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ABSTRACT  
 

Aging is a degenerative process accompanied by tissue deterioration, decline in function 

and increased susceptibility to disease. Until the last couple decades, the long held paradigm was 

that aging is simply the result of wear and tear. Aging is now understood, however, to be a 

genetically and environmentally regulated process. In model organisms including yeast, worms, 

flies and mice, mutating a single gene can extend or shorten healthspan and lifespan. 

Environmental intervention, such as dietary restriction, can extend the healthspan and lifespan in 

these model organisms and humans as well. Improving our understanding of the mechanisms of 

aging will enable one to intervene with the aging process, reduce deleterious aging-associated 

effects and lengthen lifespan. We begin by developing a systematic approach to identify 

combinatorial cis-regulatory motifs that drive age-dependent gene expression across different 

tissues and organisms. The motif most strongly associated with aging was that of the 

transcription factor NF-κB, and we investigated the role of NF-κB in aging. 

To test the role of NF-κB in regulation of epidermal aging, we inhibited NF-κB for two 

weeks in the epidermis of chronologically aged mice via inducible genetic blockade of NF-κB. 

Aged mice subjected to NF-κB blockade exhibit reversion of the tissue characteristics and global 

gene expression programs to those of young mice. Age-specific NF-κB blockade and orthogonal 

cell cycle interventions revealed that NF-κB controls cell cycle exit and gene expression signature 

of aging in parallel but not sequential pathways. These results identify a conserved network of 

regulatory pathways underlying mammalian aging and reveal that NF-κB is continually required 

to enforce many features of aging in a tissue-specific manner. 

Next, we sought to determine whether deregulated transcriptional activity of NF-κB 

could be detected in syndromes suggestive of premature aging. Members of the Sirtuin (SIRT1-

7) family of NAD+-dependent deacetylases have emerged as critical evolutionarily conserved 

regulators of aging and longevity, and deficiency in SIRT6 leads to shortened lifespan and an 

aging-like phenotype in mice. The underlying molecular mechanisms, however, are unclear. We 

show that SIRT6 functions at chromatin to attenuate NF-κB signaling. SIRT6 interacts with the 

NF-κB RELA subunit and deacetylates histone H3 lysine 9 (H3K9) at NF-κB target gene 

promoters. In SIRT6-deficient cells, hyperacetylation of H3K9 at these target promoters is 

associated with increased RELA promoter occupancy, and enhanced NF-κB-dependent 

modulation of gene expression, apoptosis and cellular senescence. Computational genomics 

analyses revealed increased activity of NF-κB-driven gene expression programs in multiple Sirt6-

deficient tissues in vivo. Moreover, haploinsufficiency of RelA rescues the early lethality and 

degenerative syndrome of Sirt6-deficient mice. We propose that SIRT6 attenuates NF-κB 
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signaling via H3K9 deacetylation at chromatin, and hyperactive NF-κB signaling may contribute 

to premature and normal aging. 

Finally, to understand the extent to which Sirt6 and RelA act coordinately to regulate 

gene expression and hence aging-like degenerative processes, we performed a genome-scale 

survey of RelA and Sirt6 location on chromatin in mouse embryonic fibroblasts (MEFs) before 

and after stimulation with TNF-α via chromatin immunoprecipiation (ChIP)-on-chip. These 

results indicate that Sirt6, like RelA, is largely a stress-responsive transcription factor which 

moves away from a large percentage of its basal targets to localize to a much expanded set of 

genes. Consistent with our previous work, we find that RelA and Sirt6 co-occupy the promoters 

of a large population of genes. Moreover, of these targets shared by Sirt6 and RelA, a large 

percentage are bound by Sirt6 and RelA at sites less than 500kb apart and/or require RelA to 

enable binding of Sirt6: 65% and 49%, respectively. Expression analysis of these shared targets 

reveals direct regulation of 301 promoters, including genes such as Shc1 (encoding p66), Cdkn2a 

(encoding p16), Wnt2 and Jmjd3, which have been separately implicated in the aging process. Our 

data suggests that Sirt6 and NF-κB are stress-responsive factors which coordinate to regulate the 

expression of a large set of targets which can impact processes such as aging. 

    

 

  



iv 
 

ACKNOWLEDGMENTS 
 

I would like to acknowledge my advisor, Dr. Howard Chang, for his guidance, 

encouragement and enthusiasm for the past five years. I also greatly appreciate his facilitation of 

a lab environment that allowed me to grow scientifically and professionally. I was also fortunate 

to work with Adam Adler, a graduate student who first advised me during my rotation and who 

later became a great colleague to work with and learn from. Adam also made significant 

contributions to Chapters 2 and 4. I would like to thank David Wong and Miao-Chih Tsai for 

their willingness to discuss my experimental design and results. I thank Kristine Ong for her 

excitement for science, and her significant contributions to Chapter 3. I am also grateful for Dan 

Webster and Yue Wan, for their genuine patience in answering all questions related to 

bioinformatics. I would like to also recognize all past and present members of the Chang lab, 

who each uniquely contributed to the enjoyable work environment. Every member taught me 

something about science and life, and I was privileged to work alongside such talented scientists. 

I also greatly appreciate the scientific expertise and reagents shared by Katrin Chua’s lab. 

I thank Eriko Michishita, Mara Damian and Elisabeth Berber for their significant contributions 

to Chapter 4. I thank Ruth Tennen for helpful conversations about Sirt6. I am also grateful for 

the support from Katrin Chua as both my rotation advisor and thesis committee member. I also 

thank the rest of my thesis committee—Dr. Paul Khavari and Dr. Alejandro Sweet-Cordero—

for their insights into my project. 

I also thank my family for their boundless support. My parents, Michael and Barbara, 

encouraged me to follow my dreams and provided every possible resource to help me achieve 

my goals. They also taught me through example the importance of hard work and determination. 

My brother, Andrew, never fails to teach me about creativity, and for that especially, I will always 

admire him. Finally, I thank my best friend and fiance, Derek, for making every day wonderful. 

He makes sure I have fun, reminds me of my strengths and helps me work through challenges. I 

dedicate my dissertation to Michael Kawahara, Barbara Kawahara, Andrew Kawahara and Derek 

Shiell. 

 

  



v 
 

TABLE OF CONTENTS 
 

ABSTRACT ........................................................................................................................ ii 

ACKNOWLEDGMENTS .................................................................................................. iv 

LIST OF ILLUSTRATIONS ........................................................................................... viii 

Background ......................................................................................................................... 1 

1.1 AGING IS GENETICALLY AND ENVIRONMENTALLY REGULATED .................. 2 

1.2 PATHWAYS OF AGING .............................................................................................................. 3 

1.3 SIRTUINS AND AGING ............................................................................................................... 7 

Sirt1 ...................................................................................................................................................... 7 
Sirt6 ...................................................................................................................................................... 7 

1.4 NF-κB AND AGING ...................................................................................................................... 9 

The NF-κB family .............................................................................................................................. 9 
Evidence for a role for NF-κB in aging ......................................................................................... 9 

1.5 OUTLINE OF CHAPTERS 1 THRU 6, ROLE OF AUTHOR AND USE OF 
PUBLISHED WORK ...........................................................................................................................11 

Enforcement of aging by continual NF-κB activity .......................................................... 13 

2.1 ABSTRACT ......................................................................................................................................14 

2.2 INTRODUCTION .........................................................................................................................15 

2.3 RESULTS ..........................................................................................................................................17 

Motif module map of aging: Genome-scale identification of cis-regulatory motifs driving 
age-dependent gene expression .................................................................................................17 

Regulatory motifs involved in mammalian aging .......................................................................18 
Experimental validation of age-dependent regulation of NF-κB modules ............................19 
Inducible genetic blockade reveals a role for NF-κB in enforcement of aging phenotypes21 
NF-κB regulation of cell cycle exit and gene expression signature of aging is separable.....29 

2.4 DISCUSSION ..................................................................................................................................31 

Motif module map of aging as an engine of biological discovery ............................................31 
Reversibility of mammalian aging phenotypes ............................................................................31 
NF-κB enforcement of aging .........................................................................................................32 

2.5 MATERIALS AND METHODS ................................................................................................34 

2.6 SUPPLEMENTARY FIGURES ..................................................................................................41 

Rejuvenation of aged skin via blockade of NF-κB is impermanent ................................. 49 

3.1 INTRODUCTION .........................................................................................................................50 

3.2 RESULTS ..........................................................................................................................................51 

Termination of NF-KB blockade reverses epidermal architecture and thickness 
characteristic of young tissue to that of old tissue ..................................................................51 



vi 
 

Termination of NF-κB blockade results in rapid decrease of cellular proliferation .............52 
Termination of NF-κB blockade results in increase in cellular senescence ...........................53 
IKK phosphorylation state unaffected by termination of NF-κB blockade ..........................54 

3.4 DISCUSSION ..................................................................................................................................56 

Kinetics of rejuvenation reversal ...................................................................................................56 
Insights into potential therapeutics ...............................................................................................57 

3.5 MATERIALS AND METHODS ................................................................................................58 

SIRT6 links histone H3 lysine 9 deacetylation to control of ............................................. 60 

NF-κB dependent gene expression and organismal lifespan ........................................... 60 

4.1 ABSTRACT ......................................................................................................................................61 

4.2 INTRODUCTION .........................................................................................................................62 

SIRT6 is a histone H3-lysine 9 deacetylase required for preventing aging-related 
pathologies ....................................................................................................................................62 

NF-κB is an emerging regulator of aging-related processes .....................................................62 
4.3 RESULTS ..........................................................................................................................................64 

SIRT6 interacts physically with the NF-κB subunit RELA ......................................................64 
SIRT6 is recruited to NF-κB target gene promoters .................................................................66 
SIRT6 represses NF-κB target gene expression .........................................................................66 
SIRT6 deacetylates histone H3 lysine 9 on promoters of NF-κB target genes to destabilize 

NF-κB ............................................................................................................................................70 
SIRT6 depletion elevates apoptotic resistance and induction of senescence via NF-κB .....71 
Sirt6-/- tissues exhibit ectopic expression of NF-κB target genes ...........................................74 
RelA heterozygosity attenuates shortened life span and aging-related phenotypes of Sirt6-/- 

mice ................................................................................................................................................76 
4.4 DISCUSSION ..................................................................................................................................79 

SIRT6 deacetylation of H3K9 modulates NF-κB-dependent gene expression .....................79 
SIRT6, NF-κB, and Longevity .......................................................................................................80 

4.5 METHODS ......................................................................................................................................83 

4.6 SUPPLEMENTARY FIGURES ..................................................................................................87 

Dynamic chromatin localization of Sirt6 shapes stress- and aging-related transcriptional 
networks ............................................................................................................................ 95 

5.1 ABSTRACT ......................................................................................................................................96 

5.2 INTRODUCTION .........................................................................................................................97 

5.2 RESULTS ..........................................................................................................................................99 

Dynamic relocalization of Sirt6 genome-wide upon stress signaling ......................................99 
RelA occupancy genome-wide shows similar dynamics as Sirt6 ........................................... 101 
RelA drives dynamic relocalization of Sirt6 genome-wide..................................................... 102 



vii 
 

5.3 DISCUSSION ............................................................................................................................... 108 

Dynamic localization of Sirt6 ..................................................................................................... 108 
Impacts on gene expression ........................................................................................................ 109 

5.4 MATERIALS AND METHODS ............................................................................................. 110 

5.5 SUPPLEMENTARY FIGURES ............................................................................................... 112 

REFERENCES ................................................................................................................ 113 

APPENDIX A: LIST OF ABBREVIATIONS ............................................................................ 114 

APPENDIX B: LIST OF GENE SYMBOLS .............................................................................. 115 

BIBLIOGRAPHY .............................................................................................................................. 116 

 

 

  



viii 
 

LIST OF ILLUSTRATIONS 
Figure 2.1. Motif module map of mammalian aging. ............................................................................18 

Figure 2.2 Identification of NF-κB as a regulator of aging-associated gene expression programs.

........................................................................................................................................................................20 

Figure 2.3 Experimental validation of NF-κB motif modules with age. ............................................22 

Figure 2.4. “Rejuvenation” of age-associated gene expression program upon NF-κB blockade in 

vivo. .................................................................................................................................................................25 

Figure 2.5. Reversal of tissue characteristics of epidermal aging by NF-κB blockade. ....................28 

Figure 2.6. NF-κB controls cell cycle exit and gene expression signature of aging in parallel but 

not in sequential pathways. ........................................................................................................................30 

Figure S2. 1. Diverse mechanisms of increased NF-κB activity with age. .........................................41 

Figure S2. 2 Characterization of NFKB1 ΔSP-ER specificity in primary human keratinocytes.  ....42 

Figure S2. 3. Expression levels of NF-kB target genes are reduced in aged K14:NFKB1 ΔSP-ER 

skin after 4-OHT treatment. .....................................................................................................................43 

Figure S2. 4. Gene Ontology categories affected by NF-κB blockade. .............................................44 

Figure S2. 5. 4-OHT treatment has no effect on gene expression. ....................................................45 

Figure S2. 6. NF-κB blockade in old skin does not induce apoptosis. ...............................................46 

Figure S2. 7. Expression of several senescence markers are reversed upon NF-κB blockade in 

mouse skin. ..................................................................................................................................................47 

Figure S2. 8. Specificity of aging gene expression signature. ...............................................................48 

Figure 3. 1. Thickening of epidermis is reversed within 3 weeks of NF-κB blockade removal. ....51 

Figure 3. 2. Termination of NF-κB results in rapid reversal of hyperproliferation. ........................53 

Figure 3. 3. Senescence resumes within 2 weeks of NF-κB blockade release. ..................................54 

Figure 3. 4. IKK phosphorylation state is unaffected by termination of NF-κB. ............................55 

Figure 4. 1. Sirt6 interacts with RelA .......................................................................................................65 

Figure 4. 2. RELA Recruits SIRT6 to Target Promoters .....................................................................67 

Figure 4. 3. SIRT6 represses RELA target gene expression ................................................................69 

Figure 4. 4. SIRT6 deacetylates histone H3K9 at promoters of RELA target genes. .....................72 

Figure 4. 5. SIRT6 alters NF-κB-mediated apoptosis and senescence. ..............................................73 

Figure 4. 6. Sirt6 deficiency leads to ectopic expression of NF-κB target genes in vivo ................75 

Figure 4. 7. Haploinsufficiency of RelA attenuates the lethality and aging-like phenotypes of 

Sirt6-deficient mice .....................................................................................................................................78 

Figure S4. 1. SIRT6 and RELA interaction. ...........................................................................................87 

Figure S4. 2. Interplay of SIRT6 and RELA on chromatin. ................................................................88 



ix 
 

Figure S4. 3. SIRT6, H3K9Ac and RELA ChIP at NF-κB promoters in MEFs. ............................90 

Figure S4. 4. SIRT6 knockdown leads to NF-κB target gene induction. ...........................................91 

Figure S4. 5. No effects of SIRT6 on NF-κB release from IκB or direct deacetylation of RELA.

