the field based in nuclear shape, size, and DNA condensation. Results
shown represent average + SEM of 3 independent experiments. (C)
Western blot for DBC1, HDAC3, and SIRT1 in H,O,-treated 3T3-L1
preadipocytes transfected with the different siRNAs and collected at the
time of H,0, treatment. (D) Densitometry analysis for p21 expression in
three independent experiments corresponding to the results shown in
Figure 2E. (E) Quantitation of the effect of DBC1, SIRT1, and HDAC3 siRNA
on y-H2.AX foci in 3T3-L1 preadipocytes after incubation with H,0,
(200 um) shown in Figure 2F. Connecting lines show significant differences
between conditions (P < 0.05, ANOVA, n = 3). (F) Chromatin immunopre-
cipitation (ChIP) for the p21 and p16 promoter regions in 3T3-L1
preadipocytes using an antibody against HDAC3. Nonspecific IgG was used
as control. The results shown are the average + SEM of 4 independent
ChIP. (*P < 0.01; t-test).

Data. S1 Methods.
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Obesity is often regarded as the primary cause of meta-
bolic syndrome. However, many lines of evidence suggest
that obesity may develop as a protective mechanism
against tissue damage during caloric surplus and that it
is only when the maximum fat accumulation capacity is
reached and fatty acid spillover occurs into to peripheral
tissues that metabolic diseases develop. In this regard,
identifying the molecular mechanisms that modulate adi-
pocyte fat accumulation and fatty acid spillover is imper-
ative. Here we identify the deleted in breast cancer 1
(DBC1) protein as a key regulator of fat storage capacity of
adipocytes. We found that knockout (KO) of DBC1 facili-
tated fat cell differentiation, lipid accumulation, and in-
creased fat storage capacity of adipocytes in vitro and
in vivo. This effect resulted in a “healthy obesity” pheno-
type. DBC1 KO mice fed a high-fat diet, although obese,
remained insulin sensitive, had lower free fatty acid in
plasma, were protected against atherosclerosis and liver
steatosis, and lived longer. We propose that DBC1 is part
of the molecular machinery that regulates fat storage ca-
pacity in adipocytes and participates in the “turn-off”
switch that limits adipocyte fat accumulation and leads
to fat spillover into peripheral tissues, leading to the dele-
terious effects of caloric surplus.

Metabolic syndrome constitutes a leading cause of death
in the world (1). Several conditions, including type 2 di-
abetes, liver steatosis, cardiovascular disease, stroke,

dementia, and cancer, are believed to be modulated by
the metabolic dysfunction encountered in metabolic syn-
drome (2). Obesity has been proposed to be a component
or a risk factor for metabolic syndrome and many other
human conditions. Fat tissue can be the largest organ in
the body (3), and its function has a crucial role in the
physiology of the entire organism (3).

Although obesity is commonly seen as a cause of
metabolic dysfunction, experimental evidence supports
the notion that, in the context of caloric surplus, individ-
uals may be protected against the development of meta-
bolic dysfunction as long as they maintain functional
adipocyte fat storage capacity and low levels of fat tissue
inflammation (4). Once fat storage capacity is surpassed
or fat tissue becomes dysfunctional, fatty acid spillover
occurs, leading to ectopic fat accumulation in peripheral
tissues and lipotoxicity, and eventually, systemic meta-
bolic disease (5,6). In fact, it has been proposed that obe-
sity is protective against metabolic diseases until fat
accumulation capacity its reached and fatty acid spillover
begins (4,7). Several lines of evidence support this idea:

First, lipodystrophic humans and animals are highly
susceptible to the development of insulin resistance, liver
steatosis, and cardiac diseases (8,9).

Second, an increase in adipocyte storage capacity, such
as overexpression of adiponectin in 0b/ob mice and over-
expression of PEPCK in fat tissue, leads to an increase in
weight and fat gain under high-caloric feeding but
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preservation of insulin sensitivity and metabolic health
(10,11).

Finally, it has been observed in humans that obesity
may be protective against metabolic syndrome as long as
fat accumulation occurs preferentially in subcutaneous fat
(12,13). In fact, fatty acid spillover had been shown to
inversely correlate with obesity in diabetic subjects (7).
Because adipocyte fat accumulation and obesity can delay
the development of metabolic diseases, it is key to iden-
tify the molecular pathways that are involved in the “turn
on-off” switch that limits adipose tissue fat storage capac-
ity and can modulate fatty acid spillover and the develop-
ment of metabolic dysfunction.

In recent years, we have been studying the role of the
deleted in breast cancer-1 (DBC1) protein. DBC1 binds and
regulates many nuclear proteins, including SIRT1 (14-16),
HDAC3 (17), Rev-erba (18), ER-a (19) and ER-B (20),
BRCA1 (21), SUV39H1 (22), and IKK-B (23). We were
the first to show that DBC1 is a SIRT1 inhibitor in vivo
and that DBC1 plays a key role in metabolism (15). DBC1
knockout (KO) mice are protected against liver steatosis
and nonalcoholic steatohepatitis (15). On the basis of our
findings, we proposed that DBC1 might constitute a key
regulator of metabolism during metabolic disorders.

Here we describe the role of DBC1 in the development
of fat tissue dysfunction and the development of meta-
bolic diseases during caloric surplus. We found that DBC1
KO mice become more obese than their wild-type (WT)
litter mates when fed a high-fat diet. Interestingly, we
found that despite being more obese, DBC1 KO mice had
low free fatty acid (FFA) levels in blood, preserved insulin
sensitivity, less atherosclerosis, less liver steatosis, and
lived longer during high-fat diet feeding compared with
their WT litter mates. Furthermore, we found preserved
adipocyte fat storage capacity in DBC1 KO mice under
caloric surplus. We propose that DBC1 modulates fat
tissue function, fat accumulation, fatty acid spillover, and
peripheral tissue damage. We propose that DBC1 is a key
molecular component of the “on-off” switch that controls
total adipocyte fat accumulation and fat tissue function
and links obesity to its deleterious metabolic effects. Ma-
nipulation of this pathway may help prevent the negative
effect of caloric surplus and obesity in health.

RESEARCH DESIGN AND METHODS

Reagents and Antibodies

Unless otherwise specified, all reagents and chemicals were
purchased from Sigma-Aldrich. Antibodies purchased were
SIRT1, vascular cell adhesion molecule (VCAM)-1, and
activated caspase 3 (Cell Signaling Technology), PEPCK
(Cayman Chemical Company), F4/80 (Abcam), DBC1 (Bethyl
Laboratories), p53 and p21 (Santa Cruz Biotechnology, Inc.),
and actin (Sigma-Aldrich). Human aortic endothelial cells
and EGM2 culture media were purchased from Lonza.

Animal Handling and Experiments
The mice used in this study were females and were
maintained in the Mayo Clinic Animal Breeding facility.
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All experimental protocols were approved by the Mayo
Clinic Institutional Animal Care and Use Committee. For
the metabolic studies, mice were fed ad libitum a normal
control diet (diet No. 3807; KLIBA-NAFAG), a high-fat
diet (AIN-93G, modified to provide 60% of calories from
fat; Dyets, Inc.), or a Western diet (TD.88137; 42% fat,
0.2% cholesterol; Harlan Laboratories). Body weight was
recorded weekly. Food intake was measured for 7 consec-
utive days, with no difference detected between groups. Fat
accumulation was measured by MRI (EcoMRI; EchoMedical
Systems, Houston, TX) or by microcomputed tomography
(micro-CT) scan (vivaCT40; SCANCO Medical, Zurich, Swit-
zerland). For insulin tolerance testing, mice were food
starved for 6 h before receiving a single intraperitoneal
insulin injection (0.5 units/kg). Glycemia was measured
from the tail vein. For survival experiments, mice were
fed the normal chow diet until 6 months of age and
were switched to the high-fat diet. Kaplan-Meier curves
were generated using more than 20 mice per group. In
all experiments, only litter mates were used.

PREADIPOCYTE CULTURE AND
DIFFERENTIATION

Fat depots were removed under sterile conditions. Fat
tissue was minced into fragments, digested with 1 mg/mL
type II collagenase (Worthington Biochemical Corp.) for
60 min at 37°C, and filtered through a 100-pm nylon
mesh. After digestion, mature adipocytes were separated
from stromal vascular cells by centrifugation at 1,000g for
10 min. The pellets were resuspended in a-minimum es-
sential medium containing 10% calf serum and antibiot-
ics. Cells were placed in a humidified incubator (3%
oxygen). After 16 h, adherent preadipocytes were replated
at a density of 5 X 10 cells/cm?.

To induce differentiation, subconfluent preadipocytes
were exposed to differentiation medium containing DMEM/
F12, 10% FBS, 1 pg/mL insulin, 250 nmol/L dexametha-
sone, 0.5 mmol/L isobutylmethylxanthine, and 2.5 wmol/L
rosiglitazone in 5% oxygen. After 48 h, all ingredients except
insulin and FBS were removed from the medium. Cells were
differentiated for 5-10 days.

Immunoprecipitation and Western Blotting

Mouse tissues and cultured cells were lysed in NETN
buffer (20 mmol/L Tris-HCl, pH 8.0; 100 mmol/L NaCl;
1 mmol/L EDTA; and 0.5% NP-40) supplemented with
5 mmol/L NaF, 50 mmol/L 2-glycerophosphate, and a
protease inhibitor cocktail (Roche Diagnostics). For each
immunoprecipitation, 1 mg protein was used.

SIRT1 Activity Measurement
SIRT1 activity was measured from SIRT1 immunopreci-
pitates from tissue as previously described (15).

Atherosclerosis Model

Mice were fed the Western-style diet starting at 8 weeks
of age. After 8-20 weeks of the diet, the aorta was dis-
sected to the iliac bifurcation, opened longitudinally, and
pinned in place on black wax. Lipid-rich regions were
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stained with Oil Red O. Image analysis was performed
using ImageJ software (National Institutes of Health).
Lesion area was calculated for each animal as a percentage
of the total aortic area, and the lesion number was
expressed as plaques per aorta. All quantifications were
performed blindly by independent personnel.

Ex Vivo Glycerol Production in Fat Tissue

The method used to measure glycerol production by
adipose tissue in vitro was a modification of a method
described by Vaughan (24). Inguinal fat pads (50-75 mg)
were incubated for 2 h at 37°C in 3 mL Krebs-Ringer
bicarbonate HEPES buffer (pH 7.4), containing 3% BSA
(fatty acid-free) and 5 mmol/L pyruvate. Glycerol levels
were analyzed in the medium before and after the incu-
bation using a glycerol determination kit (Cayman Chem-
ical Company). Glycerol production from external
pyruvate was calculated by comparing glycerol levels in
the media after 2 h incubation, with or without 5 mmol/L
pyruvate, for each fat depot.

Determination of Metabolically Relevant Molecules in
Plasma

The following molecules were assayed in plasma from mice
after starvation for 6 h: triglycerides (Infinity; Thermo
Scientific), cholesterol (CardioChek; Chek Diagnostics),
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insulin (BD Biosciences), glycerol (Cayman Chemical Com-
pany), and adiponectin (R&D Biosystems).

Cell and Fat Tissue Coculture

Human aortic endothelial cells were plated with cover-
slips. The next day, inguinal fat tissue was dissected under
sterile conditions. Tissue (1 g) was cut into small pieces
and put in six-well plates. Tissue was incubated in the
media before the cells were added. Coverslips with
attached cells were the placed into a ThinCert chamber
(0.4-pm pore size; Greiner Bio-One) and put inside the
well with fat tissue. After overnight incubation, cells were
fixed with 4% paraformaldehyde and further processed
for standard immunofluorescence.

Statistics

Values are presented as mean * SEM of three to five
experiments, unless otherwise indicated. The significance
of differences between means was assessed by ANOVA or
a two-tailed Student t test, as indicated. A P value of
<<0.05 was considered significant.

RESULTS

High-Fat Diet Promotes SIRT1-DBC1 Interaction and
Decreases SIRT1 Activity in Fat Tissue

In previous work, we showed that DBC1 plays a key role
in metabolism by regulating SIRT1 activity and function

SIRT1/DBC1 interaction NDvsHFD
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Figure 1—High-fat diet (HFD) feeding promotes SIRT1/DBC1 interaction and decreases SIRT1 activity in fat tissue. A: SIRT1 levels in
inguinal fat tissue from 6-month-old mice fed the normal chow diet (ND) or the HFD for 20 weeks (n = 5 mice per group). “*P < 0.05.
B: Representative Western blot (left) of coimmunoprecipitation between SIRT1 and DBC1 in fat tissue from mice fed the ND or HFD, with each
lane corresponding to a different mouse, and quantitation (right) of SIRT1/DBCH1 interaction by densitometry (n = 4 mice per group). *P < 0.05.
C: SIRT1 activity from immunoprecipitates of inguinal fat tissue in mice in fed the ND or HFD (n = 5 mice per group). *P < 0.05.