........................................................................................................................................................................92 

Figure S4. 6. Representative genotyping and IGF-1 levels of cohort mice. ......................................93 

Figure S4. 7. Murine gene expression data. ............................................................................................94 

Figure 5. 1. Dynamic relocalization of Sirt6 genome-wide upon stress-signaling ......................... 100 

Figure 5. 2. Binding of RelA resembles the occupany pattern of Sirt6. .......................................... 102 

Figure 5. 3. RelA drives dynamic relocalization of Sirt6. ................................................................... 104 

Figure 5. 4. Gene expression consequences of interplay between RelA and Sirt6. ....................... 106 

Figure 5. 5. Model for Sirt6 regulation of targeting and gene expression. ...................................... 109 

Figure S5. 1. Western analysis of Sirt6 and RelA protein levels. ...................................................... 112 



1 
 

 
 
 
 
CHAPTER 1 

Background 
  



2 
 

1.1 AGING IS GENETICALLY AND 
ENVIRONMENTALLY REGULATED  

Aging can be described as the progressive deterioration of physiological function, 

including an increasing deterioration of tissue and organ function, leading to age-related 

susceptibility to disease and loss of viability. Consistent with this definition, aged individuals are 

increasingly more vulnerable to age-related diseases. Aged humans, mice and dogs all exhibit an 

increased vulnerability to cancer towards the end of their natural lifespan (Kenyon, 2005b). 

Conversely, long-lived Caenorhabditis elegans display a reduced susceptibility to other age-onset 

diseases, such as Huntington’s disease (Morley et al., 2002).  

 Multiple lines of evidence indicate that aging and longevity is genetically and 

environmentally regulated rather than merely the result of wear and tear.  First, there exists a 

natural diversity in the lifespan of all organisms. Second, genetic studies in model organisms such 

as yeast, C. elegans, Drosophila melanogaster and mice have demonstrated that mutating single genes 

mediating evolutionarily conserved pathways can dramatically extend lifespan. Environmental 

interventions such as dietary or caloric restriction can also modulate such pathways and extend 

lifespan of multiple organisms including primates (Colman et al., 2008; Mair and Dillin, 2008; 

Masoro, 2005; Roth et al., 2004). Understanding how aging is regulated on a molecular level will 

potentially enable delay of the aging process and aging-related disease, thus extending lifespan. In 

the next section, multiple well studied pathways of aging are described. The evidence linking 

SIRT6 and NF-κB to aging pathways will be discussed in greater detail in the following sections.  

Finally, I will outline the content and my role in all chapters in the final section. 
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1.2 PATHWAYS OF AGING 
Insulin/IGF1 signaling 

The insulin/insulin-like growth factor 1 (IGF-1) endocrine pathway was the first 

pathway shown to regulate aging and lifespan. Weak reduction-of-function mutations in daf-2, an 

insulin-IGF-1 receptor homologue, double the lifespan of C. elegans. Interestingly, these long-

lived worms also exhibit youthfulness, indicating an extension of healthspan as well. This 

extension of lifespan is mediated through a gene expression program dependent on transcription 

factors including daf-16 (Kenyon et al., 1993), a FOXO family transcription factor (Lin et al., 

1997); hsf1, a heat shock transcription factor (Hsu et al., 2003); and skn1, a Nrf-like response 

factor (Tullet et al., 2008).  

Since the discovery of the role of insulin and IGF-1 signaling in regulation nematode 

aging, the pathway’s effect on aging has been shown to be conserved in more complex 

organisms including flies and mice. In Drosophila, inhibiting insulin/IGF-1 signaling by mutating 

the insulin receptor substrate, chico, increases lifespan by nearly 50% (Clancy et al., 2001). In 

mice, there are separate receptors for insulin and IGF-1, and data implicates both receptors in 

lifespan regulation. Heterozygous mice containing half the normal levels of IGF-1 receptors live 

30% longer than wild-type mice (Holzenberger et al., 2003), and deletion of the insulin receptor 

in adipose tissue of mice extends the lifespan by 18% (Bluher et al., 2003). These studies clearly 

demonstrate the evolutionarily conserved genetic regulation of longevity.  

 

Nutrient Signaling 

  Dietary restriction, or the restriction of food without malnutrition, is one of the most 

efficient and well studied environmental interventions known to extend lifespan (Mair and Dillin, 

2008). Many researchers have focused on understanding the underlying mechanisms that allow 

lifespan extension via dietary restriction, and the critical regulators in these pathways such as 

AMP kinase, TOR and the sirtuins have been uncovered. 

 

AMP kinase 

 Amp-activated protein kinase (AMP) is a nutrient and energy sensor that is activated in 

response to low energy levels, and has been implicated in regulation of longevity in worms and 

mice.  Overexpression of AMPK extends lifespan in worms (Apfeld et al., 2004; Greer et al., 
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2007), and treatment with the drug metformin, an activator of AMPK can extend lifespan in 

mice (Anisimov et al., 2005). In response to dietary restriction, AMPK can extend the lifespan of 

worms via phosphorylation and activation of DAF-16/FOXO, depending on the method of 

dietary restriction (Curtis et al., 2006; Greer et al., 2007).  It will be important to determine how 

the dietary restriction methods can impact lifespan extension. 

 

TOR  
 

 Target of Rapamycin (TOR) is a protein kinase that regulates protein translation through 

activation of the ribosomal subunit S6 kinase and inhibition of the translation repressor 

eIF4EBP.  In response to low nutrient levels, TOR activity decreases, leading to reduced levels 

of translation. Deletion of TOR in worms can extend lifespan by 150%, and TOR inhibition 

resembles the physiological effects of dietary restriction.  Consistent with a link between the 

TOR pathway and dietary restriction, lifespan is not further extended by dietary restriction in 

yeast, worms and flies (Hansen et al., 2007; Kaeberlein et al., 2005; Kapahi et al., 2004). 

Additional mechanisms of inhibiting translation have also been shown to influence longevity.  

Knockdown of translational regulators has been shown to extend worm lifespan (Hansen et al., 

2007), and altering translation by blocking TOR signaling can extend the lifespan of flies (Kapahi 

et al., 2004).  

 

Sirtuins 

 The sirtuins (SIRT1-7) are mammalian homologues to the yeast Sir2 gene, an NAD-

dependent histone deacetylase identified as a critical regulator of replicative lifespan in yeast. Sir2 

is required to exert the lifespan extension effects upon dietary restriction in multiple species.  

The sirtuins are discussed in further detail in section 1.3. 

 

Genomic Stability 
 Genomic instability is one hallmark of aging. DNA damage, including mutations of 

specific genes and chromosomal translocations, accumulates with age and leads to aberrant gene 

expression in mammals.   Suppression of oxidative stress as well as maintenance of telomeric 

integrity and DNA repair pathways is critical for preserving normal mammalian lifespan. 
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Oxidative stress 

 Reactive oxygen species (ROS) are DNA damaging agents—such as superoxide anion, 

hydroxyl radical and hydrogen peroxide—that are normally present in the cell.  Primarily 

produced in the mitochondria, ROS are countered by anti-oxidant defenses. In this way, DNA 

damage such as single and double strand breaks and crosslinks, are prevented. Oxidative stress, 

results when the cellular anti-oxidant defenses cannot combat ROS (Balaban et al., 2005). In 

support of the model that ROS promotes aging, it has been observed that many mutations also 

increase oxidative stress resistance (Finkel and Holbrook, 2000). Caloric restriction, a lifespan 

extending intervention, appears to decrease ROS production (Barja, 2004).  Furthermore, 

deletion of p66shc, a mitochondrial gene known to generate ROS, enables a 28% increase in 

mouse lifespan (Giorgio et al., 2005; Pinton et al., 2007). However, not all long-lived mutants 

exhibit increased oxidative stress resistance, and it is thus still unclear to what extent ROS cause 

aging. 

 

Telomeres 

Telomeres are specialized structures, comprised of repetitive DNA, at the end of 

chromosomes.  These structures function to protect the linear chromosome ends from DNA 

repair, degradation and fusion (Verdun and Karlseder, 2007). Unlike mouse cells that have a large 

functional reserve of mouse telomeres, normal human somatic cells will senesce as a result of 

telomere dysfunction (Campisi, 2005; Chang et al., 2004; Laud et al., 2005). Elongation of 

telomeres in mice that are resistant to cancer, however, will enable lifespan extension (Tomas-

Loba et al., 2008). It will be interesting to determine how resistance to aging is conferred by 

reduced telomere shortening.  Perhaps it could be through reduction in genomic instability, 

limiting of stem cell loss or both. 

 

DNA Repair 

 Genomic stability is fundamental for normal cellular and organismal function. To 

maintain genomic integrity, there exists a versatile defense comprised of multiple DNA repair 

pathways that are activated by a variety of DNA lesions. These nonhomologous end-joining 

(NHEJ) and homologous recombination (HR) pathways repair DNA double strand breaks, while 

the base excision repair (BER) and nuclear excision repair (NER) pathways repair single strand 

lesions (Lombard et al., 2005). Mutations in a number of genes involved in these DNA repair 
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pathways in mammals results in striking phenotypes that resemble premature aging. Notably, 

mutations in the DNA repair genes WRN, XPD, ATM and BLM in humans leads to progeria, a 

syndrome in which patients exhibit pathologies consistent with premature aging (Kudlow et al., 

2007; Navarro et al., 2006). Lamin A, a gene responsible for nuclear architecture and appropriate 

nuclear shuttling has also been implicated in the human progeroid syndrome called Hutchinson 

Gilford Progeria Syndrome (HGPS) (De Sandre-Giovannoli et al., 2003; Eriksson et al., 2003). It 

will be interesting to determine if enhanced DNA repair could prevent aging and extend lifespan. 
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1.3 SIRTUINS AND AGING 
 The Saccharomyces cerevisiae Silent Information Regulator 2 (Sir2) gene encodes an NAD-

dependent histone deacetylase that is evolutionarily conserved in organisms ranging from 

bacteria to humans. Through deacetylation of lysines in the amino terminus of histones H3 and 

H4 as well as the globular core of H3, yeast Sir2 promotes transcriptional silencing of chromatin 

(Imai et al., 2000; Landry et al., 2000; Smith et al., 2000). In this way, Sir2 modulates silent 

mating type loci, the assembly of heterochromatin at telomeres and recombination of ribosomal 

DNA (rDNA) repeats (Kaeberlein et al., 1999; Rine et al., 1979; Sinclair and Guarente, 1997; Xu 

et al., 2007). Disruption of Sir2 in yeast leads to genomic instability and shortened replicative 

lifespan (Kaeberlein et al., 1999). Conversely, increased copies of Sir2 suppress recombination of 

rDNA, and replicative lifespan is increased (Kaeberlein et al., 1999). A lifespan-promoting role 

for Sir2 was also observed in flies and worms, although the mechanisms of lifespan extension are 

independent of genome stabilization. Overexpression of dSir2 extends lifespan of flies by 18-

29% (Rogina and Helfand, 2004), and extra copies of the worm homologue of yeast Sir2, sir-2.1, 

extends the lifespan of worms by 15-50% (Tissenbaum and Guarente, 2001). Therefore, Sir2 has 

emerged as an evolutionarily conserved regulator of aging.   

In mammals, there are seven homologues (SIRT1-7) to yeast Sir2 protein (Frye, 1999, 

2000). Several of the SIRTs have been implicated in modulation of aging-related pathways 

(Michan and Sinclair, 2007), and we focus on SIRT1 and SIRT6 below. 

 
Sirt1 

SIRT1 is the best characterized mammalian SIR2 protein, and has been shown to 

deacetylate multiple proteins, including histones and the transcription factors p53, FOXO and 

NF-κB (Brunet et al., 2004; Chen et al., 2002; Vaziri et al., 2001). Yet it is still unclear whether 

SIRT1 directly regulates mammalian lifespan. While inbred mice lacking SIRT1 exhibit early 

postnatal lethality, outbred knockout mice survive into adulthood despite developmental defects 

including small size, delayed bone mineral density and sterility (Cheng et al., 2003; Lemieux et al., 

2005; McBurney et al., 2003).  

 
Sirt6 

Work in the past five years suggests that Sirt6 possesses aging-related functions 

analogous to yeast Sir2. Mice lacking Sirt6 are normal compared to wild-type mice, aside from 
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their small size at birth. By 2-3 weeks of age, however, these mice display striking degenerative 

syndromes reminiscent of premature aging. These phenotypes include lymphopenia, loss of 

subcutaneous fat, lordokyphosis and defects in metabolism before succumbing to death by four 

weeks of age (Mostoslavsky et al., 2006).  

SIRT6 is a chromatin-associated protein expressed in many mouse tissues, with the 

highest protein levels in thymus, skeletal muscle and brain (Michishita et al., 2005; Mostoslavsky 

et al., 2006). SIRT6 has ADP-ribosylase activity, and highly specific histone deacetylase activity at 

lysine 9 (H3K9Ac) and lysine 56 (H3K56Ac) of histone 3 (Liszt et al., 2005; Michishita et al., 

2008; Michishita et al., 2009; Mostoslavsky et al., 2006; Yang et al., 2009). Recent work has 

elucidated the molecular roles of SIRT6.  First, it was shown that SIRT6, through its deacetylase 

activity, stabilizes the interaction of telomeres with WRN, a helicase mutated in the human 

progeria Werner Syndrome. Human cells lacking SIRT6 consequently exhibit telomere 

dysfunction and genomic instability with end-to-end chromosomal fusions (Michishita et al., 

2008). The deacetylase also regulates dynamic changes of telomeric H3K56 acetylation levels 

over the cell cycle (Michishita et al., 2009; Yang et al., 2009), thus reinforcing the role of SIRT6 

in telomere maintenance. 

 In the context of DNA damage, SIRT6 dynamically associates with chromatin and 

stabilizes the DNA double-strand break repair factor, DNA-dependent protein kinase (DNA-

PK) at double-strand breaks following DNA damage signaling. Cells deficient in SIRT6 exhibit 

H3K9 hyperacetylation in response to DNA damage, but the role of histone acetylation in this 

context is unclear (McCord et al., 2009). Mouse embryonic fibroblasts (MEFs) and embryonic 

stem cells lacking SIRT6 also exhibit increased sensitivity to DNA damage agents and genomic 

instability (Mostoslavsky et al., 2006).  The spectrum of DNA damage agents to which the 

SIRT6-null cells exhibit increased sensitivity include agents which induce double strand breaks, 

consistent with a role for SIRT6 in double strand break repair. 
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1.4 NF-κB AND AGING 
 
The NF-κB family  

In mammalian cells, the NF-κB family contains five members (p65 encoded by RELA, 

RELB, CREL, p105/p50 encoded by NFKB1 and p100/p52 encoded by NFKB2), characterized 

by the presence of a 300 amino acid, N-terminal domain (termed the Rel-homology domain) 

necessary for dimerization and DNA binding (Perkins, 2007). These family members hetero- or 

homodimerize together to create the NF-κB complex:  the best studied complex is comprised of 

p50 and p65 (Baeuerle and Baltimore, 1989; Ghosh et al., 1990).  

In its inactive state, the NF-ĸB complex is sequestered in the cytoplasm by inhibitory 

IκB proteins (Baeuerle and Baltimore, 1988a, b; Zabel and Baeuerle, 1990). Diverse signals such 

as TNF-α, DNA damage or oxidative stress stimulate a cascade of events including 

phosphorylation of IκB by IκB kinase (IKK), proteasome-dependent degradation of IκB, 

exposure of a conserved nuclear localization sequence of NF-κB and its subsequent nuclear 

translocation (Brown et al., 1995; DiDonato et al., 1997; Hayden and Ghosh, 2004; Traenckner 

et al., 1994). Within the nucleus, NF-κB transcription factors recognize the motif 

GGGRNNYYCC and bind DNA as a dimer to regulate the transcription of a plethora of genes 

involved in innate and adaptive immunity, inflammation and apoptosis (Hayden et al., 2006; 

Hoffmann and Baltimore, 2006).  

 

Evidence for a role for NF-κB in aging 

A novel role for NF-κB in aging was first suggested after demonstration of increased 

activity of NF-κB with age. Previous studies have demonstrated that transcriptional activity of 

NF-κB, measured by DNA-binding ability, increases with age in multiple rodent tissues 

(Helenius et al., 1996a; Korhonen et al., 1997). Helenius et al. report a consistent elevation of 

NF-κB binding activity in heart, liver, kidney and brain tissues from both rat and mouse with 

increased age (Helenius et al., 1996a). Korhonen et al. also observe increased DNA-binding by 

NF-κB in multiple brain tissues from old rats in comparison to young rats (Korhonen et al., 

1997). This increase in NF-κB activity is associated with decreased IκBα expression and 

increased p65 localized in the nucleus (Kim et al., 2000), suggesting that deregulated levels of 

IκBα in aged tissue may contribute to the onset of aging. In an independent study to identify 

aging-related alterations in hematopoietic stem cells (HSCs), RELA exhibited significantly 
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enhanced nuclear localization in aged HSCs. Furthermore, inflammatory-response genes, 

potentially in response to activated NF-κB, showed an age-dependent increase in expression 

(Chambers et al., 2007). Interestingly, the protein encoded by NFKB1 maps to a genetic locus on 

chromosome four that has been associated with human longevity (Reed et al., 2004).  

While many studies provide evidence associating increased NF-κB activity with aging, it 

still remains to be determined whether NF-κB contributes to longevity and aging-like processes. 

In Chapters 2, we reveal a role for NF-κB in regulating gene expression signatures associated 

with mammalian aging.  In Chapters 2 and 3, we test for a direct role of NF-κB in regulating 

aging of the skin.  Chapter 4 investigates how aberrant transcriptional activity of the NF-κB 

subunit RELA may contribute to the premature aging-like phenotype observed in mice lacking 

Sirt6. Based on the hypothesis that genes coregulated by Sirt6 and RelA are involved in aging, in 

Chapter 5, we seek to determine the genes directly regulated by these factors. 
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1.5 OUTLINE OF CHAPTERS 1 THRU 6, 
ROLE OF AUTHOR AND USE OF 
PUBLISHED WORK 
 Here, I briefly outline my role in completion of all chapters and reference published 

papers when necessary.  I would like to emphasize that the work described in the following 

chapters would not have been possible with the direct help—either through intellectual guidance 

or independent completion of experiments—of all co-authors. 

 

CHAPTER 1 

This chapter was written by myself. 

 

CHAPTER 2 

This chapter is a previously published paper, and the result of significant work from all authors 

cited below.  I contributed to Figures 2.5 panels A-B, 2.6 panels A-C, and S2.2 panels B-C in 

addition to the writing of the final manuscript with Howard Chang and Adam Adler. 

Adler AS, Sinha S, Kawahara TL, Zhang JY, Segal E, Chang HY. Motif module map reveals 
enforcement of aging by continual NF-ĸB activity. Genes & Dev. 2007. Dec 15; 21 (24): 3244-57. 
 
 

CHAPTER 3 

This chapter is written by myself and KC Ongaigui.  All experiments discussed were performed 

by both myself and KC Ongaigui. 

 

CHAPTER 4 

This chapter is a previously published paper, and the result of significant work from all authors 

cited below.  I contributed to Figures 4.1 panels C-D, 4.6 panels A-C, 4.7 panels A-I, S4.3 panels 
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A-C, S4.5 panels A-B, S4.6 A-B, S4.7 A-C in addition to the writing of the initial drafts and final 

manuscript with Katrin Chua and Howard Chang. 

Kawahara TL*, Michishita E*, Adler AS*, Damian M*, Berber E*, Hong M, McCord RA, 
Ongaigui KC, Boxer LD, Chang HY, Chua KF. SIRT6 links histone H3 lysine 9 deacetylation to 
control of NF-ĸB dependent gene expression and organismal lifespan. Cell. 2009. Jan 9; 
136(1):62-74. *These authors contributed equally to this work. 

 

CHAPTER 5 

This chapter is written by myself and Howard Chang.  All experiments discussed were 

performed by myself. 

  



13 
 

 
 
 
 
CHAPTER 2 

Enforcement of aging by 
continual NF-κB activity 
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2.1 ABSTRACT 
Aging is characterized by specific alterations in gene expression, but their underlying 

mechanisms and functional consequences are not well understood. Here we develop a systematic 

approach to identify combinatorial cis-regulatory motifs that drive age-dependent gene 

expression across different tissues and organisms. Integrated analysis of 365 microarrays 

spanning nine tissue types predicted fourteen motifs as major regulators of age-dependent gene 

expression in human and mouse. The motif most strongly associated with aging was that of the 

transcription factor NF-κB. Inducible genetic blockade of NF-κB for two weeks in the epidermis 

of chronologically aged mice reverted the tissue characteristics and global gene expression 

programs to those of young mice. Age-specific NF-κB blockade and orthogonal cell cycle 

interventions revealed that NF-κB controls cell cycle exit and gene expression signature of aging 

in parallel but not sequential pathways. These results identify a conserved network of regulatory 

pathways underlying mammalian aging and show that NF-κB is continually required to enforce 

many features of aging in a tissue-specific manner. 

 

 

 

 

 

 

 

 

 

Note:  This chapter is a previously published paper, and the result of significant work from all 

authors cited below.  I contributed to Figures 2.5 panels A-B, 2.6 panels A-C, and S2.2 panels B-

C in addition to the writing of the final manuscript with Howard Chang and Adam Adler. 

Adler AS, Sinha S, Kawahara TL, Zhang JY, Segal E, Chang HY. Motif module map reveals 
enforcement of aging by continual NF-ĸB activity. Genes & Dev. 2007. Dec 15; 21 (24): 3244-57. 
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2.2 INTRODUCTION 
Genes and environmental factors can influence lifespan and many phenotypes 

associated with aging (Conboy et al., 2005; Dhahbi et al., 2004; Kenyon, 2005a; Mair et al., 2003; 

Melov et al., 2007). While many mutations can extend lifespan in model organisms, only 

physiologic interventions, including caloric restriction (CR), heterochronic parabiosis, and 

exercise, have been shown to reverse phenotypes of aging in mammals (Conboy et al., 2005; 

Dhahbi et al., 2004; Kenyon, 2005a; Mair et al., 2003; Melov et al., 2007). Chronologic aging is 

associated with diverse and widespread changes in gene expression, which reflect the history and 

physiologic functions of the aged tissues (Dhahbi et al., 2004; Fraser et al., 2005; Lu et al., 2004; 

McCarroll et al., 2004). Thus, understanding the control of age-associated transcriptional 

programs may shed light on mechanisms of aging. However, the large number of genes that 

become differentially expressed with age and the diversity of such genes between different 

tissues and species have precluded unifying hypotheses or comprehensive experimental analysis. 

Here we begin to address this challenge by developing a new analytic approach. We 

computationally discover combinations of cis-regulatory elements that are predictive of gene 

expression patterns in individuals of different ages. The regulatory elements then become the 

common basis of comparison across diverse tissues, physiologic states, and species, and further 

direct hypothesis-driven experiments. 

Using our new bioinformatic approach, we identify the transcription factor NF-κB as a 

major regulator of gene expression programs associated with mammalian aging. The NF-κB 

family of transcription factors is comprised of five members that each contains a Rel homology 

DNA binding domain recognizing the motif GGGRNNYYCC (Hayden and Ghosh, 2004; Lim 

et al., 2007). NF-κB proteins are sequestered in the cytoplasm by binding to IκB proteins; 

phosphorylation of IκB leads to its degradation and enables nuclear translocation of NF-κB. NF-

κB transcription factors bind DNA as a dimer, the best studied of which is the heterodimeric 

complex of p50 (encoded by NFKB1) and p65 (encoded by RELA). NF-κB controls the 

expression of many target genes involved in innate and adaptive immunity, inflammation, and 

apoptosis; in vitro experiments have suggested that NF-κB may regulate cell senescence (Bernard 

et al., 2004; Hardy et al., 2005; Hayden and Ghosh, 2004; Zhang et al., 2005). Excess NF-κB 

activity can also induce muscle atrophy (Cai et al., 2004), insulin resistance (Arkan et al., 2005), 

and neurotoxicity in Alzheimer’s disease (Chen et al., 2005), three prevalent age-associated 

morbidities. Here we provide evidence for widespread involvement of NF-κB in mammalian 
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aging, and demonstrate a reversal of many features of aging upon acute blockade of NF-κB in 

aged skin. 
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2.3 RESULTS 
 
Motif module map of aging: Genome-scale identification of cis-
regulatory motifs driving age-dependent gene expression 

We devised a new analytic pipeline to identify specific cis-regulatory motifs driving age-

dependent gene expression programs (Figure 2.1). We first assembled groups of genes, termed 

motif modules, that share upstream motifs for transcription factor (TF) binding (see Methods). We 

focused on promoter sequences conserved among four mammalian genomes (human, mouse, 

rat, and dog). Since genes are typically controlled by multiple TFs that act in a combinatorial 

fashion, we identified modules with all single, pairwise, and three-way combinations of TF motifs 

in the TRANSFAC database (Matys et al., 2003) and a collection of phylogenetically conserved 

promoter motifs identified by Xie et al. (Xie et al., 2005) (Figure 2.1, Step 1). To identify the 

genes that compose each module, we employed a probabilistic model (Sinha et al., 2003) that 

scores sequences for clustering of TF binding sites, taking motif degeneracy, frequency, and 

competition among motifs into account. The algorithm yielded 1,095 motif combinations that 

were significant in a total of 12,680 unique human gene promoters (averaging 425 unique gene 

promoters per motif combination). Second, in any given gene expression data set, we identified 

motif modules that were coordinately induced or repressed in each expression profile, thereby 

detecting specific motif combinations that are activated or deactivated in each experiment 

(Figure 2.1, Step 2). Third, we identified specific motif modules that were significantly induced 

or repressed across samples in an age-associated fashion (P<0.01, one-sided t-test) (Figure 2.1, 

Step 3). Finally, we compared age-dependent motif modules across multiple human and murine 

tissues to identify candidate age-regulated module that are conserved in each organism and 

conserved in evolution (Figure 2.1, Step 4). The end result of the analysis is the prediction of 

key TF motifs and motif combinations that drive large-scale gene regulation in mammalian aging. 
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Figure 2.1. Motif module map of mammalian aging.1 

 
Regulatory motifs involved in mammalian aging  

We applied this four-step approach to identify TF motifs that were activated or 

deactivated with age in 294 microarray profiles representing six human tissue types ranging from 

16 to 106 years of age: skin fibroblasts, kidney cortex, kidney medulla, abdominal muscle, skeletal 

muscle, and brain. We hypothesized that motifs representing general regulators of aging may act 

in multiple tissues, and therefore sought enriched motif that were shared among multiple tissues. 

While many motifs were induced with age in one of six tissues, only three motifs were induced 

with age in five of six human tissues, and eleven motifs were induced in four of six tissues 

(Figure 2.2A). Four of these motifs (SP1, AP2, STAT, ETF) in combination with other motifs 

were also repressed with age in multiple tissues (Figure 2.2B), suggesting that these are likely 

permissive or “noisy” regulatory motifs involved in age-related stochastic changes in gene 

expression. Notably, three uncharacterized but conserved regulatory motifs show age-dependent 

                                                      
 

 

1 Step 1: Modules of genes that share upstream regulatory sequence motifs are identified. For instance, 
Module 1 consists of all genes with the orange motif; Module 2 is the set of all genes with the blue motif; 
Module 3 is the set of all genes with both orange and blue motifs. Step 2: The average expression of motif 
module induction or repression in each microarray gene expression profile is determined; red represents 
module induction, green represents module repression. Step 3: Identification of motif modules that show 
an age-associated increase (or decrease, not shown) in expression (P<0.01, one-sided t-test). Step 4: 
Conservation of age-associated motifs in multiple tissues and in species identifies candidate general 
regulators of mammalian aging. 
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induction in human, indicating them as binding sites for candidate regulatory factors involved in 

aging.  

We next identified age-induced motifs that showed conservation across human and 

murine tissues. Intriguingly, the strongest evidence for involvement in age-dependent gene 

regulation mapped to the binding site of NF-κB transcription factors, which was a constituent 

member of motif modules significantly induced with age in nine of ten human and murine 

tissues analyzed (Figure 2.2). The one apparent exception to this trend in normal human skin 

fibroblasts was due to a technical reason: NF-κB motif module was strongly induced after 50 

years of age but not further induced later, leading to a lower significance based on linear 

correlation with age (Figure 2.2C). In contrast in the remaining human tissues, coordinate 

induction of modules defined by NF-κB motif alone or by NF-κB in combination with other TF 

motifs (collectively termed NF-κB motif modules) tended to occur after 40 years of age and was 

even more prevalent after 70 years (Figure 2.2C and data not shown). Moreover, a NF-κB motif 

module was among the top induced modules in cells from Hutchinson Guilford progeria, a 

disease with features of premature aging (Figure 2.2D). Multiple NF-κB motif modules were 

strongly induced with age in mouse liver, heart, and hematopoietic stem cells (Figures 2.2E, 

2.2F, 2.2G). In an independent data set, treatment of mice with high fat diet induced a NF-κB 

motif module in the liver, while concomitant treatment with resveratrol, an agent that reverses 

the effects of high fat diet and prolongs lifespan (Baur et al., 2006), repressed the module 

(Figure 2.2E). The repeated identification of NF-κB motif modules in this unbiased screen 

suggests NF-κB as a candidate master regulator of gene expression programs in mammalian 

aging. 