Q:10

4  DBCH1 Role in Development of Metabolic Syndrome Diabetes Volume 63, mum 2014

A

o)
@)
O

."(—!E‘ 200 700 . p o
WT DBC1KO & 180 = 600 P 2 ] DBC1 KO
— m = 160 E 500 5 - ]/l// ;
£ o Esssti
%, 120 s 200 : g -
g 100 B 100 k| ¥
80 0

0 5 10 15 20
Time (weeks)

E ~_F

0246 811214161820 &
Time (weeks) ¥

— ) =Ko G H p=0.04
—_— = T R ] 5= e
% amo N@\;_/,,**—g Insulin: - - - + 4 4 - - - % + + el
= = T P-AKT ——
< AKT — - g
L 3 60 \ g
- g -
o T a
= DBC1WT DBC1 KO
. O o
Normal High-fat 0 20 40 60 80 100 120
Diet Diet Time (min)
| | J K .
Insulin = vk o R .
i ExvivoAKTac:ivationbyinsu!in Lipin1 Bg_ 100
- i F] — -
p-AKT 3 T20 — 80
g3 g2 ©
H g4 . £ 60
AKT eseseses -, 5 >
£ S10 5 40
E1
DBC1 == — g = 20
Eu WT DBC1 KO oo 0
WT DBC1KO 4 wT DBC1KO 0 200 400 600 800
Days

Figure 2—Deletion of DBC1 in vivo increases fat tissue accumulation capacity and prevents FFA spill over, protecting against insulin
resistance. A: Representative photograph of WT (left) and DBC1 KO (right) siblings at 6 months of age and after 4 weeks of being fed the
high-fat diet. B: Weight gain of WT and DBC1 KO mice fed the high-fat diet. The mice were switched from regular breeding chow to the
high-fat diet starting at 6 months of age. Weight gain was monitored periodically during the treatment (n = 16 mice per group). *P < 0.05.
C: Fat accumulation in the same mice described in B. Fat content in vivo was measured by MRI scanning (1 = 16 mice per group). *P <
0.05. D: Quantification of different fat depots in WT and DBC1 KO mice after being fed the high-fat diet for 12 weeks. Fat tissue weight was
expressed, corrected by total body weight (n = 5 mice per group).*P < 0.05. E: FFA levels in blood in WT and DBC1 KO adult mice fed
regular breeding chow or after 12 weeks of the high-fat diet (n = 8 mice per group).*P < 0.05. F: Insulin tolerance test in WT and DBCA1
mice fed the high-fat diet for 12 weeks. After 6 h of food starvation, mice were challenged with 0.5 units/kg of intraperitoneal insulin,
and glycemia was monitored over time (n = 8 mice per group). *P < 0.05. G: Western blot shows phosphorylation of AKT (p-AKT) in
inguinal fat tissue after WT and DBC1 KO mice fed the high-fat diet were challenged with 0.5 units/kg insulin for 15 min. H: Band
intensity was measured by densitometry and expressed as the ratio of p-AKT to total AKT. I: Ex vivo insulin sensitivity in fat tissue from
WT and DBC1 KO mice after 12 weeks of being fed the high-fat diet. Inguinal fat was incubated in Krebs-Ringer buffer with 5 mU/L
insulin for 15 min. Tissue was later processed for Western blotting. Left, Representative Western blot of p-AKT after incubation with
insulin. Right, Quantitation of p-AKT after insulin treatment expressed as the fold increase over control (no treatment) (n = 5 mice per
group). *P < 0.05. J: Expression of lipin1 mRNA in inguinal fat tissue of WT and DBC1 KO after 12 weeks of the high-fat diet (n = 4).
*P < 0.05. K: Survival curve of WT and DBC1 KO mice fed standard chow until 6 months of age and then fed the high-fat diet (n = 22
mice per group).

(15) and further found that a high-fat diet promotes
SIRT1-DBC1 interaction and decreases SIRT1 activity in
the liver. Here, we investigated whether DBC1 plays an
active role in adipocyte and fat tissue function. We found
that the high-fat diet leads to a decrease in SIRT1 expres-
sion in fat tissue (Fig. 1A) and that the data are consistent
with previously published data (25). Interestingly, we
found an increase in SIRT1 binding to DBC1 during the
high-fat diet (Fig. 1B), with a consequent decrease in
SIRT1 activity (Fig. 1C). The decrease in SIRT1 activity

in the fat tissue induced by the high-fat diet was pre-
vented by deletion of DBC1 (Fig. 1C). These results sug-
gested to us that DBC1 regulates SIRT1 activity in fat
tissue during fat and caloric surplus and that DBC1 KO
mice may be protected against fat tissue dysfunction in-
duced by caloric surplus. Our findings that SIRT1 regula-
tion by DBC1 during obesity may not be reflected during
aging is worth noting: the expression of both SIRT1 and
DBC1 decreases (Supplementary Fig. 14) during aging,
suggesting a different mechanism of regulation.
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DBC1 KO In Vivo Promotes Increases in Adipocyte Fat
Accumulation Capacity, Prevents FFA Spillover, and
Protects Against Insulin Resistance
We fed adult WT and DBC1 KO female mice the high-fat
diet for 20 weeks and observed that the DBC1 KO mice
gained more weight than their WT litter mates. This trend
was constant during the entire duration of the study and
became statistically significant after 12 weeks of the high-
fat diet (Fig. 2A and B). We observed the same trend when
we measured fat accumulation by MRI (Fig. 2C). The post-
mortem analysis of different fat depots showed a signi-
ficant increase in inguinal, subscapular, mesenteric,
perirenal, and brown fat (Fig. 2D). There were no signif-
icant changes in the total amount of perigonadal fat be-
tween WT and DBC1 KO mice when corrected by total
body weight (Fig. 2D). Interestingly, we found that de-
spite being more obese, DBC1 KO mice fed the high-fat
diet had FFA levels that resembled those measured in
mice fed the normal chow diet (Fig. 2E) and that they
were also protected against fatty live disease (Supplemen-
tary Fig. 1B). This was paralleled by protection against
insulin resistance. We found that DBC1 KO mice were
more sensitive to an insulin challenge by performing in-
sulin tolerance test (Fig. 2F) and that AKT phosphoryla-
tion was increased in fat tissue in vivo after the mice were
challenged with a dose of insulin (Figs. 2G and H). Also,
AKT phosphorylation was increased in skeletal muscle in
DBC1 KO mice (Supplementary Fig. 2A). Moreover, we
found that DBC1 deletion preserves insulin sensitivity
in fat by an ex vivo challenge with insulin (Fig. 2I), sug-
gesting that DBC1 KO mice were preserving insulin sen-
sitivity by preventing fat tissue dysfunction. Consistent
with the increased fat accumulation and protection
against insulin resistance, we found that lipinl mRNA
levels were increased in fat tissue from DBC1 KO mice
(Fig. 2J). Lipinl promotes fatty acid esterification, and its
expression has been linked to insulin sensitivity and
healthy fat accumulation in mice and humans (26,27).
We also monitored the longevity of WT and DBC1 KO
mice fed the high-fat diet starting at 6 months of age and
found that the DBC1 mice had an increased median life
span, although the maximal life span was not significantly
extended (Fig. 2K). Worth noticing, we found that in-
creased fat accumulation and protection against fatty
acid spillover was not restricted to mice fed the high-fat
diet but also happened in old adult mice fed the normal
chow diet their entire life. DBC1 KO mice that were 14
months old were heavier (Fig. 3A4), had increased whole-
body fat content (Fig. 3B), decreased FFA in plasma (Fig.
3C), and lower glucose levels in plasma (Fig. 3D) than
their WT litter mates.

DBC1 KO Improves Fat Differentiation Capacity in
Preadipocytes From Mice During Normal and High-Fat
Diet Feeding

Next, we investigated if KO of DBC1 increases the fat
differentiation potential of preadipocytes in mice. We
purified and cultured preadipocytes from WT and DBC1
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Figure 3—Deletion of DBC1 in vivo also prevents FFA spillover in
old mice fed the normal chow diet. Weight (A), total body fat content
measured by MRI (B), FFA in plasma (C), and glycemia (D) in 14-
month-old mice fed the normal chow diet their entire life (n = 4 mice
per group). *P < 0.05.

KO mice and found that DBC1 KO increases the
differentiation potential of preadipocytes (Fig. 44). Inter-
estingly, this potential was also preserved during obesity.
DBC1 KO increased the differentiation capacity in pri-
mary preadipocytes purified from the inguinal fat depot
(Fig. 4B and C) and also from the epididymal fat depot
(Fig. 4B and D) after 20 weeks of high-fat diet feeding.
DBC1 KO in mice facilitates fat accumulation in fat tissue
during obesity, which correlates with decreased FFA levels
in plasma (Fig. 2). Because an increase in fat accumulation
capacity could arise from increased lipid synthesis and
esterification or from decreased lipolysis, we checked for
lipolysis in vitro. Neither the main lipases (adipose tri-
glyceride lipase and hormone-sensitive lipase) nor caveo-
lin 1, another protein involved in lipolysis, were expressed
differentially between WT and DBC1 KO differentiated
adipocytes (Fig. 4E). Furthermore, we measured in vitro
lipolysis in response to isobutylmethylxanthine in differ-
entiated adipocytes and found no difference between WT

and DBC1 KO cells (Fig. 4F).

ApoE~/~"DBC1~/~ Mice Have Increased Adipocyte Fat
Accumulation Capacity and Decreased Inflammation

in Fat Tissue

Cardiovascular diseases constitute the leading cause of
death in adults, and there is a strong correlation between
fat tissue dysfunction and cardiovascular morbidity. We
investigated whether increased adipocyte fat storage capac-
ity and a decrease in fatty acid spillover observed in the
DBC1 KO mice could protect against cardiovascular dys-
function. For this, we crossed DBC1 KO mice with ApoE KO
mice, to generate DBC1*/*ApoE /™ and DBC1 ™/~ ApoE "/~
mice. Pups from the different genotypes were obtained at
Mendelian ratios, and there were no obvious phenotypic dif-
ferences between genotypes. The ApoE KO mice are of par-
ticular value for these experiments because the atherosclerotic
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Figure 4—DBC1 KO increases fat differentiation capacity in preadipocytes isolated from mice fed the normal or high-fat diet. A: Gene
expression analysis of adipogenesis markers by RT-PCR in inguinal preadipocytes isolated from mice fed the normal diet and after 5 days
of differentiation (n = 4 mice per condition). *P < 0.05, t test. B: Representative image of differentiated primary adipocytes obtained from
inguinal (upper panels) and perigonadal (lower panels) fat depots from WT and DBC1 KO mice. Cells were allowed to differentiate for 5 days
after the addition of differentiation media. Gene expression analysis of adipogenesis markers by RT-PCR in inguinal (C) and perigonadal
(D) mouse preadipocytes isolated from mice fed the high-fat diet and after 5 days of differentiation (1 = 4 mice per condition). *P < 0.05,
t test. E: Gene expression analysis of lipolysis markers by RT-PCR in inguinal mouse preadipocytes isolated from mice and after 5 days of
differentiation. Results were normalized to peroxisome proliferator-activated receptor-y (PPAR-y) expression to correct for the difference in
differentiation potential. F: In vitro lipolysis stimulated by isobutylmethylxanthine (IBMX; 100 wmol/L) in differentiated adipocytes from WT
and DBC1 KO mice. Cells were incubated with IBMX or vehicle for 6 h. Glycerol content was determined from the cell culture media.
Results were normalized to the total triglycerides (TG) content in the plate. (A high-quality color representation of this figure is available in

the online issue.)

phenotype is modulated by adipocyte function in these
animals (28,29). At the age of 8 weeks, female mice
were challenged with a Western diet (42% fat and 0.2%
cholesterol) for 20 weeks to induce atherosclerosis. We
found that ApoE~/ "DBC1 ™/~ mice behaved very similar
to what we had previously observed for DBC1 KO mice
in fat accumulation and weight gain when fed the West-
ern diet. In fact, the difference in weight and fat gain
was even more striking between ApoE /" DBC1*/* and
ApoE_/_DBC1_/_ mice (Figs. 5A), probably because
ApoE_/ ~ is required for fat cell differentiation (30).
We performed micro-CT scans in the mice after 20 weeks
of the Western diet and observed increased fat content
in different fat depots, incuding subcutaneous, abdominal,
and visceral (Fig. 5B). We found that ApoE_/ “DBC1™/~
mice have decreased Vo, Vco, and energy expenditure
than the ApoE /" DBC1"* mice when fed the high-fat diet,
consistent with the difference in weight (Supplementary

Fig. 3). We did not detect any significant difference in
cholesterol, triglycerides, or insulin levels after 20 weeks
of the Western diet (Table 1). However, adiponectin levels
were significantly higher in the ApoE~/ "DBC1 ™/~ mice
(Table 1).