 

Experimental validation of age-dependent regulation of NF-κB modules 

To test that the NF-κB modules we defined computationally indeed represent NF-κB-

responsive genes, we verified that six NF-κB-containing motif modules associated with human 

aging were experimentally responsive to perturbations of NF-κB activity, using published 

microarray data sets (Figure 2.3A) (Hinata et al., 2003; Zhang et al., 2004a). Retroviral 

transduction with NF-κB subunits p50 and p65 significantly induced three of six NF-κB modules 

compared to control cells transduced with GFP. Conversely, inhibition of NF-κB activity by 

adenovirus-mediated expression of dominantly active IκBα (Ad-IκBα) significantly inhibited the 

activation of four of six NF-κB modules in response to TNF-α. The particular fraction of genes 
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Figure 2.2 Identification of NF-κB as a regulator of aging-associated gene expression 
programs.2 

 
                                                      
 

 

2 (A, B) Modules induced or repressed with age. Shown is the number of constituent motif modules that 
are induced (A) or repressed (B) with age in the indicated number of human tissues. Motifs overlapping in 
four or five human tissues are shown; motifs labelled in gray were found to be both induced and repressed 
with age in combination with different motifs. NF-κB-containing motif modules are labelled blue 
throughout the figure. (C) NF-κB module expression increases with chronologic age. Shown is the 
significance (P-value, hypergeometric distribution) of the fraction of tissue samples within each age group 
that demonstrates activation of the indicated module. (D) Shown are motif modules significantly induced 
in Hutchinson Guilford progeria syndrome fibroblasts (P-value, Student’s t-test). Each row is a motif 
module; each column is a microarray sample. (E) Left: Motif module expression in mouse liver. Only 
modules with P<0.01 are shown (Student’s t-test). Right: Relative expression of NF-κB:ETS2 module in 
mouse liver after the indicated treatments. (F) Motif module expression in mouse haematopoietic stem 
cells (P<0.01, Student’s t-test). (G) Motif module expression over time in mouse heart (P<0.01, one-sided 
t-test). 
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within each module that changed with age also showed strong induction upon NF-κB expression 

and strong repression upon Ad-IκBα expression (Figure 2.3A). Importantly, the activities of five 

additional motif modules that were also induced with age, including two presenting novel motifs, 

were not altered by NF-κB. This finding supports the specificity of the computationally predicted 

NF-κB motif modules and suggests that the additional age-associate motif modules may work via 

pathways that are parallel to and independent of NF-κB. As a second validation, we found that 

NF-κB DNA binding activity is induced with age in murine skin, heart, kidney, liver, and spleen 

(Figure 2.3B). These findings are consistent with prior reports on induction of NF-κB DNA 

binding activity with age in individual tissues (Chung et al., 2001). We did not observe consistent 

age-dependent changes in the transcript or protein abundance of NF-κB subunits (Figure S2.1). 

The transcripts of genes encoding known regulators of NF-κB activity show diverse age-

dependent changes, suggesting that the mechanism of age-dependent NF-κB activation may be 

tissue-specific (Figure S2.1). Collectively, these results confirm that the computationally-defined 

NF-κB motif modules indeed represent NF-κB responsive genes, and that NF-κB activity is 

induced with chronologic age. 

 

 
Inducible genetic blockade reveals a role for NF-κB in enforcement of 
aging phenotypes 

To test the role of NF-κB in mammalian aging, in principle one could examine the 

lifespan of mutant animals lacking NF-κB. However, this experiment is not technically possible 

because NF-κB family members have important developmental functions and RELA-/- mice 

suffer from embryonic lethality (Hayden and Ghosh, 2004). Similarly, although NF-κB activity 

can be controlled by genetic manipulation of IκB kinases, discovery that the main IκB kinase 

IKKβ phosphorylates and regulates FOXO3a (Hu et al., 2004), a mammalian homolog of C. 

elegans aging gene DAF-16, renders interpretation of aging phenotypes in such animals potentially 

problematic. Instead, we asked whether tissue-specific aging phenotypes might require 

continuous NF-κB activity in vivo, a question with direct relevance to the treatment of age-related 

pathologies. We utilized a well-characterized system that allows inducible and site-specific 

inhibition of NF-κB activity in murine skin, yielding identical phenotypes as epidermal RELA 

deficiency (Zhang et al., 2004b; Zhang et al., 2005). The hormone binding domain of the mutant 

estrogen receptor (ER) that is responsive to 4-hydroxytamoxifen (4-OHT) was fused to a mutant 
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Figure 2.3 Experimental validation of NF-κB motif modules with age.3 

 

of p50 (NFKB1ΔSP) that dimerizes with other NF-κB subunits but is unable to bind DNA, thus 

dominantly inhibiting NF-κB activity (Logeat et al., 1991; Zhang et al., 2005). The fusion protein 

is normally sequestered in the cytoplasm and inactive; upon 4-OHT addition, NFKB1ΔSP-ER 

                                                      
 

 

3 (A) NF-κB-containing motif modules are experimentally responsive to altered NF-κB activity. Each row 
represents a motif module composed of the indicated genes (the last row represents the overlap of all age-
associated genes); each column represents an experiment. Each square is the average expression value of 
genes in the indicated motif module. NF-κB modules are specifically induced by p50 and p65 expression in 
primary human keratinocytes (left) and repressed by IκBα expression in primary human fibroblasts (right). 
*, P<0.05 between experimental treatment and control, Student’s t-test. (B) NF-κB DNA binding activity 
increase with age in mouse tissue. Shown is the relative level of NF-κB DNA binding activity in the 
indicated organ of young (Y; 1 month) and old (O; 22 months) wild type mice. Orange line indicates the 
average activity. *, P<0.005 between young and old for each organ, Student’s t-test. 

 



23 
 

translocates to the nucleus where it specifically inhibits NF-κB transcriptional activity (Zhang et 

al., 2005) (Figure S2.2). Experimental analyses confirmed that NFKB1ΔSP-ER is a potent and 

specific inhibitor of NF-κB DNA binding activity (mainly the p65:p50 heterodimer) and NF-κB 

target gene activation (Figure S2.2). NFKB1ΔSP-ER expression was driven within the basal layer 

of murine epidermis by the keratin 14 (K14) promoter in transgenic mice. K14:NFKB1ΔSP-ER 

mice had normal development, lifespan, and age-dependent induction of NF-κB activity in the 

skin (Figure 2.4A), indicating that NFKB1ΔSP-ER was not constitutively active. 

To test whether NF-κB activity is required to maintain age-associated gene expression, 

we applied topical 4-OHT and ethanol vehicle (EtOH) for two weeks to the right and left dorsal 

flanks, respectively, of chronologically aged transgenic mice (18-23 months) (Figure 2.4B). The 

use of spatially controlled NF-κB blockade allowed comparison with the contralateral, aged 

tissue on the same mouse, thereby controlling for many stochastic and unknown factors that may 

arise in different aged animals. Young transgenic mice (1 month) were treated in parallel as 

control. Skin samples were harvested and analyzed for gene expression using mouse cDNA 

microarrays containing ~19,000 unique genes. As expected, canonical NF-κB target genes were 

coordinately repressed by 4-OHT treatment in old transgenic mice but not in wild type mice 

(Figure S2.3). To rigorously define aging in molecular terms, we first identified all genes whose 

expression changed with age in this system, and then we tested how NF-κB blockade altered the 

expression of these age-associated genes (Figure 2.4B). Comparison of global expression 

profiles of young skin samples with the EtOH-treated old skin revealed 414 genes that were 

significantly altered (mostly induced) in old skin (false discovery rate [FDR]<0.05 using 

algorithm SAM (Tusher et al., 2001)). This set of murine age-associated genes is enriched for the 

presence of NF-κB binding sites in their promoters (60%, P<0.01; see Methods), experimentally 

confirming the evolutionarily conserved role of NF-κB in aging. Upon NF-κB blockade in old 

skin, expression of 225 of these 414 genes (54%) was reduced to expression levels 

indistinguishable from those of the young samples (Figs. 2.4C, 2.4D). Unsupervised hierarchical 

clustering confirmed that the expression pattern of 4-OHT-treated skin was globally more 

similar to that of young skin than the contralateral EtOH-treated skin on the same aged animals 

(Figure 2.4C). These results reveal that NF-κB activity is required to maintain a substantial 

portion of the global gene expression program induced with age in murine skin in vivo. 

Age-associated genes whose expression was inhibited by NF-κB blockade are 

multifaceted, and notably included those related to chromatin/transcriptional regulation 

(RAD50, SMC2L1, SMC6L1, and ATRX), protein modification/signal transduction (STK25, 

RAMP2, and HIP2), cell cycle/growth control (DNAJC2 and IGFBP5), and mitochondrion 
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(ALAS2, GSTK1, and PTE1) (Figure 2.4D, cluster 2; Figure S2.4). Genes related to 

inflammation and immunity were not substantially affected by NF-κB blockade in this context, 

nor did we see evidence of inflammatory infiltrate with aging (data not shown). Quantitative RT-

PCR analysis confirmed the age-dependent induction and reversal by NF-κB blockade of 

RAD50 and RAMP2, two genes tested from the signature; we also confirmed that these same 

genes are induced by chronologic age in wild type mouse skin (Figure 2.4E). Because 

K14:NFKB1ΔSP-ER is expressed only in the epidermis, the incomplete “rejuvenation” of the 

gene expression program of whole skin by NF-κB blockade may be due to the presence of other 

cell types that do not express the transgene. Indeed, two main clusters of age-associated genes in 

skin that were not altered by NF-κB blockade were enriched for collagens (COL1A1, COL1A2) 

expressed predominantly by dermal fibroblasts (Figure 2.4D, cluster 1) and adult hemoglobins 

(HBA-A1, HBB-B1) likely expressed by reticulocytes within the vasculature (Figure 2.4D, 

cluster 3). Further, systematic comparison of our data with the layer-specific transcriptional 

profiles of murine skin (April and Barsh, 2006) revealed that epidermal-specific expression 

strongly predicted the “rejuvenation” of age-related genes’ expression pattern by epidermal NF-

κB blockade (Figure 2.4C). Eighty-five percent of age-associated genes that were “rejuvenated” 

by epidermal NF-κB blockade had restricted expression in the basal or suprabasal layers of 

epidermis while eighty-three percent of the age-associated genes that failed to be “rejuvenated” 

by NF-κB blockade had expression in the dermis (P<10-11,  
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Figure 2.4. “Rejuvenation” of age-associated gene expression program upon NF-κB 
blockade in vivo.4 

                                                      
 

 

4 (A) NF-κB DNA binding activity in the skin of K14:NFKB1ΔSP-ER mice increase with age. Orange line 
indicates the average activity. *, P = 0.004, Student’s t-test. (B) analysis to identify the fraction of age-
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chi-square test). The density of predicted NF-κB binding sites was otherwise not different among 

promoters of “rejuvenated” and unresponsive age-induced genes. Together, these results suggest 

that the observed “rejuvenation” of gene expression occurs mostly through blockade of age-

related genes in the epidermis.induced genes. Together, these results suggest that the observed 

“rejuvenation” of gene expression occurs mostly through blockade of age-related genes in the 

epidermis. 

Next, we tested whether NF-κB blockade by 4-OHT treatment induced transcriptional 

changes other than reversal of aging-associated gene expression (Figure 2.4F). Genes whose 

expression differed between EtOH- and 4-OHT-treated old samples were identified using SAM. 

The expression levels of these genes in the young samples were then observed through 

unsupervised hierarchical clustering of all samples. Changes induced by inhibiting NF-κB were 

very specific because all of the expression changes induced by 4-OHT showed a similar 

expression pattern as the young samples (Figure 2.4F). No gene was significantly altered by 4-

OHT treatment that was not also reciprocally altered by aging (FDR<0.05 cutoff). Control 

experiments with non-transgenic mice confirmed that 4-OHT alone did not cause “rejuvenation” 

of gene expression (Figure S2.5). NF-κB blockade also did not induce either apoptosis or gene 
                                                                                                                                                       
 

 

associated genes that changes with NF-κB blockade. (C) NF-κB blockade “rejuvenates” age-regulated 
genes in the epidermis. Expression pattern of 414 genes that changed with age was used to organize all 
samples (young, old plus EtOH, old plus 4-OHT) by unsupervised hierarchical clustering. Right: First bar 
indicates the location of “rejuvenated”, collagen, or hemoglobin genes; second bar indicates the layer-
specific expression of each gene in murine skin April, C.S., and Barsh, G.S. (2006). Skin layer-specific 
transcriptional profiles in normal and recessive yellow (Mc1re/Mc1re) mice. Pigment Cell Res 19, 194-
205.. (D) Gene clusters highlighted in (C) are enlarged. Genes enriched for specific cellular processes are 
shown (green = protein modification/signal transduction; purple = chromatin/transcriptional regulation; 
blue = cell cycle/growth control; grey = mitochondrion; orange = collagens; red = hemoglobins). *, 
Genes whose expression was verified by quantitative RT-PCR. (E) qRT-PCR validation of age-dependent 
induction of two aging signature genes in wild type and K14:NFKB1ΔSP-ER mice. (F) Left: Schematic of 
the analysis to identify expression effects beyond “rejuvenation” upon 4-OHT addition. Right: NF-κB 
blockade through 4-OHT addition only induced gene expression patterns seen in young skin. Expression 
pattern of 276 genes that changed with 4-OHT treatment in old skin was used to organize all samples by 
unsupervised hierarchical clustering. Note that the two young samples are intermixed with old 4-OHT-
treated samples in the dendrogram. (G) NF-κB blockade in old skin does not induce transcriptional 
signatures of cell stress. Shown is the average relative gene expression (± s.d.) of all genes that comprise 
the transcriptional signatures in response to heat, ER (tunicamycin or DTT), or redox (menadione) 
stresses (left), all genes in response to heat alone (middle), or all genes in response to ER stress alone 
(right) in epithelial cells Murray, J.I., Whitfield, M.L., Trinklein, N.D., Myers, R.M., Brown, P.O., and 
Botstein, D. (2004). Diverse and specific gene expression responses to stresses in cultured human cells. 
Mol Biol Cell 15, 2361-2374. and the average expression of these genes in old K14:NFKB1ΔSP-ER mice 
with and without NF-κB blockade.  
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expression signatures of cell stress (Murray et al., 2004), including canonical transcriptional 

responses to oxidative, protein unfolding, or heat stresses (Figure 2.4G, Figure S2.6). Thus, the 

gene expression differences we observe are due to NF-κB inhibition and act specifically to revert 

epidermal gene expression to that observed in young skin. 