Histological analysis of perigonadal and inguinal fat depots
dissected from ApoE ' ~DBC1** and ApoE /" DBC1 ™/~ mice
after 20 weeks of being fed the Western diet showed
a clear and significant difference in adipocyte cell size,
with cells coming from ApoE / DBC1 /" between 3-
and 10-times larger than those analyzed from control
mice (Fig. 5C and D). We hypothesized that increased
FFA esterification capacity in fat cells in the absence of
DBC1 explained the increased fat cell size. To be able to
accumulate more fatty acids, fat cells have to esterify
them into triglycerides, and for that, glycerol must be
available. We performed an ex vivo experiment where
pieces of inguinal fat tissue were incubated with pyruvate,
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Figure 5—ApoE /"DBC1~/~ mice have increased fat accumulation capacity and decreased inflammation in fat tissue. A: Left, Represen-
tative photograph of ApoE~/~DBC1*/* (left side) and ApoE~"DBC1~’~ (right side) mice after 20 weeks of being fed the Western diet. Right,
Weight of ApoE™/"DBC1** and ApoE/"DBC1~/~ mice at the end of the treatment with the Western diet (n = 8 per group). *Shows
significant difference at P < 0.05, t test. B: Representative CT scan shows fat tissue content and distribution of adult ApoE~’~DBC1** and
ApoE~"DBC1~/~ mice after 20 weeks of being fed the Western diet. C: Representative picture of fat cell size in perigonadal (upper panels)
and inguinal (lower panels) fat depots dissected from ApoE™’"DBC1** and ApoE'"DBC1~/~ mice after 20 weeks of being fed the
Western Diet. D: Fat cell size measurement in perigonadal (left) and inguinal (right) fat tissue depots of ApoE™/"DBC1** and
ApoE /"DBC1~/~ mice after 20 weeks of being fed the Western diet (n = 3 per group). *Shows significant difference at P < 0.05,
t test. E: Ex vivo glycerol production and release from inguinal fat tissue in response to pyruvate in mice after 5 weeks of being fed the
Western diet (n = 5 per group). *Shows significant difference at P < 0.05, t test. F: PEPCK expression in the same mice and conditions
described in D (n = 3 per group). *Shows significant difference at P < 0.05, t test. G: Gene expression analysis of lipolysis markers in
inguinal fat tissue of ApoE™/~DBC1** and ApoE/~DBC1~/~ mice after 20 weeks of being fed the high-fat diet (n = 6 per group).
H: Gene expression analysis of inflammation markers in inguinal fat tissue of ApoE /~"DBC1*/* and ApoE/"DBC1 /" after 20 weeks
of being fed the high-fat diet (n = 5 per group). *Shows significant difference at P < 0.05, t test. (A high-quality color representation of
this figure is available in the online issue.)

and the production of glycerol (glyceroneogenesis) was mea-
sured. We found that fat tissue from ApoE ’ DBC1 ™/~
mice had increased glyceroneogenesis capacity (Fig. 5E).
Increased glyceroneogenesis was paralleled by increased
expression of PEPCK (Fig. 5F), a key enzyme in this path-
way. In fact, we previously described that DBC1 regulates
gluconeogenesis and PEPCK expression in the liver (31).
Interestingly, fat-specific overexpression of PEPCK pro-
motes obesity and fat accumulation but also confers pro-
tection against insulin resistance (11), which is in
agreement with our findings.

In agreement with our findings in cells in culture we
found no difference in the lipolysis markers adipose
triglyceride lipase, hormone-sensitive lipase, and caveolin
1 between ApoE ' "DBC1** and ApoE™/"DBC1 ™/~ mice
in adipose tissue (Fig. 5G). We also analyzed the expres-
sion of the lipid droplets—coating proteins perilipin 1, 4,
and 5 and found no difference in their expression levels
between ApoE /" DBC1** and ApoE / DBC1 ™/~ mice
(Fig. 5G). Finally, we found that increased fat storage
capacity led to decreased expression of inflammation
markers in fat tissue (Fig. 5H). The expression of tumor
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Table 1—Triglycerides, insulin, adiponectin, and cholesterol
levels in the plasma of ApoE~/~"DBC1** and ApoE~/~
DBC1~/~ mice after 20 weeks of being fed the high-fat diet

ApoE /"DBC1*"* ApoE / DBC1/~

Average SEM Average SEM
Cholesterol (mg/dL) 500 500
Triglycerides (mg/dL) 776 213 784 150
Glycerol (mg/L) 56.8 9.3 80.3 12.0
Adiponectin (mg/L)* 9.84 0.42 14.63 0.92
Insulin (ng/mL) 0.16 0.05 0.40 0.13

*Shows significant difference, P < 0.05, t test (n = 8 per group).

necrosis factor-a and interleukin-6, two key inflammatory
molecules involved in tissue dysfunction during obesity,
was decreased in inguinal fat after the high-fat diet (Fig.
5H).

DBC1 KO Protects Mice Against Aortic
Atherosclerosis, Inflammation, and Cellular and Tissue
Damage

Finally, we determined the role of DBC1 in the de-
velopment of atherosclerosis. We analyzed dissected
aortas from ApoE ' DBC1"* and ApoE ' DBC1 ™/~
mice after 20 weeks of being fed the Western diet. Oil
Red O staining of whole-mount aortas (Fig. 64) showed
a significant decrease in the total number of plaque forma-
tion (Fig. 6B) and in the total area with plaques (Fig. 6B) in
ApoE/"DBC1™/~ compared with ApoE™/"DBC1"/* mice.
We found a significant downregulation in the expression
of several inflammation and damage markers at the mRNA
level in the aortas of the ApoE~/"DBC1 ™/~ compared with
the ApoE~/~DBC1** mice. In particular, expression of p53,
p21, p65, and MCP-1 were decreased in ApoE ’ DBC1 ™/~
mice (Fig. 6C). Also, Western blot analysis from whole
aortas showed decreased expression of markers of inflam-
mation and tissue dysfunction such as VCAM-1, p53, and
F4/80 (Fig. 6D). One of the early events in the develop-
ment of atherosclerosis is the development of endothelial
dysfunction (32). It has been proposed that FFAs play
a role in the development of endothelial dysfunction and
can cause endothelial apoptosis and endothelial insulin
resistance (33).

To further investigate the mechanism by which DBC1
regulates the development of metabolic syndrome, we
determine if prevention of fatty acid spillover induced by
DBC1 KO protects against peripheral cell and tissue
damage. In this regard, we performed coculture experi-
ments with fat tissue and aortic endothelial cells in the
presence of FFAs. Overnight incubation of aortic endo-
thelial cells with 500 pwmol/L palmitate in the presence of
inguinal fat obtained from ApoE / DBC1"* mice led to
cytotoxicity in endothelial cells and resulted in apoptosis.
However, when the cells where cocultured with fat tissue
obtained from ApoE /" DBC1*/*, apoptosis in endothelial
cells was significantly decreased (Fig. 6E and F). At the
end of the experiment, we measured FFA levels in the
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media and found that in the presence of fat coming
from ApoE /"DBC1™/" mice, FFA levels in the media
were decreased, likely due to the increased fat buffering
capacity from DBC1 KO adipocytes (Fig. 6G). In fact, as
seen in our other experiments, ApoEf/fDBle/f mice
also showed decreased FFA levels in plasma compared
with ApoE_/_DBCf/ * controls (Fig. 6H). Taken together,
our results indicate that DBC1 modulates fat tissue func-
tion, fatty acid spillover, and the development of features
of metabolic syndrome.

DISCUSSION

Obesity-related systemic dysfunction, such as inflamma-
tion, insulin resistance, type 2 diabetes, liver steatosis,
cardiovascular disease, and stroke, are among the leading
causes of death in adults in Western countries (1), and
only in the U.S. does obesity affect 35.7% of adults (1).
Thus, understanding how obesity leads to tissue dysfunc-
tion is of key importance to the development of new
therapeutic approaches.

Our work shows that DBC1 KO female mice are
significantly more obese than their WT litter mates but
remain “healthier” under a normal diet and also under
diet-induced obesity. We propose that during obesity,
metabolic diseases arise, at least in part, as a consequence
of saturation of the storage capacity in fat tissue and
spillover of fatty acids to the media, and we provide
a new molecular pathway that links fat tissue dysfunction
to metabolic syndrome. It is important to highlight that
the phenotype of “healthy obesity” described in this work
happens primarily in female adult mice but not in males.
In fact, although male DBC1 KO mice tend to gain more
weight than their WT litter mates, they do not differ in
their insulin sensitivity when they are fed a high-fat diet,
as we recently showed (31). This is an interesting point,
because the “healthy obesity” phenotype observed in
humans when there is increased subcutaneous fat depo-
sition has been shown to happen primarily in women
(34).

We recently showed that deletion of DBC1 protects
against cellular senescence in adipose tissue during
obesity (35). In fact, the absence of cellular senescence
in DBC1 KO mice can be seen as another characteristic
of the “healthy obesity” phenotype that we describe here,
because it has been shown that obesity leads to an in-
crease in cellular senescence in obese subjects (3). It would
be interesting to determine whether individuals that dis-
play a healthy obesity phenotype also have protection
against cellular senescence and also to determine whether
there is any kind of change in the expression of DBC1 in
these individuals. Our recent work also shows that the
role of DBC1 in the regulation of cellular senescence in
fat tissue might be restricted to high-caloric loads and not
to aging, because we failed to see changes in senescence
between WT and DBC1 KO during aging (35), although we
could only study the mice until 18 months of age, and
differences between mice might arise later in life.
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Figure 6—DBC1 KO protects against aortic atherosclerosis, inflammation, and cellular and tissue damage. A: Oil Red O staining of
dissected aorta from ApoE~"DBC1*/* (upper panel) and ApoE /"DBC1~/~ mice (lower panel) after 20 weeks of being fed the Western
diet. B: Quantitation of the number of lesions and the total area with lesions described in A (n = 5 per group). *Shows significant difference
at P < 0.05, t test. C: mRNA expression in whole aorta from ApoE ™' ~DBC1*/* and ApoE ™~ "DBC1~/~ mice after 20 weeks of being fed the
Western diet (n = 5 per group).*Shows significant difference at P < 0.05, t test. D: Left, Western blots from whole aortas dissected from
ApoE/"DBC1** and ApoE/"DBC1~/~ mice after 20 weeks of being fed the Western diet. Right, Quantitation of band intensity by
densitometry (n = 4 per group). *Shows significant difference at P < 0.05, t test. E-G: Coculture of human aorta endothelial cells
(HAEC) with ApoE™""DBC1~/~ fat depot results in protection against palmitate-induced cellular apoptosis. Inguinal fat depots were
dissected from ApoE/"DBC1** and ApoE ™/ DBC1 ™/~ mice and incubated in media containing 500 wmol/L sodium palmitate. HAEC
cells were added to the media after 8 h, and cells and tissue were incubated together overnight. E: Representative image of caspase-3
activation (green label) after treatment with palmitate overnight in the presence of fat tissue. DAPI (blue label) was used for total cell number
quantitation. F: The percentage of caspase-3—positive cells (i.e., apoptotic cells) in each condition was calculated by comparing the number
of caspase-3—positive cells with the total number of cells. G: After the treatment, FFA levels in the media were measured (n = 3 per group).
*Shows significant difference at P < 0.05, t test. H: FFA levels in plasma in ApoE ~/~DBC1** and ApoE '~ DBC1~/~mice after 20 weeks of
being fed the high-fat diet (n = 8 per group). *Shows significant difference at P < 0.05, t test.

In previous work we showed that DBC1 KO mice were
protected against high-fat diet-induced liver steatosis by
a molecular mechanism that involves SIRT1 activation in
the liver (15). Our new findings suggest that protection
against liver steatosis in the absence of DBC1 may be
a consequence of intrinsic protection against fat deposi-
tion in the liver but also as a bystander effect of decreased
FFA in plasma mediated by increased adipocyte storage
capacity. Although we cannot rule out the possibility that
other molecular targets of DBC1 besides SIRT1 are play-
ing a role in the final phenotype observed, we found that
DBC1 KO mice preserve SIRT1 activity during high-fat

diet-induced obesity. The role of SIRT1 in fat tissue de-
velopment and function is still not completely clear. Some
investigators have found that SIRT1 activation decreases
body weight and fat tissue content (25,36), whereas
others showed no significant effect in weight gain when
mice were fed a high-fat diet (37). On the contrary, loss of
function of SIRT1 decreases body weight and fat tissue
content in mice fed a high-fat diet (38).