In addition to alterations in gene expression, aged skin is characterized by epidermal 

atrophy, decreased proliferative capacity, and increased frequency of cellular senescence (a state 

of irreversible cell cycle arrest). Newborn murine epidermis is 3-5 cell layers thick, but typically 

becomes 1-2 cells thick after one month of age. Aged murine tissues also exhibit increased 

expression of SA-β-gal (Dimri et al., 1995) and p16INK4A (Krishnamurthy et al., 2004), two 

markers of cellular senescence. While the epidermis of one month old and aged EtOH-treated 

skin samples was one cell thick, 4-OHT treatment increased epidermal thickness in old skin to a 

degree intermediate between newborn and one month old skin (Figure 2.5A, left). Consistent 

with the increase in epidermal thickness, NF-κB blockade in aged epidermis increased cell 

proliferation, as indicated by increased expression of the proliferation marker Ki-67 (Figure 

2.5A, right). As expected, SA-β-gal activity and p16INK4A protein expression were induced in aged 

skin, but both markers of senescence were significantly decreased upon NF-κB blockade (Figure 

2.5B). Six additional gene markers of senescence, identified through microarray analysis 

following oncogene-induced senescence (Hardy et al., 2005), were also found to be induced with 

age and strongly re-silenced upon NF-κB blockade (Figure S2.7). Importantly, reversal of cell 

senescence and increased proliferative capacity induced by NF-κB blockade occurred with 

preservation of normal tissue homeostasis and differentiation. In stratified epithelium, 

proliferative basal cells adherent to the underlying basement membrane undergo cell cycle arrest 

then outward migration and terminal differentiation. Cell proliferation after NF-κB blockade 

occurred predominantly in the basal layer of epidermis, the normal proliferative compartment 

(Figure 2.5A), and the spatial organization of the mature epidermal stratification program, 

including K14 (basal), K10 (suprabasal), and loricrin (granular layer), was intact (Figure 2.5C). 

K6 and K17, markers of hyperproliferation and truncated epidermal differentiation, were not 

induced (Figure S2.8). We also did not observe induction of K8 and K18, markers of simple 

epithelia, or defects in hair follicle shape and function, which are indicative of reversion to 

embryonic stages of skin development (data not shown). Together, these results suggest that NF-

κB activity is continually required to maintain cellular senescence associated with chronologic 

aging in murine skin. 
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Figure 2.5. Reversal of tissue characteristics of epidermal aging by NF-κB blockade.5 

 

                                                      
 

 

5 (A) NF-κB inhibition increases epidermal thickness and proliferation. Left: Hematoxylin and eosin (H & 
E) staining of mouse epidermis. Average epidermal thickness (number of cell layers) is shown (± s.e.m.). P-
values show significant difference between old EtOH and old 4-OHT (Student’s t-test). Bar, 30 µm. Right: 
Immunohistochemistry of Ki-67 protein expression in the epidermis of paraffin-embedded sections is 
shown (average number of Ki-67 positive cells ± s.e.m.). (B) NF-κB blockade decreases senescence 
markers SA-β-gal and p16INK4A. Left: SA-β-gal activity in the epidermis of frozen sections is shown 
(average SA-β-gal activity on a 0-3 scale ± s.e.m.). Right: Immunohistochemistry of p16INK4A protein in 
paraffin-embedded sections is shown (average p16INK4A staining on a 0-3 scale ± s.e.m.). (C) 
Immunofluorescence of K14, K10, and loricrin (Ab, red) in frozen sections of old skin after NF-κB 
blockade. Nuclei are blue with DAPI counterstain. White dashed line indicates basement membrane. 
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NF-κB regulation of cell cycle exit and gene expression signature of 
aging is separable 

The ability of NF-κB blockade to revert the global gene expression program and tissue 

characteristics to those more resembling younger mice raises the question whether these two 

events are mechanistically linked. NF-κB has been implicated in the induction of cell senescence 

and cell cycle exit; therefore one possibility is that the gene expression signature of epidermal 

aging arose as a consequence of cell cycle exit imposed by NF-κB. Alternatively, cell cycle exit 

and gene expression signature of aging may be independent functions of NF-κB. To distinguish 

between these two possibilities, we first compared age-specific effects of NF-κB blockade in the 

epidermis (Figure 2.6A). NF-κB blockade in young skin (by 4-OHT treatment of four week old 

K14:NFKB1ΔSP-ER mice) led to increased cell proliferation but did not alter the expression of 

the gene expression signature of aging, indicating that the consequence of NF-κB action is age-

specific and separable from cell cycle exit. Consistent with this observation, enforced cell 

proliferation in young K14:MYC-ER transgenic mice induced epidermal cell proliferation and 

expression of hyperproliferative keratins (K6 and K16) with no effect on the aging gene 

expression signature (Figure 2.6B, Figure S2.8). To further demonstrate the specific role of 

NF-κB in the transcriptional program of aging, we analyzed the genomic expression programs of 

skin or primary keratinocytes in response to the genetic activation or deletion of four additional 

transcription factors (cJun, β-Catenin, p63, and IRF6). While each of these factors has a 

demonstratable phenotype, none of them affected the gene signature of aging (Figure S2.8). 

Finally, we induced epidermal proliferation in old wild type mice and asked if enforced cell cycle 

exit could suppress the gene expression signature of aging. Treatment of skin in old wild type 

mice with the drug TPA induced massive epidermal proliferation, but microarray analysis 

showed that TPA had little effect on the aging gene expression signature (Figure 6C). Together, 

these data suggest that anti-proliferation and age-dependent gene expression are two separable 

functions of NF-κB. The former is operative in both young and old tissue with modest level of 

NF-κB while the latter is a context-specific and novel function of accumulated NF-κB in 

physiologically aged tissues (Figure 2.6D). 
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Figure 2.6. NF-κB controls cell cycle exit and gene expression signature of aging in 
parallel but not in sequential pathways.6 

  
                                                      
 

 

6 (A) NF-κB inhibition in young mice induces epidermal proliferation without affecting gene expression 
signature of aging. Left: Average relative gene expression (± s.d.) of the aging signature (genes that are 
induced by age and reversed by NF-κB blockade from Fig. 4C) in young and old K14:NFKB1ΔSP-ER mice. 
P-value shows significant difference between old EtOH and old 4-OHT (Student’s t-test). Right: Ki-67 
protein expression and epidermal thickness before and after 4-OHT treatment. Bar, 30 µm. (B) Enforced 
cell cycle entry by MYC does not induce the aging signature. Shown is the average relative gene expression 
(± s.d.) of the aging signature 1 or 4 days after 4-OHT treatment in young K14:MYC-ER mice. (C) TPA-
enforced hyperproliferation in old skin has little effect on the aging signature. Gene expression and Ki67 
staining are as above. (D) Model of NF-κB action in aging. Accumulation of NF-κB activity with age 
imparts additional layers of age-specific functions. Upon NF-κB blockade in aged tissue, multiple features 
characteristic of aging are reversed. 
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2.4 DISCUSSION 
Motif module map of aging as an engine of biological discovery 

We have developed a pipeline for systematic analysis of cis-regulatory motifs in aging 

that has several advantages. First, microarray analysis of aging (and of many other biological 

states) is complicated by the potentially large list of subtly differentially expressed genes, which 

precludes experimental analysis in a comprehensive manner. Our approach seeks to identify 

upstream regulators of the large-scale transcriptional changes, which enables investigators to 

manipulate the key pathways impinging on the motifs and thus experimentally manipulate the 

gene signature of interest to identify its functional consequences. Second, consideration of gene 

regulation at the level of modules is substantially more powerful than traditional gene-level 

methods (Segal et al., 2005; Subramanian et al., 2005). The collaboration of a cis-regulatory motif 

with different tissue-specific motifs provides a possible explanation for how a conserved 

mechanism may give rise to diverse age-associated changes in gene expression among different 

tissues (Fraser et al., 2005; McCarroll et al., 2004). Such a mechanism can be missed by gene-level 

analyses seeking overlap in gene expression changes among different aged tissues (McCarroll et 

al., 2004), but is detected by our motif module method that captures the combinatorial and 

conditional activities of higher level gene modules. Third, with the rapid accumulation of gene 

expression data in a variety of systems, our method provides an unbiased and scalable strategy to 

integrate and leverage diverse models of aging. For instance, we identified eleven known and 

three uncharacterized motifs that are induced with age across diverse human and mouse tissues, 

diseases, and age-related experiments. Detailed in vitro and in vivo analysis of NF-κB, a 

transcription factor family nominated by the motif module map, confirmed its age-specific and 

ongoing role to enforce the global transcriptional program and tissue phenotypes of epidermal 

aging. These results highlight the potential utility of our computational methods for genomic 

studies of aging and potentially other complex physiologic processes. 

 

Reversibility of mammalian aging phenotypes 

Aging is thought to reflect the accumulation of stochastic cellular damages and the 

effects of key genetic programs that act throughout life to control longevity (Kenyon, 2005a). 

Caloric restriction and heterochronic parabiosis can restore many features of youth to aged 

mammalian tissues (Conboy et al., 2005; Dhahbi et al., 2004; Mair et al., 2003), and expression of 

telomerase can reverse the effects of replicative senescence in vitro (Funk et al., 2000), suggesting 
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that some features of mammalian aging may be plastic. Our data suggest that many molecular 

and cellular features associated with mammalian aging, at least in epidermis and possibly other 

tissues, may be actively enforced until late in life, and age-associated phenotypes can be 

substantially reversed by a single gene intervention. Furthermore, NF-κB action in skin aging 

appears to be cell-autonomous since we were able to reverse multiple characteristics of aging in 

patches of epidermis by NF-κB blockade in otherwise old animals. These results bode well for 

the possibility of targeted therapies to reverse features of aging to alleviate age-related 

pathologies in the elderly. An important caveat of our study is the transience of NF-κB blockade; 

optimal strategies of NF-κB blockade to induce healthful effects in aged tissues in the long term 

need to be addressed in future studies. 

 

NF-κB enforcement of aging 

As a transcription factor that is responsive to oxidative stress, DNA damage, growth 

signals, and immune activation (Hayden and Ghosh, 2004), NF-κB is centrally placed to 

transduce diverse extracellular signals to adaptive changes in gene expression and tissue 

homeostasis (Chung et al., 2001). Indeed, several additional regulators of aging functionally 

interact with NF-κB. SIRT1, the mammalian homolog of yeast SIR2 gene that mediates 

replicative and CR-extended lifespan, binds to and deacetylates p65 RELA thereby inhibiting 

NF-κB activity (Yeung et al., 2004). FOXO3a, a homolog of the C. elegans longevity gene DAF-

16, represses NF-κB nuclear translocation and transcriptional activity (Lin et al., 2004). 

Intriguingly, the human NFKB1 gene maps within a genetic locus on chromosome four that has 

been repeatedly associated with human longevity (Reed et al., 2004). Recent studies in model 

organisms have suggested that target hub proteins which receive input from multiple upstream 

pathways are likely key integration and control points in morphogenetic pathways (Borneman et 

al., 2006). Application of similar criteria to the network architecture of genes involved in aging 

may help to prioritize additional regulatory motifs that may play dominant roles in mammalian 

aging. 

Our study highlights several areas for future studies. First, the mechanism by which NF-κB 

becomes activated with age remains unclear. Examination of promoter occupancy of NF-κB 

target genes in vivo in young and old tissues may be useful to elucidate the transcriptional 

complexes enforcing gene activation. Second, the contribution of specific NF-κB target genes to 

aging may be examined. Interestingly, seven NF-κB target genes identified in this study possess 

homologs that extended lifespan when inactivated in C. elegans. It should also be noted that given 
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the large number of NF-κB responsive genes (hence our emphasis on gene modules instead of 

single genes), the biological effects of NF-κB blockade may not be mediated by just a small 

number of target genes. For instance, the C. elegans DAF-16 gene encodes a forkhead 

transcription factor that mediates longevity by controlling the expression of hundreds of genes. 

Systemic RNAi studies of a large number of DAF-16 dependent genes showed that individual 

target genes had at best very modest influence on aging. It was the combined effect of all the 

target genes that explained the potency of DAF-16 (Murphy et al., 2003). In summary, our 

identification of age-dependent NF-κB motif modules and candidate target genes provide a 

framework for systematic dissection of transcriptional programs of aging in the future. 
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2.5 MATERIALS AND METHODS 
Gene expression data sets of human aging. Microarray analysis of primary human fibroblasts 

from individuals of different ages is described below. We selected five other published 

microarray data sets of aging in human tissue for comparison. Our criteria were: (i) the full data 

set (not just selected gene lists) be available for download, as our method required genome-wide 

measurements, and (ii) the data set contained large numbers of samples of individuals of a wide 

range of ages to ensure greater power for statistical analysis. We used EntrezGene ID (previously 

LocusLink ID) to map probes among different microarray platforms. 

Culture and microarray procedures for aged skin fibroblasts. We profiled 49 primary 

cultures of dermal fibroblasts from normal, healthy individuals of ages 17-92 yrs, collected in the 

National Institute of Aging’s Baltimore Longitudinal Study of Aging (Coriell Cell Repository). 

We selected fibroblasts which (i) represented a broad span of age groups equally, (ii) had < 10 

passages, and (iii) had no chromosomal abnormalities as determined by FISH. Fibroblasts were 

propagated in identical manner in the absence of connective tissue using Dulbecco’s Modified 

Eagle medium supplemented with 10% fetal bovine serum (Hyclone), glutamine, and 100U 

penicillin-streptomycin (Gibco). Cells were passaged for 5-10 population doublings in vitro before 

mRNA harvest. Construction of human cDNA microarrays, mRNA purification using FastTrack 

(Invitrogen), and array hybridizations were performed as previously described (Chang et al., 

2002). 

Motif module map of aging. Each motif module is a group of genes that have in common the 

presence of one or more specific TF binding motifs in their upstream regulatory regions (Figure 

1, Step 1). We defined the upstream regulatory region of each gene as in Xie et al. to be the (up 

to) 4,000 base pairs centered at the annotated transcription start site and are conserved among 

human, mouse, dog, and rat genomes (Xie et al., 2005). Redundancies were detected using 

BLAST (score >500 bits) and removed to give a total of 13,350 human sequences. We 

downloaded DNA binding sites from TRANSFAC (Matys et al., 2003) and Xie et al. (Xie et al., 

2005) and represented each binding site as a position-specific scoring matrix (PSSM). For all 

single, pairwise, and three-way combination of these motifs, we then identified the set of genes 

that significantly contain the particular combination in their regulatory region. To this end, for 

each motif combination and regulatory region of a particular gene, we used a probabilistic model 

(Sinha et al., 2003) to assign a score that represents the overall likelihood that the regulatory 

region contains the combination of motifs (normalized against background probability inferred 

from the local nucleotide composition of the same sequence). The probabilistic model treats the 
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PSSMs as prescribing binding free energies and takes frequency and competition among PSSMs 

into account when computing the score of a particular regulatory region. When identifying 

pairwise and three-way combinations of motifs, we excluded redundant combinations (as the 

motif databases used have sets of highly similar motifs), by only considering higher order 

combinations whose score improves compared to the score of each combination of motifs from 

the previous level. A single motif is considered as "targeting" a regulatory region if its score has 

an empirical P-value <0.01, estimated from 100 random permutations of that region. Specifically, 

we quantify the distribution of scores that would be expected by chance if the base composition 

of the promoter is held constant and if the promoter is assumed to not include the binding site 

motifs. A motif combination's target set is the intersection of the target sets of its component 

motifs; P-value of the score for motif combinations uses a model that has the combination of 

motifs. We rejected motif combinations whose target sizes were not significantly large 

(FDR<0.05, hypergeometric distribution). Mouse motif modules were constructed by mapping 

reciprocal best BLAST hits between human and mouse genes and assigning the same module 

memberships to each mouse ortholog. 

 After identifying motif modules based on genomic sequences, the next task is to 

determine which motif module(s) can potentially explain the observed gene expression data 

(Figure 1, Step 2). For each microarray profile, we identified the extent of module induction or 

repression by averaging the expression of all member genes and separating them into induced 

modules (expression change >0 in log2 space) or repressed modules (expression change <0 in 

log2 space). The average expression of the induced or repressed genes is obtained for every motif 

module in every microarray profile. This analysis yields a higher level view of each expression 

profile as a combination of activated and deactivated motif modules. 

 Thirdly, we identified motif modules that tended to be induced or repressed in an age-

associated fashion (Figure 1, Step 3). We calculated the Pearson correlation of the average 

expression levels of each module to the age of the samples. Positive Pearson correlation values 

were obtained for modules whose expression level increased with age; negative Pearson 

correlation values were obtained for modules whose expression level decreased with age. One-

sided t-tests (calculated with Winstat, R. Fitch Software) were used to determine the significance 

each Pearson correlation, and motif modules were classified as induced or repressed with 

chronologic age if P-value <0.01. 

 Lastly, we searched for motifs that were regulated with age in multiple tissues and 

organisms (Figure 1, Step 4). We first examined all of the enriched motif modules and their 
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component motifs in six human data sets. Fourteen constituent motifs were identified as induced 

with age in four or five of the data sets; six motifs were found to be repressed with age in four of 

the six data sets analyzed. We next analyzed the expression of the fourteen age-induced motifs in 

four additional human and mouse data sets. One mouse expression data set was a time course 

and was analyzed as above (Step 3) for the human data sets (motifs with P<0.01 were isolated). 

Each of the remaining human and mouse data sets contained replicates of young or old tissue 

samples; the expression of each motif module was obtained as above (Step 2) in each sample, 

and Student’s t-tests were used between the young and old groups to identify motifs with 

P<0.01. 

 Because motif occurrence in the genome is variable, we controlled for false discovery 

due to frequent motif occurrence by several means. First, the motif module map aimed to 

provide a comprehensive and accurate inventory of motif frequencies by comparing the 

occurrence of motif-matching sequences versus the permuted sequences of the same promoter 

regions. Thus, nucleotide content (which can vary widely over the genome) is preserved in our 

comparison. Second, we take motif frequency into account when we parse gene expression 

profiles of aging by our motif modules, by considering the average expression level of all genes 

in each particular motif module. Thus, for a large motif module comprised of many member 

genes, a correspondingly larger number of genes must be coordinately induced or repressed to 

influence the module average compared to a small module comprised of fewer genes. For 

instance, one of the largest motif modules we recovered was one that corresponded to CpG 

islands, which is present in ~30% of mammalian promoters. We did not find any evidence for 

this module to be coordinately induced or repressed with age in any of the data sets examined 

(data not shown). 

Mouse studies. K14:NFKB1ΔSP-ER vector and the K14:NFKB1ΔSP-ER transgenic line were as 

described (Zhang et al., 2005). The K14:MYC-ER line was as described (Frye et al., 2003). Old 

wild type old mice (C57BL/6) were obtained from the National Institute on Aging. NF-κB 

blockade in young and old K14:NFKB1ΔSP-ER mice was induced by topical application of 4-

hydroxytamoxifen (4-OHT; 1-1.5 mg/day in ethanol [EtOH]) or EtOH as a control on dorsal 

skin for two weeks. Hyperproliferation in old wild type mice was induced by topical application 

of 12-O-Tetradecanoylphorbol-13-acetate (TPA; 6.5 µg/every other day in acetone) or acetone 

as a control on dorsal skin for two weeks. 

Electrophoretic mobility shift (EMSA) and immunoprecipitation (IP) assays. NF-κB 

DNA binding activity in mouse skin was determined by NoShift EMSA (Novagen) per the 
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manufacturer’s instructions. NF-κB DNA binding activity and supershift assays in retrovirally 

transduced primary human keratinocytes was analyzed using Promega Gel Shift Assay System; γ-
32P was obtained from PerkinElmer. For immunoprecipitation of NFKB1ΔSP-ER in transduced 

primary human keratinocytes, cell lysis, IP, and wash steps were performed in IP buffer (50 mM 

Tris-HcL, pH 7.4, 250 mM NaCl, 0.25% Triton X-100, 10% glycerol). Following overnight 

incubation of cell lysates with anti-ERα (MC-20; Santa Cruz Biotechnology), antibody-protein 

complexes were purified with immobilized Protein A/G (Pierce) and eluted by boiling. 

Antibodies for EMSA supershift and IP assays were from Santa Cruz Biotechnology: anti-p65 

(H-286), anti-p50 (H-119 or C-19), anti-cRel (C), anti-p52 (K-27 or C-5), and anti-RelB (C-19). 

Microarray analysis of murine skin. Total RNA was extracted with TRIzol (Invitrogen), and 

RNA was amplified using the Ambion MessageAmpII aRNA kit. Amplified total Mouse 

Universal Reference RNA (Stratagene) was used as reference. cDNA microarray construction 

and hybridization were as described (Miki et al., 2001). 

Data analysis of NF-κB blockade in vivo. For analysis, we selected genes in which the 

corresponding array element had fluorescent hybridization signal at least 1.5-fold over local 

background in either Cy5 or Cy3 channel, and also had technically adequate data in at least 50% 

of experiments. Expression value of each gene was compared to its mean value across all 

experiments. 

(a) Effect of NF-κB blockade on age-associated gene expression program. We identified 

all genes that were significantly regulated with age, and then tested how NF-κB blockade in old 

mice affected the expression of these genes. To identify gene expression that changed with age, 

we carried out a two-class comparison using the permutation-based algorithm Significance 

Analysis of Microarrays (SAM) (Tusher et al., 2001) between young samples and EtOH-treated 

old samples (FDR<0.05). After this initial selection, we noticed that a small number of genes 

made the cutoff by virtue of being consistently repressed in young samples but were variably 

expressed in old samples. They were strongly induced in some old samples but repressed others; 

therefore their average fold of induction across all old samples was near zero. We deemed these 

to be “noisy” genes that should be removed in order to preserve a more robust and consistent 

list of genes as biomarkers of aging. Using mean centered data we calculated the average level of 

expression in old vs. young samples, and removed genes whose mean level of expression did not 

change more than 0.1-fold in log2 space (i.e. genes whose average fold induction across all old 

samples was near zero). 414 probes (henceforth genes) met these criteria for age-associated 

changes. Next, we tested how NF-κB blockade in old samples affected the expression of these 
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414 genes. We defined “rejuvenated” genes as genes whose expression pattern was significantly 

different between 4-OHT and EtOH-treated old samples and became more similar to that of 

young samples. Two-class comparison of 4-OHT and EtOH-treated old samples by SAM 

(FDR<0.07) and further comparison to young samples yielded 225 of 414 genes (54%) that met 

these criteria. To determine the effect of NF-κB blockade on the aging signature in the skin of 

young mice, we averaged the expression of all 225 “rejuvenated” genes following EtOH or 4-

OHT treatment of young K14:NFKB1ΔSP-ER skin and compared this to the average expression 

of the same genes in old K14:NFKB1ΔSP-ER skin. Quantitative RT-PCR to validate two of the 

“rejuvenated” genes was carried out on total RNA using the Taqman quantitative one-step RT-

PCR as described by the manufacturer (Applied Biosystems), normalized to GAPDH levels. 

(b) Identification of NF-κB binding sites in age-associated genes. For each age-associated 

gene, the 10,000 base pairs upstream of the annotated transcription start site in the mouse 

genome was analyzed in 500 base pair windows for NF-κB binding sites. For each window, we 

analyzed the presence of position-weighted matrices of NF-κB binding sites and calculated the P-

value as the frequency of NF-κB binding sites in 1,000 order-permuted sequences of the window 

length versus the observed NF-κB binding sites in the genomic sequence. Of the 414 age-

associated genes, 216 had unique LocusLink IDs; 174 of these genes had annotated transcription 

start sites and sequence information. Motif module map was used to identify NF-κB binding 

sites in 105 of these genes (60%, P<0.01). 

(c) Side effects of NF-κB blockade. We identified all genes that changed with NF-κB 

blockade in old skin, and then tested if any of the induced transcriptional patterns were not 

observed in young skin. To identify genes that changed upon 4-OHT addition, we carried out a 

two-class comparison with SAM between old EtOH- and 4-OHT-treated samples, obtaining 276 

genes (FDR<0.05). Unsupervised hierarchical clustering of these 276 genes across all old and 

young samples revealed that the young samples were intermixed with 4-OHT treated old 

samples, indicating that NF-κB blockade induced an expression pattern that was not distinct 

from young skin. 

(d) 4-OHT effect in non-transgenic mouse. To control for gene expression changes induced 

by the drug 4-OHT, we carried out the same drug/control treatment as described above in 

duplicate on a 20 month old non-transgenic mouse that was of identical genetic background. 

SAM was used to identify genes that changed expression between EtOH- and 4-OHT-treated 

samples. No genes were significantly induced or repressed upon 4-OHT addition (FDR>0.19). 
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(e) Layer-specific transcriptional profiles in skin of age-associated genes. Using recently 

published skin layer-specific transcriptional profiles (April and Barsh, 2006), we identified the 

skin layer in which each age-associated gene is normally expressed. We intersected the data sets 

using Unigene identifier and were able to determine the expression location for 166 of 414 age-

associated genes. Sixty-seven of the 94 epidermal-specific genes were “rejuvenated”, while only 

12 of the 72 genes expressed in the dermis and epidermis were “rejuvenated”, thus epidermal-

specific genes are highly enriched for “rejuvenated” genes (P<10-11, two-by-two chi-square test). 

(f) Gene expression signatures of cell stress after NF-κB blockade. To test whether NF-κB 

blockade induced gene expression signatures of cell stress, we intersected our expression data 

with that of expression data of cultured epithelial cells in response to various stresses (Murray et 

al., 2004). We mapped human-mouse gene orthologues by reciprocal best hit using Blast. Three 

signatures of genes that showed a consistent response to stress in HeLa cells were isolated: 1) 

General response to multiple stresses, 2) heat shock response, and 3) response to 2.5 mM 

dithiothreitol (DTT), an ER stress. The stress response, as measured by the average expression 

of all genes in each stress cluster at three time points, was determined for the same genes in 4-

OHT-treated mice compared to EtOH-treated mice. We did not observe any induction of these 

stress gene expression signatures upon NF-κB blockade (P>0.1, Student’s t-test). 

(g) Effect of MYC induction on age-associated gene expression program. To test the 

specificity of the “rejuvenation” effect of NF-κB blockade, we examined whether enforced cell 

cycle entry by activation of the K14:MYC-ER transgene (Frye et al., 2003) can induce the same 

gene expression program. We averaged the expression of genes that are induced by age and 

reversed by NF-κB blockade in 18-23 month old K14:NFKB1ΔSP-ER mice. We used Unigene 

identifier to match genes represented in different microarray platforms. Of the 225 

“rejuvenated” genes, 70 were in common between Stanford cDNA arrays and Affymetrix 

Genechips and are analyzed. The average expression levels of these genes were determined in 

K14:MYC-ER mice in the presence of 4-OHT for 1 or 4 days relative to samples in the absence 

of 4-OHT treatment. Expression levels of the KRT2-6a (Keratin 6) and KRT1-17 (Keratin 17) 

genes were extracted from the microarray data and compared by Student’s t-test. 

(h) Effect of hyperproliferation on age-associated gene expression program. To determine 

the effect of hyperproliferation on the aging signature in the skin of old mice, we compared the 

average expression of all 225 “rejuvenated” genes following acetone or 12-O-

Tetradecanoylphorbol-13-acetate (TPA) treatment of old wild type skin. 
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  (i) Comparison of NFKB1ΔSP-ER and IκBα-SR repressors on TNF-α-induced genes. 

SAM between TNF-α-induced (10 ng/ml, 1.5 h) primary human keratinocytes expressing GFP 

or NFKB1ΔSP-ER + EtOH and cells expressing IκBα-SR identified genes that were induced by 

TNF-α but repressed by expression of IκBα-SR (FDR<0.03). The activity of these genes 

following introduction of NFKB1ΔSP-ER + 4-OHT (500 nM, 21 h) was analyzed. Motif module 

map was used to identify the average expression levels of specific motif modules in these same 

samples. 

Histological and immunocytochemical analyses. Immediately after harvesting, skin samples 

were fixed in formalin. Sections were embedded in paraffin, sectioned, and stained for 

hematoxylin and eosin by Histo-Tec Laboratories (Hayward, CA). The thickness of the 

epidermis (number of cell layers) was quantified every 250 µm of epidermis for a minimum of 

8.5 mm for each skin sample and then averaged. Immunohistochemical staining for p16INK4A, Ki-

67, and Cleaved Caspase-3 protein in paraffin-embedded sections (5 µm) was performed as 

described (Zhang et al., 2004b) using BioGenex IHC detection systems. Anti-p16INK4A (F-12; 

Santa Cruz Biotechnology), anti-Ki-67 (TEC-3; DakoCytomation), and anti-Cleaved Caspase-3 

(Asp175; Cell Signaling Technology) were from the indicated sources. Senescence-associated 

beta-galactosidase (SA-β-gal) activity was detected with a SA-β-gal staining kit (Cell Signaling 

Technology) in OCT-embedded frozen sections (6 µm). Blue color was developed by incubation 

overnight at 37°C. Relative protein expression and SA-β-gal activity was quantified on a 0-3 

scale: 0 = no staining; 1 = weak staining; 2 = intermediate staining; 3 = strong staining. A score 

was obtained every 250 µm (p16INK4A) or 175 µm (SA-β-gal) of epidermis (minimum of 8.5 mm 

or 8.75 mm, respectively) for each sample and then averaged. The number of Ki-67 positive cells 

was counted every 500 µm of epidermis for a minimum of 8 mm for each sample and then 

averaged. Immunofluorescence of K14, K10, and loricrin protein in OCT-embedded frozen 

sections (6 µm) and p50 in primary human keratinocytes was performed as described (Zhang et 

al., 2005). Anti-K14 (AF 64; Covance), anti-K10 (Covance), anti-loricrin (AF 62; Covance), anti-

p50 (C-19, Santa Cruz Biotechnology) and Cy3-conjugated IgG (Jackson ImmunoResearch 

Laboratories, Inc.) were from the indicated sources. 