Regardless, whether the main molecular target of
DBC1 in fat is SIRT1, we believe the DBC1 protein is
part of a molecular switch that limits fat storage capacity,
which in a chronic situation, will lead to fat tissue
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damage, lipotoxicity, and peripheral tissue dysfunction.
This will eventually lead to the development of type 2
diabetes, fatty liver disease, and cardiovascular diseases.
Previous findings also support the idea that prevention of
fatty acid spillover disconnects obesity from its deleteri-
ous effects. The transgenic mice that overexpress the
hormone adiponectin on an ob/ob background show a sim-
ilar phenotype as the DBC1 KO mice because they become
more obese but preserve insulin sensitivity and show low
levels of FFA in plasma (10). The antidiabetic drug rosigli-
tazone has metabolic effects that resemble the phenotype
of DBC1 deletion. Rosiglitazone, a peroxisome proliferator—
activated receptor-y agonist, increases insulin sensitivity
and lowers FFA levels and glycemia in animal models and
in patients, although it also promotes weight gain
through increased fat accumulation (39,40). Interestingly,
it has been shown that DBC1 KO mice show phenotypic
similarities with peroxisome proliferator—activated receptor-
vy activation (41). Finally, mice that overexpress PEPCK spe-
cifically in fat tissue also show increased obesity due to fat
accumulation but protection against insulin resistance (11).
In agreement with this, we recently showed that DBC1 con-
trols PEPCK expression by a mechanism that is dependent
on SIRT1 (31). We found that DBC1 KO mice showed in-
creased PEPCK expression in the liver, similar to what we
show here for fat tissue, and as result of that, they have
increased gluconeogenesis (31).

Our work brings a new insight into the link between
obesity and metabolic diseases and provides a molecular
mechanism that involves control of fat storage capacity
and as a probable cause for the onset of metabolic
syndrome. We propose that DBC1l acts as part of
a molecular switch to stop fat accumulation in fat tissue,
probably by regulating fat tissue inflammation, preadipo-
cyte differentiation capacity, and also fatty acid esterifica-
tion capacity in adipocytes. Pinpointing the exact molecular
mechanism involved in the effect of DBC1 on fat tissue
function is the goal of future work being been conducted by
our laboratory. Interestingly, the evolutionary role of an
active molecular switch that prevents fat accumulation and
leads to fatty acid spillover and the development of
metabolic syndrome seems puzzling at first. However, we
speculate that the main role of the DBCl-mediated fat
tissue dysfunction and decrease in adipocyte storage
capacity is to prevent the development of the “morbidly
obese” phenotype that in the short-term would impair
physical fitness in the wild. In contrast, the development
of metabolic syndrome induced by the DBCl-mediated
switch would cause health problems only much later in life.

In conclusion, there is growing evidence that supports
the notion that obesity-driven metabolic diseases develop
as a consequence of saturation of fat storage capacity in
fat tissue. In the context of a high-caloric diet, obesity
may act as a protective mechanism against diseases until
fat tissue capacity is overloaded. Understanding the
pathways that are involved in load capacity of fat tissue
may provide new venues to treat obesity-driven metabolic
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diseases. Our work establishes a molecular connection
between fat load capacity in fat tissue and metabolic
peripheral tissue damage. The relative contribution to the
different pathways regulated by DBC1 to the overall
phenotype found will be the subject of future investiga-
tion and may provide new ways for intervention against
deleterious effects of obesity.
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ANEXO 2

La otra linea de investigacion en la que se participo activamente fue el papel de CD38 en la
regulacion de los niveles de NAD+ y sus consecuencias en la actividad de las sirtuinas, la acetilacién
de proteinas y el ciclo circadiano. El resultado de la participacién en estas lineas de investigacién fue

la coautoria en las siguientes publicaciones:

- Flavonoid apigenin is an inhibitor of the NAD+ ase CD38: implications for cellular

NAD+ metabolism, protein acetylation, and treatment of metabolic syndrome.

Escande C, Nin V, Price NL, Capellini V, Gomes AP, Barbosa M'T, O'Neil L, White
TA, Sinclair DA, Chini EN.

Diabetes. 2013 Apr;62(4):1084-93.

- Altered behavioral and metabolic circadian rhythms in mice with disrupted NAD+

oscillation.
Sahar S, Nin V, Barbosa M'T, Chini EN, Sassone-Corsi P.

Aging (Albany NYY). 2011 Aug;3(8):794-802.
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ORIGINAL ARTICLE

Flavonoid Apigenin Is an Inhibitor of the NAD*ase CD38

Implications for Cellular NAD™ Metabolism, Protein
Acetylation, and Treatment of Metabolic Syndrome

Carlos Escande,' Veronica Nin,! Nathan L. Price,? Verena Capellini,' Ana P. Gomes,>
Maria Thereza Barbosa,' Luke O’Neil,' Thomas A. White,! David A. Sinclair,2 and Eduardo N. Chini'

Metabolic syndrome is a growing health problem worldwide. It is
therefore imperative to develop new strategies to treat this
pathology. In the past years, the manipulation of NAD" metabo-
lism has emerged as a plausible strategy to ameliorate metabolic
syndrome. In particular, an increase in cellular NAD* levels has
beneficial effects, likely because of the activation of sirtuins. Pre-
viously, we reported that CD38 is the primary NAD"ase in mam-
mals. Moreover, CD38 knockout mice have higher NAD* levels
and are protected against obesity and metabolic syndrome. Here,
we show that CD38 regulates global protein acetylation through
changes in NAD" levels and sirtuin activity. In addition, we char-
acterize two CD38 inhibitors: quercetin and apigenin. We show
that pharmacological inhibition of CD38 results in higher intra-
cellular NAD" levels and that treatment of cell cultures with api-
genin decreases global acetylation as well as the acetylation of
P53 and RelA-p65. Finally, apigenin administration to obese mice
increases NAD" levels, decreases global protein acetylation, and
improves several aspects of glucose and lipid homeostasis. Our
results show that CD38 is a novel pharmacological target to treat
metabolic diseases via NAD*-dependent pathways. Diabetes
62:1084-1093, 2013

besity is a disease that has reached epidemic

proportions in developed and developing coun-

tries (1-3). In the U.S., >60% of the population is

overweight (1,3,4). Obesity is a feature of meta-
bolic syndrome, which includes glucose intolerance, insulin
resistance, dyslipidemia, and hypertension. These patholo-
gies are well-documented risk factors for cardiovascular
disease, type 2 diabetes, and stroke (4). It is therefore im-
perative to envision new strategies to treat metabolic syn-
drome and obesity.

Recently, the role of NAD" as a signaling molecule in
metabolism has become a focus of intense research. It was
shown that an increase in intracellular NAD" levels in
tissues protects against obesity (5,6), metabolic syndrome,
and type 2 diabetes (5-7). Our group was the first to dem-
onstrate that an increase in NAD™ levels protects against
high-fat diet-induced obesity, liver steatosis, and metabolic
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syndrome (5). This concept was later expanded by others
using different approaches, including inhibition of poly-ADP-
ribose polymerase (PARP)1 (6) and stimulation of NAD*
synthesis (7).

The ability of NAD* to affect metabolic diseases seems
to be mediated by sirtuins (8). This family of seven NAD*-
dependent protein deacetylases, particularly SIRT1, SIRTS,
and SIRT6, has gained significant attention as candidates
to treat metabolic syndrome and obesity (9). Sirtuins use
and degrade NAD" as part of their enzymatic reaction (8),
which makes NAD™ a limiting factor for sirtuin activity (9).
In particular, silent mating information regulation 2 ho-
molog 1 (SIRT1) has been shown to deacetylate several
proteins, including p53 (10), RelA/p65 (11), PGCl-a (12),
and histones (13), among others. In addition, increased
expression of SIRT1 (14), increased SIRT1 activity (15),
and pharmacological activation of SIRT1 (16) protect mice
against liver steatosis and other features of metabolic
syndrome when mice are fed a high-fat diet. Given the
beneficial consequences of increased SIRT1 activity, great
efforts are being directed toward the development of
pharmacological interventions aimed at activating SIRT1.

We previously reported that the protein CD38 is the
primary NAD*ase in mammalian tissues (17). In fact, tis-
sues of mice that lack CD38 contain higher NAD™" levels
(17,18) and increased SIRT1 activity compared with wild-
type mice (5,17). CD38 knockout mice are resistant to
high-fat diet-induced obesity and other aspects of meta-
bolic disease, including liver steatosis and glucose in-
tolerance, by a mechanism that is SIRT1 dependent (5).
These multiple lines of evidence suggest that pharmaco-
logical CD38 inhibition would lead to SIRT1 activation
through an increase in NAD" levels, resulting in beneficial
effects on metabolic syndrome.

Recently, it was shown that in vitro, CD38 is inhibited by
flavonoids, including quercetin (19). Flavonoids are naturally
occurring compounds present in a variety of plants and
fruits (20). Among them, quercetin [2-(3,4-dihydroxyphenyl)-
3,5,7-trihydroxy-4H-chromen-4-one] and apigenin [5,7-
dihydroxy-2-(4-hydroxyphenyl)-4H-1-benzopyran-4-one| have
been shown to have beneficial effects against cancer (21-24).
In fact, apigenin and quercetin ameliorate atherosclerosis (25)
and reduce inflammation (26-28). However, the mechanisms
of action of flavonoids remain largely unknown. We hypoth-
esized that the effect of some flavonoids in vivo may occur
through inhibition of CD38 and an increase in NAD" levels in
tissues, which lead to protection against metabolic syndrome.

Here, we show that CD38 expression and activity regu-
late cellular NAD™ levels and global acetylation of proteins,
including SIRT1 substrates. We confirmed that quercetin
is a CD38 inhibitor in vitro and in cells. Importantly, we
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demonstrate that apigenin is a novel inhibitor of CD38
in vitro and in vivo. Treatment of cells with apigenin or
quercetin inhibits CD38 and promotes an increase in in-
tracellular NAD" levels. An increased NAD™ level decrea-
ses protein acetylation through sirtuin activation. Finally,
treatment of obese mice with apigenin results in CD38
inhibition, higher NAD™ levels in the liver, and a decrease
in protein acetylation. Apigenin treatment improves glu-
cose homeostasis, glucose tolerance, and lipid metabolism
in obese mice. Our results clearly demonstrate that CD38
is a novel therapeutic target for the treatment of metabolic
diseases and that apigenin and quercetin as well as other
CD38 inhibitors may be used to treat metabolic syndrome.

RESEARCH DESIGN AND METHODS

Reagents and antibodies. All reagents and chemicals were from Sigma-
Aldrich. Antibodies for human SIRT1, mouse SIRT1, p65, acetylated p53 (K382),
phosphorylated AMP-activated protein kinase (AMPK) (Thr172), AMPK, and
acetyl-lysine were from Cell Signaling Technology. Antibody against Nampt
was from Bethyl Laboratories. Anti-human CD38 antibody was from R&D
Biosystems, and anti-mouse CD38 was from Epitomics.

Cell culture. A549 cells were kept in RPMI 1640 media supplemented with 10%
FBS and penicillin/streptomycin (Invitrogen). Primary CD38 wild-type and
knockout mouse embryonic fibroblasts (MEFs) were kept in Dulbecco’s modified

Eagle’s medium supplemented with 10% FBS, penicillin/streptomycin, and glu-
tamine. Primary MEFs were isolated form embryos (E18) from wild-type and
CD38 knockout mice. Primary MEFs were used between passages 2 and 5. 293T
and hepatocellular carcinoma (Hep)G2 cells were kept in Dulbecco’s modified
Eagle’s medium supplemented with 10% FBS and penicillin/streptomycin.
Overexpression and small interfering RNA. Full-length human CD38 was
subcloned into a modified pIRES2—enhanced green fluorescent protein vector.
For overexpression, 293T cells were transfected for 48 h with Lipofectamine
2000 (Invitrogen) following the manufacturer’s instructions.

For CD38 knockdown experiments, probe no. 2 of a TriFECTa kit against

human CD38 was used (cat. no. HSC.RNALN001775.12.2; IDT). Ab49 cells
were transfected with 40 nmol small interfering RNA (siRNA) duplex using
Lipofectamine 2000 according to the manufacturer’s instructions.
Determination of CD38 activity. Determination of CD38 activity in cells and
tissues was performed as previously described (17). In vitro CD38 activity was
measured using 0.1 unit of recombinant human CD38 (R&D Systems) in 0.25
mol/Li sucrose and 40 mmol/L Tris-HCl (pH 7.4). The reaction was started
by addition of 0.2 mmol/L substrate. Nicotinamide 1,N6-ethenoadenine di-
nucleotide was used to determine NAD"ase activity and nicotinamide guanine
dinucleotide to determine cyclase activity. CD38 activity was expressed as
arbitrary fluorescent units per minute (AFU/min).
NAD™* quantification. NAD" extraction and quantification was performed as
previously described (17). In brief, cells were lysed by sonication in ice-cold
10% trichloroacetic acid, and then the trichloroacetic acid was extracted with
two volumes of an organic phase consisting of 1,1,2-trichloro-1,2 2-trifluro-
ethane and trioctylamine. NAD* concentration was measured by means of an
enzymatic cycling assay (18).
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FIG. 1. CD38 overexpression decreases NAD" and promotes protein acetylation in cells. 293T cells were transfected with empty vector or human
CD38-coding vector. After 48 h, cells were harvested, and NAD*ase activity (4), ADP-ribosyl-cyclase activity (B), and total intracellular NAD*
levels (C) were measured in cell lysates. *P < 0.05, n = 3. D: Western blot for CD38 in 293T cells transfected with empty vector or with human
CD38. E: Western blot showing total protein acetylation in cells transfected with empty vector or with human CD38. Anti-acetylated (Ac) lysine
antibody was used. Red arrows highlight the main bands that showed variations in intensity. F: Intensity profile of the Western blot shown in E.
Western blots were scanned and intensity profile was obtained using Imaged. Red arrows correspond with intensity of the same bands shown in E.
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Determination of SIRT1 activity. SIRT1 activity was measured with a fluo-
rimetric assay (Enzo) as previously described (15). One unit of human
recombinant SIRT1 was incubated with different concentrations of apigenin
plus 100 wmol/L Fluor-de-Lys p53 tetra peptide and 100 wmol/L NAD™. Fluor-
de-Lys developer was prepared according to the manufacturer’s recom-
mendations and added to the reactions for 1 h. Fluorescence was read with an
excitation of 360 nm and emission at 460 nm.

Mouse studies. All mice used in this study were maintained in the Mayo Clinic
Animal facility. All experimental protocols were approved by the institutional
animal care and use committee at Mayo Clinic (protocol no. A33209), and all
studies were performed according to the methods approved in the protocol. For
generation of obese mice, twelve 20-week-old C57BL/6 mice were placed on
a high-fat diet (AIN-93G, modified to provide 60% of calories from fat; Dyets) ad
libitum for 4 weeks. Body weight was recorded weekly. After 4 weeks of high-
fat diet, mice were randomly divided in two groups and injected daily with 100
mg/kg i.p. apigenin or vehicle for 7 consecutive days while remaining on the
high-fat diet. During the treatments, food intake and body weight were mon-
itored daily. There was no difference in these parameters between groups. For
the glucose tolerance experiments, mice were housed for 24 h without food, but
with water ad libitum, and challenged with one dose of 1.5 g/kg i.p. dextrose.
Area under the curve was calculated by the net incremental method (with
baseline) and presented as incremental area under the curve.

Gene expression analysis. RNA from flash-frozen liver tissue was extracted
with an RNeasy Mini Kit (Qiagen) according to the manufacturer’s instructions.
cDNA was synthesized with the iSCRIP cDNA synthesis kit (BioRad) using
600 ng RNA. Quantitative RT-PCR reactions were performed using 1 pmol/L

>
w

primers and LightCycler 480 SYBR Green Master (Roche) on a LightCycler 480
detection system (Roche). Calculations were performed by a comparative
method (2-ACT) using 18S rRNA as an internal control. Primers were designed
using the IDT software, and the primer sequences were as follows: long-chain
acyl-CoA dehydrogenase (LCAD), forward (Fw) GGTGGAAAACGGAAT
GAAAGG, reverse (Rv) GGCAATCGGACATCTTCAAAG; medium-chain acyl-CoA
dehydrogenase (MCAD), Fw TGTTAATCGGTGAAGGAGCAG, Rv CTATCCA
GGGCATACTTCGTG; CPT1a, Fw AGACAAGAACCCCAACATCC, Rv CAA
AGGTGTCAAATGGGAAGG; and 18S, Fw CGGCTACCACATCCAAGGAA, Rv
GCTGGAATTACCGCGGCT.

Lipid treatment. Cells were incubated with a mixture of oleic acid and pal-
mitic acid in a 2:1 ratio in culture media supplemented with 1% fatty acid—free
BSA (Sigma-Aldrich). Lipids were used at concentrations shown to induce
steatosis but not apoptosis (15). Incubations with lipids were performed for
16-24 h.

Statistics. Values are presented as means = SEM of three to five experiments
unless otherwise indicated. The significance of differences between means
was assessed by ANOVA or two-tailed Student ¢ test. A P value <0.05 was
considered significant.

RESULTS

CD38 overexpression decreases NAD* and promotes
protein acetylation. We have previously shown that
CD38 is the primary NAD"ase in mammalian tissues (17).
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FIG. 2. CD38 downregulation increases NAD* and decreases protein acetylation in cells. A549 cells were transfected with a scrambled siRNA
(control siRNA) or human CD38 siRNA. After 72 h, cells were harvested and NAD"ase activity (A), ADP-ribosyl-cyclase activity (B), and total
intracellular NAD" levels (C) were measured from cell lysates. *P < 0.05, n = 3. D: Western blot showing total protein acetylation in cells
transfected with control siRNA or with human CD38 siRNA. Anti-acetylated (Ac) lysine antibody was used. Red arrows highlight the main bands
that showed variations in intensity. E: Intensity profile of the Western blot shown in D. Western blots were scanned and intensity profile was
obtained using Image J. Red arrows correspond with intensity of the same bands showed in D. F-H: Primary MEF's were purified and cultured from
wild-type (WT) and CD38 knockout (KO) mice. F: Intracellular NAD* levels (*P < 0.05, n = 3). G: Western blot from wild-type and CD38 knockout
MEFs showing total protein acetylation in these cells. H: Representative Western blot in wild-type and CD38 knockout MEFs. Acetylated RelA/p65
(K310), total RelA/p65, SIRT1, CD38, and actin antibodies were used.
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CD38-deficient mice have increased NAD" levels in multi-
ple tissues (5,17). To further characterize the role of CD38
in the regulation of NAD"-dependent cellular events, we
studied the effect of CD38 manipulation in cells. We found
that cells that overexpress CD38 show a significant in-
crease in NAD"ase and ADP ribosyl cyclase activities
(Fig. 1A and B) and a consistent decrease in intracellular
NAD™ levels (Fig. 1C). Interestingly, we found that over-
expression of CD38 also led to an increase in global pro-
tein acetylation (Fig. 1F). The pattern of acetylated
proteins was analyzed by plotting an intensity profile of the
lanes in the Western blots (Fig. 1F). It is worth noting that
CD38 overexpression promotes changes in the level of
acetylation of several proteins (red arrows in Fig. 1E and
F), while other bands remain unchanged. This is consistent
with the fact that only sirtuin deacetylases depend on
NAD™ for their activity (8); histone deacetylases of classes
I and II have a different enzymatic mechanism that does
not require NAD™ (29).

CD38 downregulation increases NAD* and decreases
protein acetylation. Next, we examined whether CD38
downregulation promotes the opposite effect on cellular
NAD™ levels and global protein acetylation. This is of key
relevance, since we (5) and other investigators (6,7) have
shown that an increase in intracellular NAD" levels pro-
tects against metabolic diseases and aging. We transfected
cells with control or CD38 siRNA. Cells treated with CD38
siRNA had decreased NAD*ase and ADP ribosyl-cyclase
activities (Fig. 2A and B) and a significant increase in in-
tracellular NAD™ levels (Fig. 2C), consistent with the di-
minished CD38 NAD"ase activity. Moreover, the increase
in NAD" levels was accompanied by a decrease in global

protein acetylation (Fig. 2D and E). Finally, we isolated
primary MEFs from wild-type and CD38 knockout mice
and measured NAD" levels and protein acetylation. We
found that CD38 knockout MEFs have increased NAD*
levels (Fig. 2F) and decreased global protein acetylation
(Fig. 2G). We also analyzed p65/RelA acetylation at K310,
a site that is an accepted target for cellular SIRT1 activity
(7,11). We found that CD38 knockout MEFs show no de-
tectable p65/RelA (K310) acetylation compared with wild-
type cells, despite having similar total p65/RelA protein
(Fig. 2H) and similar SIRT1 levels. This indicates that
SIRT1 activity is increased in the CD38 knockout MEFs.
Apigenin and quercetin inhibit CD38 activity in vitro.
By use of high-throughput analysis to search for inhibitors
of CD38, we found that several flavonoids, including
quercetin and apigenin, inhibit CD38 in vitro. The complete
screen will be published elsewhere. Recently, Kellenberger
et al. (19) also published a list of flavonoids that act as
CD38 inhibitors in vitro, many of which were also con-
firmed by our analysis. Quercetin was one of the com-
pounds found by Kellenberger et al. (19) to inhibit CD38 in
vitro. Apigenin, however, was demonstrated to be a novel
CD38 inhibitor. We proceeded to further characterize
these compounds in vitro and in cells.

The effect of apigenin and quercetin on CD38 activity in
vitro was studied using the soluble ectodomain of human
CD38 (17). We found that apigenin (Fig. 3A) inhibits in
vitro CD38 activity with a half-maximal inhibitory con-
centration (ICsg) of 10.3 * 2.4 umol/L for the NAD*ase
activity and an ICsg of 12.8 = 1.6 pmol/L for the ADP-
ribosyl-cyclase activity (Fig. 3B and C). In vitro, quercetin
(Fig. 3D) inhibits CD38 NAD"ase activity with an ICs, of
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FIG. 3. The flavonoids apigenin and quercetin inhibit CD38 activity in vitro. A: Chemical structure of apigenin. B and C: In vitro NAD*ase (B) and
ADP-ribosyl-cyclase (C) activity using human recombinant-purified CD38 and different concentrations of apigenin. D: Chemical structure of
quercetin. E and F: In vitro CD38 NAD"ase activity (E ) and ADP-ribosyl-cyclase activity (') using human recombinant-purified CD38 and different
concentrations of apigenin. In all the measurements, compounds were used in the 0.5-100 pmol/L concentration range. Each measurement was
done by triplicate. Data points were fitted to a standard competitive inhibition curve using a nonlinear regression program (GraphPad Prism) to

yield the IC;, value.
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13.8 £ 2.1 pmol/L (Fig. 3F) and ADP-ribosyl-cyclase ac-
tivity with an IC5q of 15.6 = 3.5 pmol/L (Fig. 3F).