URLs. Microarray data are available at Stanford Microarray Database 

(http://smd.stanford.edu/) and GEO (http://www.ncbi.nlm.nih.gov/geo/; GSE3845) 
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2.6 SUPPLEMENTARY FIGURES 
 

 

Figure S2. 1. Diverse mechanisms of increased NF-κB activity with age.7 

 

                                                      
 

 

7 (A) Western analysis of two independent young and old mouse skin samples shows that NF-κB subunits 
p65, p50, and p105 weakly increase with age, while IkBa protein expression weakly decreases with age. 
Quantification was performed with ImageJ (http://rsb.info.nih.gov/ij/). (B) Expression of 38 genes found 
in NF-kB signaling pathways (BioCarta Molecular Pathways: http://www.biocarta.com) were anlayzed in 
six human tissues. One-sided t-tests identified genes whose expression significantly changes with age 
(P<0.05) in the indicated tissue. Some genes showed consistent change in multiple tissues, while many 
genes showed tissue specific effects. 
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Figure S2. 2 Characterization of NFKB1 ΔSP-ER specificity in primary human 
keratinocytes. 8 

                                                      
 

 

8 (A) NFKB1ΔSP-ER (green) translocates to the nucleus (DAPI, blue) of keratinocytes upon addition of 4-
OHT for 2 hours. (B) Immunoprecipitation (IP) of NFKB1 ΔSP-ER in keratinocytes reveals that NFKB1D 

ΔSP-ER interacts strongly with endogenous p65 in a 4-OHT-dependent fashion, weakly with p50 in a 
ligand-independent fashion, and no appreciable interaction is detected with RelB, cRel, or p52. (C) 
NFKB1 ΔSP-ER blocks p65:p50 NF-κB heterodimer. Left: EMSA supershift assay with the indicates 
antibodies identifies p65:p50 as the predominant heterodimer in keratinocytes. Right: In GFP-expressing 
cells, TNF-α strongly induces heterodimer formation, while expression of NFKB1 ΔSP-ER strongly inhibits 
TNF-α-induced heterodimer formation. (D) NFKB1 ΔSP-ER inhibits the same TNF-α-induced genes as 
IkBα-SR (super repressor). For keratinocytes transduced with each of the indicated genes, TNF-a-treated 
samples (labeled with Cy5; red) and control-treated samples (labeled with Cy3; green) were competitively 
hybridized to microarrays; average data of duplicate samples are shown. Left bottom: Analysis of motif 
modules identifies specific motif combinations similarly affected by NFKB1 ΔSP-ER and IkBα-SR. Right: 
Genes that are repressed by IkBα-SR as compared to GFP or NFKB1 ΔSP-ER (no 4-OHT) are also 
repressed by NFKB1 ΔSP-ER, albeit to a lesser extent. 
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Figure S2. 3. Expression levels of NF-kB target genes are reduced in aged K14:NFKB1 

ΔSP-ER skin after 4-OHT treatment.9 

 

 

 

 

                                                      
 

 

9 Left: The average expression level of each gene in old EtOH-treated skin (x-axis) and the contralateral 4-
OHT-treated skin (y-axis) was plotted for all genes (the raw expression values are in log2 space) and 
shown in gray. Shown are the expression levels of several canonical NF-kB target genes (red squares), 
including NFKBIA, STAT5A, IRF1, PTX3, CD83, and CSF2 that were previously shown to be induced 
by NF-κB in primary human keratinocytes (Hinata et al., Oncogene, 2003). NF-κB target genes were 
coordinately repressed upon 4-OHT addition (P = 1.6x10-5, hypergeometric distribution). Dashed line 
indicates linear regression trend line for all genes; most red squares are below the dashed line, indicating 
NF-κB target gene repression after 4-OHT treatment. Right: Quantitative RT-PCR confirms repression of 
NFKBIA after 4-OHT treatment. 
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Figure S2. 4. Gene Ontology categories affected by NF-κB blockade.10 

                                                      
 

 

10 We used gene module map to identify coordinate induction or repression of genes that comprise each 
Gene Ontology (GO) category (Harris et al., Nucleic Acids Res, 2004). We calculated the average 
expression of all genes in each module and determined the significance of expression changes upon NF-
kB blockade in old mice using Student's t-test. Red indicates that average expression of all genes in a GO 
category is induced upon 4-OHT addition; green indicates repression. Several GO categories that were 
altered upon NF-kB blockade are highlighted (P<0.1, dashed line). Genes in the immune response and 
inflammatory response GO terms were not significantly altered. 
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Figure S2. 5. 4-OHT treatment has no effect on gene expression.11 

 

  

                                                      
 

 

11 To control for gene expression changes induced by the drug 4-OHT, we carried out the same 
drug/control treatment as described in the main text in duplicate on a 20 month old non-transgenic mouse 
that was of identical genetic background. Two-class SAM was used to identify genes that changed 
expression between EtOH- and 4-OHT-treated samples. Increased and decreased expression associated 
with 4-OHT treatment is represented as upward and downward deflections from the above plot 
comparing observed data in the y-axis and expected data from permutation in the x-axis. No genes were 
significantly induced or repressed upon 4-OHT addition (dashed lines, FDR>0.19). 
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Figure S2. 6. NF-κB blockade in old skin does not induce apoptosis.12 

  

                                                      
 

 

12 Immunohistochemistry of Cleaved Caspase-3 protein expression, which detects the activated form of 
Caspase-3 found in cells undergoing apoptosis, in the epidermis of paraffin-embedded sections of 
K14:NFKB1 ΔSP-ER mice is shown. NF-κB blockade did not induce aberrant apoptosis in old skin. 

 



47 
 

 

Figure S2. 7. Expression of several senescence markers are reversed upon NF-κB 
blockade in mouse skin.13 

  

                                                      
 

 

13 (A) The average expression of genes whose expression is induced after senescence initiaion in mammary 
fibroblasts (Hardy et al., Mol. Bio. Cell, 2005) showed consistent increase with age in six human tissues. 
(B) Shown are the senescence genes that showed induction with age in K14:NFKB1 ΔSP-ER mouse skin 
(P<0.05, Student’s t-test between Young and Old EtOH). Six of the eleven genes were coordinately re-
silenced upon NF-κB blockade by addition of 4-OHT in old skin (*, P<0.05, Student’s t-test between Old 
EtOH and Old 4-OHT). 
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Figure S2. 8. Specificity of aging gene expression signature.14 

 

 

                                                      
 

 

14 (A) Hyperproliferative keratins are induced by MYC but not by NF-kB blockade. The average fold 
change in expression of the KRT2-6a (Keratin 6) and KRT1-17 (Keratin 17) genes from the microarray 
experiments is shown (± s.d.). *, P<0.05 up-regulated gene expression compared to wild-type untreated 
(Student's t-test). (B) The aging gene expression signature is not affected by activation or deletion of 
additional transcription factors. We analyzed the genomic expression programs of young mouse skin or 
primary human keratinocytes in response to genetic activation or deletion of the indicated transcription 
factor (average relative gene expression of the aging signature genes ± s.d.). While each of these factors 
have demonstratable phenotypes, none of them affected the gene signature of aging. References: K14:b-
Catenin-ER skin (Silva-Vargas et al., Dev. Cell, 2006); IRF6 null skin (Ingraham et al., Nat. Genet., 2006); 
p63 null skin (Koster et al., Dev. Bio., 2006); DN-cJun in primary keratinocytes (Zhang et al., 2007). 
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CHAPTER 3 

Rejuvenation of aged skin via 
blockade of NF-κB is 
impermanent 
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3.1 INTRODUCTION 
Aging is a process common to all species, and it is now well understood that this process 

is genetically and environmentally regulated. Environmental interventions such as caloric 

restriction can extend the healthspan lifespan of multiple organisms including yeast, worms and 

mice (Guarente and Picard, 2005).  Furthermore, mutating or disrupting a single gene can vary 

the lifespan of an organism (Adler et al., 2008). We recently identified NF-κB as a major 

regulator of phenotypes associated with mammalian aging (Adler et al., 2007a).  

The vertebrate family of NF-κB proteins is comprised of five members which homo- or 

heterodimerize with each other (p65 encoded by RelA,  RelB, cRel, p105/p50 encoded by Nfkb1, 

and p100/p52 encoded by Nfkb2) (Bernard et al., 2004). NF-κB dimers are sequestered in the 

cytoplasm by IκB inhibitory proteins until activated by stimuli including the cytokine TNF-α, 

oxidative stress or DNA damage. This results in proteasome-dependent degradation of the IκB 

proteins (Bernard et al., 2004), thus enabling NF-κB translocation to the nucleus, binding of 

DNA and activation of transcription of target genes involved in apoptosis, cellular senescence, 

inflammation and immunity (Hayden and Ghosh, 2008).  

We previously showed that NF-κB blockade in old tissue can increase epidermal 

thickness and cellular proliferation, decrease markers of cellular senescence such as SA-β-Gal and 

rejuvenate gene expression programs (Adler et al., 2007b). Thus, we next asked whether 

rejuvenation of the skin is permanent. Will the phenotypes of aged skin immediately return 

following reactivation of NF-κB and turnover of the basal layer of the epidermis? To determine 

whether reversal of aged skin mediated via NF-κB blockade is permanent, we exploited the 4-

hydroxytamoxifen (4-OHT)-inducible nature of the K14-NFKB1∆SP-ER (NFKB1∆SP-ER) mouse 

model (Adler et al., 2007b; Zhang et al., 2005) we previously used. In this mouse model, the 

hormone-binding domain of the mutant estrogen receptor (ER) allowing responsiveness to 4-

OHT was fused to a p50 mutant (NFKB1∆SP). This p50 mutant can dimerize with other NF-κB 

subunits but is unable to bind DNA, thus blocking NF-κB transcriptional activation in a 

dominant negative manner (Logeat et al., 1991). Furthermore, expression of this transgene is 

driven by the K14 promoter, a tissue specific promoter limited to the basal compartment of the 

epidermis. Thus, NFKB1∆SP-ER is normally inactive and sequestered in the cytoplasm of basal 

epidermal cells. Upon 4-OHT addition, however, the fusion protein translocates to the nucleus 

to inhibit NF-κB activity (Adler et al., 2007b; Zhang et al., 2005).  
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3.2 RESULTS 

Termination of NF-KB blockade reverses epidermal architecture and 
thickness characteristic of young tissue to that of old tissue 

To inhibit NF-κB, we topically treated the NFKB1∆SP-ER mice on their backs with 4-

OHT daily for two weeks. Skin from the treated area was next harvested each week for a total of 

four weeks following discontinuation of 4-OHT administration. We first performed hematoxylin 

and eosin (H&E) staining to investigate epidermal architecture and thickness. At Day 0, the  

 

 

Figure 3. 1. Thickening of epidermis is reversed within 3 weeks of NF-κB blockade 
removal.15 

 

                                                      
 

 

15 Time points indicate time elapsed after discontinuation of the blockade. Wild-type K14: NFKB1ΔSP-ER 
vector mice treated with EtOH (Wt+EtOH); K14:NFKB1ΔSP-ER transgenic mice treated with 4-OHT 
(Tr+4-OHT). H&E staining of mouse epidermis. NF-κB discontinuation results in thinning of the 
epidermis. Average epidermal thickness (number of cell layers) ± SEM. P-value shows significant 
difference between Wt+EtOH and Day 0 (Tr+4-OHT) (Student’s t-test). Bar, 50um.  
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epidermis of the 4-OHT-treated transgenic mice was roughly 1.6 layers thick (Figure 3.1). By 

week 1, the epidermal thickness was reduced to approximately 1.3 layers thick. By weeks 3 and 4, 

the 4-OHT-treated transgenics exhibited thickness of roughly one cell layer, comparable to the 

epidermal thickness of wild-type mice treated with ethanol vehicle. The wild-type mice treated 

with ethanol served as a positive control for the aged phenotype. Samples of control mice were 

obtained at each time point in parallel with the transgenic samples, and as expected, wild-type 

mice treated with ethanol alone maintain a consistent epidermal thickness of one cell layer at all 

the time points. 

 

Termination of NF-κB blockade results in rapid decrease of cellular 
proliferation  

Immunohistochemistry was performed to analyze cellular proliferation as detected by 

the Ki-67 marker following termination of NF-κB blockade. At Day 0, the epidermis of the 4-

OHT-treated transgenics exhibits robust Ki-67 staining (Figure 3.2). However, this staining 

quickly diminished by Week 1. The 4-OHT-treated transgenics continue to demonstrate weaker 

levels of Ki-67 staining from Week 2 and on. This weak staining beginning at Week 2 was 

comparable to the staining of the wild-type controls treated with ethanol. These control mice 

maintain a consistently low level of Ki-67 staining at all the time points following NF-κB 

blockade termination.  
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Figure 3. 2. Termination of NF-κB results in rapid reversal of hyperproliferation.16 

 
Termination of NF-κB blockade results in increase in cellular 
senescence 

Senescence levels following termination of the NF-κB blockade were evaluated by 

assaying SA-β-gal activity. Immediately following NF-κB blockade on Day 0, the epidermis of 

the 4-OHT-treated transgenic mice exhibits weak β-gal activity (Figure 3.3). The activity 

increases dramatically by Week 2 to leavels comparable to the control wild-type mice treated with 

ethanol, and continues through Week 4. The control maintains consistently high levels of β-gal 

activity at all the time points following NF-κB blockade removal.  

                                                      
 

 

16 Time points indicate time elapsed after discontinuation of the blockade. Wild-type mice treated with 
EtOH (Wt+EtOH); NFKB1ΔSP-ER transgenic mice treated with 4-OHT (Tr+4-OHT). Ki-67 staining of 
parrafin-embedded sections. NF-κB discontinuation results in decrease in cellular proliferation marker Ki-
67. Average number of Ki-67-positive cells ± SEM. P-value shows significant difference between 
Wt+EtOH and Day 0 (Tr+4-OHT) (Student’s t-test). Bar, 50um. 
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Figure 3. 3. Senescence resumes within 2 weeks of NF-κB blockade release.17 

 
IKK phosphorylation state unaffected by termination of NF-κB blockade 

Blocking NF-κB activity will inhibit signaling downstream of NF-κB, and we asked 

whether the downstream effects could impact the regulators upstream of NF-κB. We reasoned 

that as a result of multiple feedback loops in the NF-κB pathway, aberrant NF-κB-dependent 

signaling could affect activation of IκB kinase (IKK), which could subsequently effect the NF-κB 

activity and complicate our results. To test whether NF-κB blockade affects IKK activation, we 

used immunohistochemical techniques to assay the phosphorylation levels of IKK α/β (IKK-P). 