CD38 inhibition by quercetin and apigenin increases
NAD* levels in cells. Although several flavonoids can
inhibit purified recombinant CD38 in vitro (19), it is not
known what effects these compounds have in cells. First,
we measured the effect of quercetin on endogenous cel-
lular CD38 activity. Inhibition of CD38 activity by quercetin
in cells (IC5 = 16.4 = 1.8 pmol/L) resembles the effect on
the recombinant protein (Fig. 4A). Furthermore, we found
that quercetin promotes an increase in intracellular NAD™*
in a dose-dependent manner (Fig. 4B). To further confirm
this effect, we incubated cells in PBS and measured in-
tracellular NAD" levels over time. We found that in un-
treated cells, NAD" levels decrease with time (Fig. 40),
probably as a result of the removal of NAD" precursors
from the culture media. However, when the cells were
treated with quercetin, NAD" levels were stable over time,
suggesting that inhibition of CD38 is enough to maintain
intracellular NAD" levels in the absence of NAD® pre-
cursors. Finally, in order to confirm that the effect of
quercetin on cellular NAD* levels was dependent on CD38,
we measured NAD®' after incubation with quercetin in
wild-type and CD38 knockout MEFs. We found that quer-
cetin promotes an increase in NAD" in the wild-type MEFs
but does not further increase NAD®' levels in CD38
knockout MEFs (Fig. 4D), indicating that the effect of
quercetin on NAD" levels is CD38 dependent.
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Apigenin also inhibits CD38 activity in cells (Fig. 5A4). In
fact, inhibition of cellular CD38 was very similar to that
observed with the purified recombinant protein (IC5, =
14.8 = 2.2 pmol/L in cells and 10.3 = 2.4 pmol/L in vitro).
Apigenin treatment increased NAD" levels in cells in
a dose-dependent manner (Fig. 5B) and protected against
NAD" depletion when cells were incubated in PBS (Fig.
5(C). Furthermore, treatment of CD38 knockout MEF's with
apigenin had no effect on NAD" levels (Fig. 5D), indicating
that the effect of apigenin on NAD" levels is mediated by
CD38. Interestingly, we found that treatment of wild-type
MEFs with apigenin decreased acetylation of RelA/p65
(Fig. bE). However, in the CD38 knockout MEFs, RelA/p65
acetylation levels were undetectable in the control, and
therefore we could not determine the effect of apigenin
(Fig. 5E). These results are consistent with the effect of
apigenin in intracellular NAD" levels in these cells (Fig.
5D). Quercetin has been shown to activate SIRT1 in vitro
(30), suggesting that it may activate SIRT1 activity by
two different mechanisms. To rule out a possible direct
effect of apigenin on SIRT1 activity, we measured in
vitro recombinant SIRT1 activity in the presence of dif-
ferent concentrations of apigenin. We observed that
apigenin does not activate SIRT1 directly (Fig. b5F).
Combined, these results clearly demonstrate that api-
genin inhibits CD38 in cells and by doing so promotes an
increase in NAD™ levels that stimulates NAD"-dependent
deacetylases.
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FIG. 4. CD38 inhibition by quercetin increases NAD" levels in cells. A: Endogenous CD38 NAD"ase activity was measured in protein lysates from
A549 cells. Quercetin was used in the 0.5-100 pmol/L concentration range. Each measurement was done in triplicate. Data points were fitted to
a standard competitive inhibition curve using a nonlinear regression program (GraphPad Prism) to yield the IC;, value. B: NAD* dose-response
curve in A549 cells treated with quercetin. Cells were incubated with quercetin for 6 h before NAD* extraction. *P < 0.05, n = 3. C: NAD" time
course in A549 cells incubated in PBS (@) or in PBS plus quercetin (50 pmol/L) (H). *P < 0.05, n = 3. D: Intracellular NAD* levels in wild-type
(WT) and CD38 knockout (KO) MEFs treated with vehicle (control) (ll) or with quercetin (50 pmol/L) ([]) for 6 h. NAD" levels were expressed as
percent of change with respect to the control for both cells. Total NAD* levels were significantly higher in CD38 knockout MEFs. (See Fig. 2F.)
*P < 0.05,n = 3.
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0.05, n = 3. E: Western blot of wild-type and CD38 knockout MEFs that were treated with vehicle or apigenin as described in D. Samples were
immunoblotted for acetylated (Ac)-p65 (K310), total p65, CD38, SIRT1, and actin. F: In vitro SIRT1 activity using recombinant-purified human
SIRT1. SIRT1 activity was measured in the presence of different concentrations of apigenin (0-100 pmol/L). Activity was determined in the linear
portion of the reaction.

CD38 inhibition by apigenin increases NAD® and To determine the relevance of SIRTI1 in the deacetyla-
decreases protein acetylation in mice. Apigenin and tion of proteins triggered by apigenin treatment, we used
quercetin have been shown to ameliorate atherosclerosis human HepG2 cells: a well-accepted cellular model for
in mice (25) and to protect against lipid accumulation in studying hepatic cellular signaling (15,25,31). We found
cells (25). However, the mechanism of action has not been that treatment with apigenin decreases total protein acet-
elucidated. In fact, while most flavonoids activate AMPK, ylation—an effect that is lost in the presence of the
which could explain some of the metabolic effects ob- SIRT1 inhibitor EX527 (Fig. 6F). Furthermore, treatment
served, apigenin is a very poor AMPK activator (25). of HepG2 cells with apigenin decreased acetylation of p53
Based on the results obtained in cells, we tested whether at K382 and also of RelA/p65 at K310: sites that are
apigenin inhibits CD38 in vivo using a model of high-fat deacetylated by SIRT1 (Supplementary Fig. 1). This effect
diet-induced obesity (5,15). We fed adult mice a high-fat was reverted when cells were also incubated with the
diet for 4 weeks. After, we divided the mice randomly in sirtuin inhibitor nicotinamide (Supplementary Fig. 1).
two groups. Each group was injected daily with apigenin Taken together, these results show that apigenin inhibits
(100 mg/kg) or vehicle (DMSO) for a week. We found that CD38 in vivo and is associated with increased NAD" and
mice that had been injected with apigenin had decreased decreased protein acetylation, likely through the activation
CD38 activity in the liver (Fig. 6A), which correlated with  of SIRT1.
an increase in hepatic NAD™ levels compared with control CD38 inhibition by apigenin improves glucose
mice (Fig. 6B). We then examined whether the apigenin homeostasis in vivo and promotes fatty acid oxidation
treatment had an effect on the level of expression of sev- in the liver. Finally, we tested whether apigenin protects
eral proteins involved in NAD™ metabolism. As shown in against high-fat diet-induced hyperglycemia. We found that
Fig. 6C, we found no significant differences in the ex- after 4 days of treatment, the mice treated with apigenin had
pression of CD38, SIRT1, or Nampt, the primary regulator significantly lower blood glucose levels compared with the
of the NAD" salvage pathway. Furthermore, we did not see  control mice (Fig. 7A). Fasting blood glucose levels were also
any changes in phosphorylation or total levels of AMPK significantly lower after 1 week of treatment with apigenin
(Fig. 6C). However, when we analyzed the liver samples (Fig. 7B). Moreover, we found that 1 week of treatment with
using an acetyl-lysine antibody, we found that the apigenin  apigenin was enough to improve glucose homeostasis in the
treatment resulted in a statistically significant decrease in mice (Fig. 7C and D). SIRT1 activation promotes fatty acid
global acetylation of proteins (Fig. 6D and E). oxidation in the liver by inducing the expression of several
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enzymes involved in fatty acid and cholesterol metabolism
(32). In fact, SIRT1 activation in the liver prevents liver
steatosis (5,14,15). Mice treated with apigenin had in-
creased expression of the enzymes MCAD and LCAD in
the liver (Fig. 84), suggesting that apigenin treatment en-
hanced fatty acid oxidation. We confirmed these data by
measuring total triglyceride content in the liver. Indeed,
we found that the mice treated with apigenin had lower
triglyceride levels in the liver compared with control mice
(Fig. 8B), showing that apigenin promotes hepatic lipid
oxidation. To further confirm this finding, we measured
lipid accumulation in cells, using an in vitro model of he-
patic steatosis (15). We found that apigenin decreases lipid
accumulation in cells and that this effect was completely
blocked by the SIRT1 inhibitor EX527 (Fig. 8C). Together,
these results show that inhibition of CD38 by apigenin, and
perhaps by other flavonoids, constitutes a pharmacologi-
cal approach to activate sirtuins and treat high-fat diet—
induced metabolic disorders. Furthermore, our results
point to CD38 as a novel pharmacological target to treat
metabolic diseases.
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DISCUSSION

The alarming expansion of metabolic diseases has trig-
gered a considerable effort in the development of phar-
macological strategies to prevent and treat them. In this
regard, the study of sirtuins and specifically SIRT1 has
become of great relevance due to the many beneficial
effects of their action (8,9). In fact, how to achieve SIRT1
activation in vivo is a subject of intense investigation. One
of the strategies to achieve such activation has been the
use of drugs that directly target SIRT1. Resveratrol (16)
and SRT1720 (33) are two of the early SIRT1-activating
compounds that improve metabolism and protect against
metabolic disorders, although there is a debate about their
mechanism of action (34-36). Another mechanism to
achieve SIRT1 activation in vivo is to raise intracellular
levels of NAD" either by increased synthesis or diminished
degradation (5-7,18). Previously, we have shown that the
enzyme CD38 is the principal regulator of intracellular
NAD™ levels in mammalian tissues (17). In fact, we were
the first to show that increasing NAD™ levels by deletion of
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CD38 protects against diet-induced obesity through SIRT1
activation (5). Other research groups later confirmed the
importance of NAD" in the prevention of metabolic dis-
eases. Yoshino et al. (7) showed that administration of
nicotinamide mononucleotide (a NAD" precursor) to mice
protects against high-fat diet-induced metabolic disor-
ders. Bai et al. (6) obtained similar results using PARP1
knockout mice. Taken together, the evidence shows that
pharmacological interventions that increase NAD* are
a promising avenue for treating metabolic disorders.
However, the mechanism by which cellular NAD" is in-
creased may have different long-term outcomes. We fol-
lowed survival of wild-type, CD38 knockout, and PARP1
knockout mice fed a high-fat diet. Preliminary studies with
small numbers of mice suggest that CD38 knockout mice
have increased average and maximum life span compared
with wild-type mice when they are fed a high-fat diet.
However, in the PARP1 knockout mice, which also have
increased cellular NAD" levels (6), the outcome was oppo-
site this (Supplementary Fig. 2), with the PARP1 knockout
mice having a decreased life span compared with the wild-
type mice. This difference in survival could be explained by
the fact that PARP1 is involved in genomic stability (37) and
DNA repair both in the nucleus (37) and in mitochondria
(38,39). This suggests that although CD38 and PARP1
knockout mice have similar protection against metabolic
disorders, they may have distinct effects on longevity.
Here, we describe for the first time that the flavonoid
apigenin is a CD38 inhibitor, and both apigenin and quer-
cetin promote changes in intracellular NAD™ levels. This
increase in NAD" levels leads to changes in protein acet-
ylation likely due to an increase in sirtuin activity. Fur-
thermore, we show that apigenin improves glucose
homeostasis and reduces lipid content in the liver in a
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model of high-fat diet-induced obesity. Our results suggest
that lipid oxidation is increased by a SIRT1-dependent
mechanism. However, it could also happen that fatty acid
synthesis or export is altered, since SIRT1 has been shown
to regulate both processes (40,41). Our results demon-
strate that CD38 is a promising pharmacological target to
promote sirtuin actions and to treat metabolic diseases.

Flavonoids, including apigenin and quercetin, have
broad beneficial effects (20). These two flavonoids ame-
liorate atherosclerosis in mouse genetic models (25). Al-
though some of the beneficial effects of flavonoids on
metabolism are believed to be AMPK mediated (25), this
has not been clearly elucidated. Indeed, apigenin is a very
weak AMPK activator in vivo (25), which suggests an ad-
ditional mechanism of action. Our findings provide mech-
anistic evidence that flavonoids can promote an increase
in NAD" levels through inhibition of CD38, resulting in
changes in protein acetylation, most likely through stimu-
lation of SIRT1 (Fig. 8D). Although we show here that
CD38 inhibition affects SIRT1 activity, it is likely that other
sirtuins will also be stimulated by CD38 inhibition. In-
terestingly, CD38 is also present and active in the mito-
chondria (42,43), where it may regulate mitochondrial
NAD™ levels and mitochondrial sirtuin activity.

It is likely that, similar to what happens with many other
natural compounds, apigenin and quercetin have other
cellular targets besides CD38. However, we clearly show
that the increase in cellular NAD" levels promoted by
these compounds depends on CD38. More importantly, our
findings support the idea that pharmacological inhibition
of CD38 can be achieved as a strategy to treat obesity and
obesity-related diseases. Further research will help to de-
velop highly selective CD38 inhibitors that may be used as
an approach to treat metabolic syndrome in humans.
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Abstract: The Intracellular levels of nicotinamide adenine dinucleotide (NAD®) are rhythmic and controlled by the
circadian clock. However, whether NAD™ oscillation in turn contributes to circadian physiology is not fully understood.
To address this question we analyzed mice mutated for the NAD* hydrolase CD38. We found that rhythmicity of NAD*
was altered in the CD38-deficient mice. The high, chronic levels of NAD" results in several anomalies in circadian
behavior and metabolism. CD38-null mice display a shortened period length of locomotor activity and alteration in the
rest-activity rhythm. Several clock genes and, interestingly, genes involved in amino acid metabolism were deregulated
in CD38-null livers. Metabolomic analysis identified alterations in the circadian levels of several amino acids,
specifically tryptophan levels were reduced in the CD38-null mice at a circadian time paralleling with elevated NAD*
levels. Thus, CD38 contributes to behavioral and metabolic circadian rhythms and altered NAD™ levels influence the

circadian clock.

INTRODUCTION

Circadian rhythms occur with a periodicity of about 24
hours and regulate a wide array of metabolic and
physiologic functions. A robust circadian clock allows
organisms to anticipate environmental changes and to
adapt their behavior and physiology to the appropriate
time of day. Disturbances in the functionality of this
“body clock” have been shown to lead to various
diseases, such as sleep disorders, depression, metabolic
syndrome and cancer [1,2]. Circadian rhythms are
regulated by transcriptional and post-translational
feedback loops generated by a set of interplaying clock
proteins.  The transcription factors CLOCK and
BMALL operate as the master regulators of the clock
machinery. CLOCK:BMAL1 heterodimers bind to
promoters of clock controlled genes (CCGs) and

regulate their expression. Some CCGs are special in the
sense that they encode other core-clock regulators, such
as Period and Cryptochrome genes, which negatively
feedback on the clock machinery [1-3]. Recently, the
deacetylase sirtuin 1 (SIRT1) was identified as a
modulator of the circadian clock machinery that
counterbalances the acetyltransferase activity of
CLOCK [4-7]. Moreover, an additional novel
transcriptional/enzymatic feedback loop that regulates
the circadian clock has recently been uncovered [8,9].
The circadian clock controls the levels of NAD" by
regulating  the  expression  of  nicotinamide
phosphoribosyltransferase (NAMPT), the rate-limiting
enzyme in the salvage pathway of NAD" biosynthesis
[8,9]. NAD" is also synthesized from the amino acid
tryptophan by the de novo synthesis pathway.
Tryptophan levels have been shown to oscillate in

www.impactaging.com

AGING, August 2011, Vol.3 No.8


mailto:psc@uci.edu

plasma [10], perhaps contributing to the oscillations in
NAD" levels. NAD" is a cofactor and /or substrate for
over 300 enzymes and acts as a cellular energy
currency. SIRT1 is one such enzyme whose deacetylase
activity is NAD®-dependent [11]. In addition,
poly(ADP-ribose) polymerase (PARP)-1 and PARP-2
are NAD-consuming enzymes, and their deletion raises
NAD" levels in mice [12,13]. Moreover, the SIRT1 and
PARPs systems have been linked as they possibly use
the same NAD® cellular pool [14]. Circadian
oscillations in NAD" levels drive SIRT1 rhythmic
activity [4]. SIRTL, in turn, is recruited to the Nampt
promoter along with CLOCK and BMALL. Thus, the
circadian  machinery is  regulated by an
enzymatic/transcriptional  feedback loop, wherein
SIRT1 regulates the levels of its own coenzyme [8,9].
Interestingly, PARP-1 activity has also been shown to
display circadian oscillation [15]. These findings
highlight the intimate connections between the circadian
clock and cellular metabolism [16].
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Figure 1. Effect of CD38 on NAD" levels. WT and CD38 KO
mice entrained in 12 hr Light — 12 hr Dark (LD) cycles were
sacrificed at indicated times and their liver was dissected out.
(A) NAD" concentration was measured by a cycling enzymatic
assay. *, p<0.05 (WT vs KO ZT7); **, p<0.001 (WT vs KO ZT 15)
[n=3 each time point] (B) NADase activity was measured by a
flurometric assay. **, p<0.001 (WT vs KO for each time point)
[n=3 each time point].

Since the clock machinery controls the cyclic levels of
NAD®, we wondered about the importance of this
oscillation with respect to circadian function. We
thereby questioned whether an imbalance of NAD"
levels in animals with an intact clock system would lead
to defects in circadian rhythms. To test this hypothesis,
we analyzed the circadian behavior and metabolism of
CD38-deficient (KO) mice which display very high
levels of NAD" in tissues such as the brain and liver

[17,18]. CD38 is a membrane protein that has multiple
enzymatic activities [19], the major being the hydrolysis
of NAD", through which it controls cellular NAD"
levels [20,21]. CD38 is also present on the inner nuclear
membrane and regulates SIRT1 activity through
modulation of NAD" levels [17,22]. SIRT1 activity is
higher in the CD38-KO mice [22]. Interestingly, CD38-
KO mice are resistant to high-fat diet-induced obesity,
in part through the activation of the SIRT1-PGCla axis
[23]. Our present study shows that chronically elevated
levels of NAD" in CD38-null mice lead to modulation
of the circadian clock illustrated by altered circadian
behavior, clock gene expression and amino acid
metabolism.

RESULTS

Altered circadian NAD" levels in CD38-null mice. It
has been reported that the CD38-KO mice have elevated
levels of NAD" in most tissues [17,18]. We analyzed
the profile of NAD" levels throughout the circadian
cycle. NAD" levels were measured at various zeitgeber
times (ZTs) and were found to oscillate in the liver as
described [9] (Fig. 1A). The oscillation of NAD" was
significantly altered in the liver of CD38-KO mice,
being much higher than in WT mice at ZT7 and ZT15,
with unchanged levels at ZT23 (Fig. 1A). Most
remarkably, NAD" levels in the CD38-KO mice were
about 5 times higher than in WT animals at ZT15. Next,
we wanted to determine whether the differences in
NAD" levels between WT and CD38-KO mice may be
due to a change in NADase activity. Indeed, NADase
activity in the liver of CD38-KO mice was drastically
lower as compared to the WT animals at ZT7 and ZT15
(Fig 1B; ref. 13). Surprisingly, CD38-KO mice display
high level of NADase activity (~50% of the WT
activity) at ZT23. While the reasons for this could be
due to a time-specific increase in the expression/activity
of another unrecognized NAD® glycohydrolase, this
result explains the comparable NAD" levels at ZT23.

CD38-KO mice display a shorter period length of
locomotor activity. The deregulation of NAD"
oscillation in the CD38-KO mice prompted us to
monitor the circadian behavior of these mice. We
analyzed the period length (tau) of locomotor activity
under constant conditions. After entrainment on a 12
hour Light: 12 hour Dark (LD) cycle for more than 3
weeks, CD38 WT and KO mice were transferred to
constant darkness (DD, free running) starting at the time
of lights “oft”, (ZT 12). This day was defined as day 1.
We used passive (pyroelectric) infrared sensors to
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Figure 2. Circadian defects in the behavioral rhythm of CD38-KO mice. (A) Representative activity records (actograms) of
Wild type (CD38+/+) and CD38 knockout (CD38'/') mice are shown in double plotted format. Mice were entrained in 12 hr Light — 12
hr Dark cycles (LD) and then placed in constant darkness (DD) from the light off (ZT12), on day 1. (B) Bar graph representing the
period length of WT and CD38-KO mice. Measurement of the free-running period was based on the onset of activity in DD. Data is
represented as mean £ S.E. * *, p =0.008, n= 6, 8. (C) Representative actograms of Wild type (CD38+/+) and CD38 knockout (CD38"
/') mice in LD cycle. (D) Bar graph representing % daily locomotor activity in a one-hour period at the indicated ZTs. Data represents
mean + S.E of 10 days of activity. *, p < 0.05; **, p<0.01 compared to the corresponding wild type, n= 6, 8. (E) Representative
actograms from wheel running activity of Wild type (CD38+/+) and CD38 knockout (CD38'/') mice in LD cycle. (F) Bar-graph

representing total number of wheel rotations per day. Data is represented as mean + S.E. **, p =0.008, n=6, 5.

measure period length (tau) [24]. While the WT mice
displayed a tau of 23.92 hours, the CD38-KO mice
displayed a tau of 23.80 hours (Fig 2A, B). While this is
a relatively small difference in tau (about 7 minutes), it
is highly significant (P = 0.008, n=6, 8).

To establish whether WT and CD38-KO mice differed
in the resetting responses to light, mice entrained to a
LD cycle for several weeks were exposed to an 8 hr
extension of the light period, followed by constant
darkness. A phase delay is expected when mice are
exposed to light during this period of night (ZT 12-20).
Both WT and CD38-KO mice showed a similar phase
angle of ~ 4 hr; however, the CD38-null mice displayed
a further shortening of the period length to 23.75 hours,

compared to 23.94 hours displayed by WT mice after
the phase extension (Fig S1 A,B). These results indicate
that the CD38-deficient animals have normal resetting
responses to light, while their tau is shorter.

Altered rest/activity rhythms in the CD38-null mice.
While monitoring locomotor activity of the WT and
CD38-KO mice, we noticed a marked difference in their
rest/activity patterns. The WT mice displayed a
significant break from activity during the middle of the
night; however, CD38-null mice did not appear to take
this break (Fig. 2C, area over the striped bar). Instead,
CD38-KO mice appeared to take multiple breaks,
randomly spread throughout the day. Quantitation of
this difference in activity revealed that while WT mice
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Figure 3. Differential liver gene expression in CD38-null mice. Mice entrained in 12 hr
Light — 12 hr Dark cycles were sacrificed at indicated times and their liver was dissected out. (A)
RNA was prepared at indicated times, reverse transcribed, and real-time PCR was performed
using primers for Dbp, Per2, Nampt and 18S rRNA. Data is represented as relative levels of
indicated gene normalized to 18S rRNA. (B) Same as in (A), except real-time PCR was performed
using primers for Asns, Igfbpl, Moxd1l and c-Myc. Data is represented as relative levels of
indicated gene normalized to 185 rRNA. *, p<0.05 compared to the corresponding wild type, n=

3 each time point.

decrease their locomotor activity significantly between
ZT20 and ZT22, CD38-null mice maintained almost
constant levels of activity throughout the night (Fig.
2D). Significant differences in activity levels were also
detected at several times during the circadian cycle. The
differential activity pattern persists even under free
running conditions (compare the actograms in Fig. 2A).

Analysis of the actograms indicated that the total
locomotor activity in the CD38-KO mice might be
lower than their WT counterparts. To accurately
quantitate total locomotor activity, wheel-running
activity was monitored. The actograms from the wheel-
running analysis demonstrated that the CD38-KO mice
have reduced locomotor activity (Fig. 2E). Total
locomotor activity is reduced by ~3 fold in the CD38-
KO mice, compared to the WT mice (Fig. 2F). The
alterations in the rest/activity rhythms observed by the
passive infrared sensors were also detected in the
wheel-running activity. While WT mice took a break
from wheel running only during a small period at late
night, the CD38-KO mice took intermittent breaks.
These results demonstrate that the rest/activity rhythm
is disturbed in the CD38-deficient mice.

Ablation of CD38 results in disturbances in the
peripheral clockwork. The behavioral analysis of the

CD38-KO mice indicates that deregulated and elevated
levels of NAD™ alter central clock functions. To address
whether peripheral clock function is also affected by
deregulated NAD" levels, we analyzed the circadian
gene expression of representative clock genes from
liver. WT and CD38-KO mice were entrained to a 12 hr
LD cycle and livers were harvested at various circadian
times. As shown in Fig. 3A, the amplitude of circadian
gene expression of Dbp, Per2 and Nampt is
significantly higher in CD38-null than in WT mice,
with most divergent levels at ZT7. These results
indicate that peripheral clock is also affected by
elevated NAD" levels.

To establish if circadian metabolic pathways are
influenced by deregulation of NAD" in the CD38-KO
mice, we performed a microarray analysis. Entrained
WT and CD38-KO mice were sacrificed at two
circadian times (ZT9 and ZT 21), and liver mRNAs
were used for microarray analysis. Among the genes
that are differentially regulated between WT and CD38-
KO mice (Table S1), we validated 4 genes which were
upregulated in the mutant mice (Fig. 3B). These genes
were Asparagine Synthetase (Asns); Insulin-like growth
factor binding protein 1 (lgfbpl); c-Myc; and
monooxygenase, DBH-like 1 (Moxdl). Among these
genes, c-Myc and Igfbpl have been shown to display a
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circadian profile of expression [25,26]. While Asns and
Moxdl were elevated at both ZTs in the CD38-KO
mice, c-Myc and Igfbpl elevation is more pronounced at
ZT9 and ZT 21, respectively (Fig. 3B). Interestingly,
SIRT1 might be involved in the regulation of Asns
expression. SIRT1 activity highly correlates with Asns
expression levels: Asns levels are high in CD38-KO
mice (where the SIRT1 activity is high); and,
conversely, Asns expression levels are very low in
SIRT1 liver-specific KO mice (Fig. S2A).
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Figure 4. Alterations in the plasma amino acid levels in
CD38-KO mice. Mice Mice were entrained in 12 hr Light — 12
hr Dark cycles and blood was drawn at indicated times. Amino
acid levels in plasma were determined as described in Materials
and Methods. Amino acids that displayed statistically significant
differences in abundance between the wild type and the CD38-
KO mice are shown here. *, p<0.05; **, p<0.01 compared to the
corresponding wild type, n= 3 each time point.

The expression of Asns and Igfbpl is known to be
upregulated under conditions of amino acid deprivation
[27-29]. We verified that the Asns promoter is
responsive to amino acid starvation. Indeed, Asns-
promoter driven luciferase activity was induced over
six-fold after amino acid depletion (Fig. S2B). Since
most amino acids display a circadian profile in mouse
plasma [10], these results prompted us to evaluate

whether the circadian regulation of amino acid
metabolism might be dependent on the presence of
CD38.

Alterations in the plasma amino acid levels in the
CD38-KO mice. We performed a metabolomic study
to determine the plasma amino acid levels in WT and
CD38-KO mice along the circadian cycle, according to
the method described by Lanza et. al. [30]. Most amino
acid levels oscillated in a pattern consistent with that
recently described by Minami et. al. [10]. We observed
significant changes in the amino acid levels between the
WT and the CD38-KO mice, at different circadian
times. Four amino acids (Tryptophan, Hydroxyproline,
Tyrosine, and p-Alanine) displayed significantly
reduced levels at one or more circadian time in the
plasma of CD38-KO mice (Fig. 4). On the other hand,
four amino acids (Asparagine, Glycine, Histidine and
Methionine) displayed higher levels in the CD38-KO
mice (Fig. 4). These results demonstrate that the
circadian oscillations in amino acids levels are
compromised in the CD38 KO mice, thereby
establishing a direct link between specific amino acid
metabolic pathways and controlled NAD" levels.

DISCUSSION

Our current work has addressed the question whether
alterations in NAD" rhythmicity in vivo could affect the
functioning of central and peripheral clocks. For this
purpose we explored the circadian behavior of CD38-
KO mice which have elevated NAD" levels. We
observed that oscillations in NAD" levels were altered
in the liver of CD38-KO mice. Strikingly, at ZT 15 (the
trough of NAD" levels in WT liver), NAD" levels
peaked in CD38-KO mice and were ~ 5 times higher
than those in the liver of WT mice. Surprisingly, NAD"
levels were similar between WT and CD38-KO mice at
ZT23. This could be due to an increase at this circadian
time of NADase activity in CD38-null mice. Although
CD38 is the major NAD" hydrolase in cells, it is
possible that in its absence other NAD" hydrolases
(such as CD157, a gene duplication product of CD38)
could be induced as a compensatory mechanism.

CD38 also plays a role in the synthesis of second
messengers cyclic ADP-Ribose (cADPR), ADPR, and
nicotinic acid adenine dinucleotide phosphate
(NAADP) [19]. CD38 can produce one molecule of
CADPR for every 100 molecules of NAD" hydrolyzed
[21,31], suggesting that the major enzymatic activity of
CD38 is the hydrolysis of NAD". CD38 regulates
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SIRT1 through a cADPR independent pathway [23].
Acetylation of several SIRT1 targets, such as p53, is
reduced in the CD38-KO mice [22,23], and CLOCK-
induced BMAL1 acetylation is enhanced by ectopic
expression of CD38, possibly through modulation of
SIRT1 activity (Fig. S3). In Kkeeping with this
observation, several circadian behavioral defects were
observed in the CD38-KO mice. Their free-running
period length is ~ 7 minutes shorter than the WT
animals. Although this difference may appear small,
deletion of CLOCK, the master regulator of circadian
rhythms, changes the period length by only 20 minutes
[32]; and mutants in NPAS2 (a paralog of CLOCK
highly expressed in the brain) show only a 12 minute
shortening in period length [33]. Interestingly, CD38-
null mice displayed an altered pattern of rest/activity
rhythm, reminiscent of that reported for NPAS2 mutant
mice [33]. WT mice on a C57/BL6 background are
known to take a break at late night (ZT 20-22), which
generally corresponds to a short nap [33]. Both CD38-
null mice and NPAS2 mutant mice remain active at that
time. However, differently from NPAS2 mutant mice,
CD38-deficient mice appear to keep taking intermittent
breaks throughout the day. Moreover, the total
locomotor activity of CD38-null mice is also
significantly lower. This reduction in locomotor activity
could be attributed to increased SIRT1 activity in the
CD38-KO mice (17), since transgenic mice
overexpressing SIRT1 display a similar reduction in
locomotor activity [34]. The altered rest/activity rhythm
in the CD38-KO mice does not seem to be caused by
defects in the motivation for running. These mice took
several breaks from running and kept running at regular
intervals. This behavior could potentially be described
as a fatigue syndrome. Further studies are required to
prove this hypothesis.

The central circadian clock is located in the
suprachiasmatic nucleus (SCN) of the hypothalamus,
while peripheral clocks are present in most organs [35].
We have shown that ablation of CD38 results in
elevated levels of NAD" in the liver, leading to
perturbation in clock function. The stringency of
circadian oscillation is compromised in the absence of
CD38, as demonstrated by the gene expression profiles
of Dbp, Per2 and Nampt. The deregulation of circadian
gene expression extends to several genes involved in
amino acid metabolism, which we found to be
upregulated in the liver of CD38-deficient mice. These
genes were Asparagine synthetase (Asns); Insulin-like
growth factor binding protein 1 (Igfbpl); c-Myc; and
monooxygenase, DBH-like 1 (Moxdl). The liver is a

major organ involved in the amino acid metabolism.
Nutritional stresses, such as reduced availability of an
amino acid, can initiate a signaling cascade referred to
as the amino acid response (AAR) pathway [29]. Asns
and Igfbpl are genes that are known to be upregulated
by the AAR pathway. Asparagine synthetase converts
amino acids aspartate and glutamine into asparagine and
glutamate. Interestingly, SIRT1 activity positively
correlates with Asns expression levels. SIRT1 has also
been shown to induce the expression of Igfbpl [36].
Low Igfbpl levels are considered to be markers of
metabolic syndrome [37] and the Igfbpl transgenic
mice are protected from diet-induced obesity [38], a
trait shared by the CD38-null mice [23]. c-MYC,
besides having the well characterized role in cell cycle
regulation, also regulates glutaminolysis [39]. MOXD1
is a monoxygenase with a yet unidentified function;
however, monooxygenses are known to regulate
conversion of one amino acid into another (e.g.
phenylalanine hydroxylase, a monooxygenase, converts
phenylalanine to tyrosine). It is interesting to speculate
that MOXD1 might also function in inter-conversion of
amino acids and is upregulated under conditions of
deficiency of a subset of amino acids.

A metabolomic analysis confirmed our hypothesis that
circadian oscillations in amino acid levels are disrupted
in the absence of CD38. Levels of tryptophan, tyrosine,
hydroxyproline and B-alanine were found to be reduced
in CD38-null mice, whereas asparagine, glycine,
histidine and methionine were elevated. Moreover,
oscillations in most of these amino acids were
dampened in mutant mice. Changes in asparagine and
tryptophan levels are of special interest. Since Asns
levels are higher in CD38-null mice, we predicted that
asparagine levels would also be higher. Surprisingly,
asparagine levels were high only at ZT7, although Asns
expression was constitutively higher in mutant mice.
This suggests that ASNS activity might be modulated in
a circadian manner. As tryptophan is a source for NAD*
biosynthesis, it is intriguing that levels of NAD" were
very high and levels of tryptophan were significantly
reduced at ZT15 in CD38-null mice, alluding to the
consumption of tryptophan during NAD" biosynthesis.
Finally, it can be concluded that the altered levels of
some amino acids might trigger the amino acid response
pathway in CD38-KO mice.

An intriguing speculation relates to the notion that
amino acids and their metabolites can also function as
neurotransmitters or their precursors. Glutamate,
aspartate, glycine and y-amino butyric acid (GABA) are
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neurotransmitters. Tryptophan is a precursor for
serotonin, whereas tyrosine is a precursor for
catecholamines, such as dopamine, epinephrine and
norepinephrine. An imbalance in these amino acids can
potentially change the concentration of certain
neurotransmitters in the brain. Further studies will
establish whether changes in these neurotransmitters are
responsible for alterations in the rest/activity rhythms
and locomotor activity in the CD38-null mice.

In conclusion, our results reveal a role for NAD"
homeostasis and SIRT1 activity in circadian regulation
of behavioral and metabolic rhythms. Increased NAD"
levels and concomitant activation of SIRT1 might lead
to reduction in several amino acids, which activates the
AAR pathway in CD38-null mice. Our findings
underscore the importance of circadian control in amino
acid metabolism.

MATERIALS AND METHODS
Animals

Generation of CD38-deficient mice (C57BL/6J.129
CD38"", N12 backcross) has been described [40].
Liver-specific Sirtl”" mice have also been described
[4]. Mice housed in individual cages were entrained on
a L12:D12 (12 h light-12 h dark) cycle for two weeks
before analyses. Mice were sacrificed at specified
circadian times. All research involving vertebrate
animals has been performed under protocol approved by
the Institutional Animal Care and Use Committee
(IACUC). Animals are monitored on a daily basis by
both the lab and University Lab Animal Resources
(ULAR) veterinary staff for signs of distress, pain,
and/or infection, and are given ad libitum access to food
and water. Cages were cleaned on a weekly basis and
when visibly soiled to maintain a clean environment.
All husbandry procedures and welfare policies are
conducted according to the Guide for the Care and Use
of Laboratory Animals, set forth by the Institute of
Laboratory Animal Resources, Commission on Life
Sciences, and National Research Council.

NAD" measurements

NAD" was measured as described previously [17].
Briefly, frozen tissue was pulverized with a pestle and
mortar in liquid nitrogen, immediately extracted in ice-
cold 10% trichloroacetic acid (sigma) and sonicated
with 3 pulses of 3 seconds. After a short centrifugation
the supernatant was extracted with 2 volumes of a

combination of 1,1,2-trichloro-1,2,2-trifluroethane

trioctylamine in a 3 to 1 ratio. The samples were
vigorously vortexed and 2 phases were allowed to
separate at room temperature. The pH of the extracted
aqueous layer containing the NAD™ was adjusted with
1M Tris pH 8. The NAD™ concentration was measured
by a cycling enzymatic assay. The samples were diluted
in 100 mM NaH,PO4, pH 8 and incubated with a
solution containing 0.76% ethanol; 4 uM flavine
mononucleotide; 40 pg/ml alcohol dehydrogenase; 0.04
U/ml diaphorase; and 8 pM resazurin in buffer 100 mM
NaH,PO,4, pH 8. The fluorescence (excitation 544,
emission 590) was monitored over time in a
fluorometric plate reader (Spectramax Gemini XPS,
Molecular devices). A NAD® standard curve was
performed using yeast NAD® (sigma). NAD®
concentration was expressed as pmol per mg of tissue.

NADase activity

The NADase activity in liver samples was measured as
described previously [17]. Frozen liver samples were
homogenized in sucrose 0.25M - Tris 40mM, pH 7.4
buffer supplemented with protease inhibitors (Roche),
and centrifuged 10 minutes at 11200 g. 200 pg of
homogenate was incubated with 100 uM of 1,N°
etheno-adenine dinucleotide (etheno-NAD)(Sigma) and
the fluorescence was measured in a fluorometric plate
reader (Spectramax Gemini XPS, Molecular devices).
The change in fluorescence over time (excitation
300nm, emission 410) was followed and the NADase
activity was expressed as the change in the arbitrary
units of fluorescence per second per mg of protein.

Analysis of behavioral rhythms

Circadian rhythms in locomotor activity was analyzed
as described [24]. Briefly, locomotor activity was
detected using running wheels and passive
(pyroelectric) infrared sensors (PU-2201; EK Japan).
Locomotion data were collected using the VitalView
data acquisition system (Mini-Mitter) using a sampling
interval of 5 min. Actograms were acquired using
Actiview Biological Rhythm Analysis software (Mini-
Mitter). Circadian period and phase shift of the activity
rhythms were analyzed by Clocklab software
(Actimetrics).

Quantitative Real-Time RT-PCR

Each quantitative real-time RT-PCR was performed
using the PTC-200 real time detection system (MJ
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Research). The PCR primers are available upon request.
For a 20 pl PCR, 50 ng of cDNA template was mixed
with the primers to final concentrations of 200 nM and
10 pl of iQ SYBR Green Supermix (BIO-RAD),
respectively. The reaction was first incubated at 95°C
for 3 min, followed by 40 cycles at 95°C for 30 s and
60°C for 1 min.

Luciferase assays

Hepalclc7 cells (ATCC, Manassas, VA) were cultured
in Minimal Essential Media supplemented with 10%
FBS and antibiotics. Cells growing in 24-well plates
were transfected with indicated plasmids using BioT
transfection reagent (Bioland Scientific LLC, Cerritos,
CA) according to manufacturer’s recommendations.
Plasmid expressing 3.4 kb ASNS-promoter-driven
luciferase was a gift from Dr. Pierre Fafournoux [41].
The total amount of DNA applied per well was adjusted
by adding an empty vector. Cell extracts were subjected
to luminometry-based-luciferase assay (Promega), and
luciferase activity was normalized by pB-galactosidase
activity. All experiments were performed in multiple
replicates.

Amino acid analysis

Amino acid concentrations in plasma samples were
determined at the Metabolomics facility at Mayo Clinic
College of Medicine, Rochester, Minnesota according
to the method described by Lanza et. al. [30]. Briefly,
plasma samples were deproteinized with cold MeOH
prior to derivatization using 6-aminoquinolyl-N-
hydroxysuccinimidyl carbamate. Amino acid levels
were then determined by LC-MS/MS.

Data Analyses

Results are expressed as means + SE of multiple
experiments. Student t tests were used to compare 2
groups or ANOVA with the Bonferroni post tests for
multiple groups using Prism software (Graph Pad).
Statistical significance was detected at the 0.05 level.
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