IKK-P staining of the 4-OHT-treated transgenic epidermis does not dramatically change at any 

of the time points following discontinuation of the blockade (Figure 3.4). The 4-OHT-treated 

transgenics demonstrate IKK-P staining comparable to the staining of the control wild-type mice 

treated with ethanol. The control maintains a consistent level of IKK staining at all the time 

                                                      
 

 

17 Time points indicate time elapsed after discontinuation of the blockade. Wild-type mice treated with 
EtOH (Wt+EtOH); NFKB1ΔSP-ER transgenic mice treated with 4-OHT (Tr+4-OHT). SA-β-gal staining 
of frozen sections. NF-κB discontinuation results in increase of cellular senescence marker SA-β-gal over 
time. Average SA-β-gal staining on a 0-3 scale ± SEM. P-value shows significant difference between 
Wt+EtOH and Day 0 (Tr+4-OHT) (Student’s t-test). Bar, 50um.  
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points following NF-κB blockade termination.  Altogether, these results indicate that our method 

to block NF-κB signaling does not indirectly simulataneously effect NF-κB signaling via 

feedback to regulators upstream of NF-κB. 

Figure 3. 4. IKK phosphorylation state is unaffected by termination of NF-κB.18 

                                                      
 

 

18 Time points indicate time elapsed after discontinuation of the blockade. Wild-type mice treated with 
EtOH (Wt+EtOH); NFKB1ΔSP-ER transgenic mice treated with 4-OHT (Tr+4-OHT). Bar, 50um. 
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3.4 DISCUSSION 
We have previously shown that blockade of NF-κB can reverse the aged histological 

phenotypes of the skin. Our present study confirms these results in an independently derived line 

of K14-NFKB1∆SP-ER mice and we now show that this effect is reversible. We first observe 

attenuation of the hyperproliferative phenotype about one week after blockade of NF-κB is 

removed. An increase in senescence is next observed about two weeks after blockade removal, 

and finally, by three weeks after blockade removal, the epidermal thickness is reduced to levels 

comparable to the control, old skin treated with vehicle alone. 

 
Kinetics of rejuvenation reversal 

The basal layer of the interfollicular epidermis is primarily comprised of stem cells and 

their progeny, rapidly dividing transactivating (TA) cells. As the TA cells differentiate, they exit 

the cell cycle, detach from the basement membrane and migrate away from the basal layer to 

form the spinous layer of the epidermis (Blanpain and Fuchs, 2006). Based on the regenerative 

nature of the skin, we first reasoned that irreversible rejuvenation of the skin by transient 

blockade of NF-κB would require a modification, most likely epigenetic, that is maintained in 

stem cells. Since NF-κB is not predicted or been shown to have direct epigenetic activity, it 

isreasonable that we observe reversibility of rejuvenation of old skin. Further studies are 

necessary to better understand which epidermal cells mediate the rejuvenation effect, but our 

current data nevertheless provide insight into the requirement of NF-κB blockade in these cell 

types.  If the K14-expressing stem cells mediate the rejuvenation effect, we could conclude that 

continual NF-κB blockade is required to maintain the youthful epidermal phenotypes. If, 

however, the rejuvenation effect is mediated through the TA cells, we posit that reversal of 

rejuvenation is a result of the frequent turnover of cells in the epidermis, which occurs 

approximately every two weeks in the mouse. Based on the kinetics of reversal observed, it 

seems likely that the TA cells at least in part mediate the rejuvenation effect. By about one week 

following blockade removal, a subset of TA cells have differentiated and withdrawn from the cell 

cycle, eventually senescing. This could thus explain the partial attenuation of the 

hyperproliferative phenotype observed after one week of blockade removal, the apparent 

increase in senescence after two weeks and reduction in epidermal thickness by three weeks. A 

mouse model which allows inducible and stem or TA cell-specific blockade of NF-κB will 

determine which cells mediate the rejuvenation effect, and elucidate which of the above models 

contribute to reversibility of rejuventation.  
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Insights into potential therapeutics 

Our findings indicate that transient NF-κB blockade may be used to temporarily 

rejuvenate old skin in mice. Transient rejuvenation can benefit the treatment of age-related 

pathologies, such as retarded wound healing in the elderly. Temporarily reprogramming skin in 

the elderly such that it exhibits characteristics of young tissue, such as increased epidermal 

thickness and cellular proliferation, could enable quicker recovery times for elderly patients 

undergoing surgical procedures or healing from injury. In the context of therapeutics, 

reversibility is also critical to prevent prolonged cellular proliferation and escape from cell cycle 

arrest mediated by NF-κB inhibition in the skin which can lead to carcinogenesis (Seitz et al., 

2000a; Seitz et al., 2000b; Zhang et al., 2004b; Zhang et al., 2005).  

 

Our studies indicate that the hyperproliferative and reduced senescent phenotypes 

observed following transient blockade of NF-κB are temporary, but our findings beg more 

questions. Are the rejuvenation phenotypes caused by NF-κB blockade mediated by the 

epidermal stem or transactivating cells? Can transient blockade of NF-κB improve would healing 

in old as well as young mice? How does transient NF-κB blockade affect carcinogenesis of mice 

in the long term? Finally, how does transient blockade impact the gene expression programs of 

the skin in old mice? Future studies aiming to answer these questions will help clarify how useful 

blocking NF-κB in the context of therapeutics of the skin can be.  
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3.5 MATERIALS AND METHODS 
Mouse studies. The K14: NFKB1∆SP -ER vector and K14: NFKB1∆SP –ER transgenic lines 

were generated as previously described (Zhang et al., 2005). NF-κB blockade in old K14: 

NFKB1∆SP -ER transgenic mice was induced by topical application of tamoxifen (4-OHT; 1-

1.5mg per day in EtOH) or EtOH alone as a control on dorsal skin every day for two weeks. 

After two weeks, 4-OHT treatment was terminated and skin samples were isolated at multiple 

time points following discontinuation (0, 1, 2, 3 and 4 weeks). The mice were housed and cared 

for at the Research Animal Facility at Stanford University.  

Histological analyses. Immediately following harvesting of skin, the dorsal skin samples were 

fixed in formalin overnight. Sections were embedded in paraffin, sectioned, and baked at 55°C 

for 1 hour. Hematoxylin and eosin (H&E) staining was performed by Histo-Tec Laboratories. 

Paraffin was removed from the skin sections with xylene washes and rehydrated with washes in 

100% EtOH, followed by 95% EtOH, 70% EtOH and H20. Sections were stained in Mayer 

hematoxylin solution, rinsed with washes in H20 and 95% EtOH, and counterstained with Eosin 

solution. The tissue was dehydrated with washes in H20, 70% EtOH, 95% EtOH, and 100% 

EtOH. Xylene washes were repeated and the sections were mounted with xylene-based 

mounting medium. The thickness of the epidermis (number of cell layers) was quantified every 

250 μm of epidermis for a minimum of 7.75 mm for each skin sample and then averaged. 

Immunohistochemical staining for Ki-67 and IKK-P α/β (1/300 overnight at 4˚C) was 

performed using BioGenex IHC detection systmes. Anti-Ki67 (TEC-3; DakoCytomation), and 

anti-IKK-P α/β (Ser 176/180; Cell Signaling) were from the indicated sources. For all 

immunohistochemical staining, paraffin was removed from the skin sections with xylene washes 

and rehydrated with washes in 100% EtOH, followed by 95% EtOH, 70% EtOH and H20. 

Citrate acid buffer was used as the antigen retrieval method. Tissues were blocked with a 

peroxide block reagent and a universal, caesein-containing blocking reagent provided by 

BioGenex. Ki-67 and IKK-P α/β antibodies are rat and rabbit antibodies, respectively, and were 

incubated with the corresponding biotin-labeled secondary antibodies. The biotin-labeled 

antibodies were detected by streptavidin horseradish peroxidase conjugate and 

Diaminobenzidine (DAB) Chromogen. The sections were rinsed and counterstained with 

Mayer’s Hematoxylin solution. The tissue was then dehydrated with washes in H20, 70% EtOH, 

95% EtOH, and 100% EtOH. Xylene washes were repeated and the sections were mounted with 

xylene-based mounting medium. The number of Ki-67-positive cells was counted every 500 μm 

of epidermis for a minimum of 8 mm for each sample and then averaged. 
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Frozen tissue samples were sectioned using the Cryotstat. The OCT-embedded frozen 

sections (6 µm) were allowed to dry for 30 minutes at room temperature and subsequently frozen 

and stored at -80˚C until staining.  

Senescence-associated β-galactosidase (SA-β-gal) activity was detected with a SA-β-gal 

staining kit (Cell Signaling). The sections were warmed to room temperature to dry. They were 

fixed for 15 minutes using the Fixative solution and washed with PBS. Sections were stained 

using the staining and X-Gal solutions, provided by Cell Signaling Technology. Blue color was 

developed by incubation for 21 hours at 37˚C. Relative SA-β-gal activity was quantified on a 0-3 

scale: 0 indicates no staining; 1 signifies weak staining; 2 indicates intermediate staining; and 3 

signifies strong staining. A score was obtained every 200 μm of epidermis (minimum of 10 mm) 

for each sample and then averaged. 
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CHAPTER 4 

SIRT6 links histone H3 lysine 9 
deacetylation to control of  
NF-κB dependent gene 
expression and organismal 
lifespan 
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4.1 ABSTRACT 
Members of the Sirtuin (SIRT) family of NAD+-dependent deacetylases promote 

longevity in multiple organisms. Deficiency of mammalian SIRT6 leads to shortened lifespan and 

an aging-like phenotype in mice, but the underlying molecular mechanisms are unclear. Here we 

show that SIRT6 functions at chromatin to attenuate NF-κB signaling. SIRT6 interacts with the 

NF-κB RELA subunit and deacetylates histone H3 lysine 9 (H3K9) at NF-κB target gene 

promoters. In SIRT6-deficient cells, hyperacetylation of H3K9 at these target promoters is 

associated with increased RELA promoter occupancy, and enhanced NF-κB-dependent 

modulation of gene expression, apoptosis and cellular senescence. Computational genomics 

analyses revealed increased activity of NF-κB-driven gene expression programs in multiple Sirt6-

deficient tissues in vivo. Moreover, haploinsufficiency of RelA rescues the early lethality and 

degenerative syndrome of Sirt6-deficient mice. We propose that SIRT6 attenuates NF-κB 

signaling via H3K9 deacetylation at chromatin, and hyperactive NF-κB signaling may contribute 

to premature and normal aging. 

 

 

 

 

 

 

Note:  This chapter is a previously published paper, and the result of significant work from all 

authors cited below.  I contributed to Figures 4.1 panels C-D, 4.6 panels A-C, 4.7 panels A-I, 

S4.3 panels A-C, S4.5 panels A-B, S4.6 A-B, S4.7 A-C in addition to the writing of the initial 

drafts and final manuscript with Katrin Chua and Howard Chang. 

Kawahara TL*, Michishita E*, Adler AS*, Damian M*, Berber E*, Hong M, McCord RA, 
Ongaigui KC, Boxer LD, Chang HY, Chua KF. SIRT6 links histone H3 lysine 9 deacetylation to 
control of NF-ĸB dependent gene expression and organismal lifespan. Cell. 2009. Jan 9; 
136(1):62-74.  

*These authors contributed equally to this work.  
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4.2 INTRODUCTION 
SIRT6 is a histone H3-lysine 9 deacetylase required for preventing 
aging-related pathologies 

 
The Sirtuin (SIRT) family of nicotinamide adenine dinucleotide (NAD+)-dependent 

protein deacetylases is implicated in lifespan regulation in yeast, worms, and flies (Haigis and 

Guarente, 2006). In mammalian genomes, there are seven SIRT genes (SIRT1-SIRT7). 

Inactivation of the Sirt6 gene in mice leads to dramatically shortened lifespan and a premature 

aging-like phenotype (Mostoslavsky et al., 2006). Specifically, Sirt6-deficient animals develop 

normally for several weeks after birth, but succumb to an acute multi-organ degenerative 

syndrome that is uniformly lethal by one month of age. This phenotype includes bone mineral 

density defects reminiscent of osteoporosis, spinal curvature abnormalities, loss of subcutaneous 

fat, lymphocyte attrition, and severe metabolic defects with precipitous drops in serum glucose 

and IGF-1 levels (Mostoslavsky et al., 2006). In addition, Sirt6-deficient mouse cells are 

hypersensitive to certain forms of DNA damage and show increased genomic instability 

(Mostoslavsky et al., 2006). However, relatively little was understood regarding the fundamental 

molecular activity of SIRT6, and the cellular pathways in which it functions. Recently, we 

discovered that SIRT6 is a histone H3-lysine 9 (H3K9) deacetylase, and identified a role for this 

SIRT6 activity at telomeric chromatin, where it prevents telomere dysfunction in human cells 

(Michishita et al., 2008). However, telomere dysfunction is not observed in Sirt6-deficient mouse 

cells (Michishita et al., 2008), and the molecular pathways that contribute to the phenotypes of 

Sirt6-/- mice remain unclear. It is also unknown whether SIRT6 deacetylates H3K9 at genomic 

loci beyond telomeres, or whether it regulates other chromatin-templated processes. Thus, much 

remains to be discovered regarding the molecular basis of SIRT6 action. 

 

NF-κB is an emerging regulator of aging-related processes 

 
Another emerging modulator of aging-related pathways in mammals is the NF-κB family 

of transcription factors, which controls the activity of genes involved in apoptosis, cell 

senescence, inflammation, and immunity (reviewed by (Adler et al., 2008; Hayden and Ghosh, 

2008). NF-κB target gene activities increase with age in many mammalian tissues and in stem 

cells (Adler et al., 2007a; Chambers et al., 2007; Helenius et al., 1996b; Korhonen et al., 1997). 

Moreover, blockade of NF-κB in the skin of aged mice can reverse the global gene expression 
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program and tissue characteristics to that of younger animals (Adler et al., 2007a). NF-κB is also 

implicated in age-dependent induction of cellular senescence in epithelial and hematopoietic 

progenitor cells (Adler et al., 2007a; Chambers et al., 2007). Therefore, NF-κB appears to be an 

important regulator of aging-related cellular processes. 

NF-κB activity is controlled by multiple layers of regulation (reviewed by (Hayden and 

Ghosh, 2008). There are five NF-κB family members, each of which contains a Rel-homology 

DNA binding domain. These NF-κB proteins typically bind to their target DNA sequences as 

dimers. In unstimulated cells, NF-κB is sequestered in the cytoplasm by inhibitory IκB proteins. 

Upon stimulation by diverse cell stresses (such as cytotoxic cytokine TNF-α, oxidative stress, 

DNA damage, or infection), IκBs are degraded, allowing NF-κB to translocate into the nucleus 

and activate target genes. NF-κB induces the transcription of IκBα and other negative regulators 

of the pathway (Hayden and Ghosh, 2008), which contribute to signal inactivation. Thus, in 

individual cells, NF-κB signaling is characterized by dynamic patterns of periodic NF-κB nuclear 

localization and target gene activation interspersed with nuclear exit and gene deactivation. 

Chromatin regulation likely plays an important role in modulating NF-κB target gene expression 

patterns. For example, certain NF-κB target genes are primed while others are prevented from 

reactivation following a pioneering round of NF-κB activity, and these effects are associated with 

distinct chromatin modifications at the target genes (Foster et al., 2007). Additional factors that 

control chromatin dynamics in NF-κB regulation remain to be explored. 

 

Given the intriguing links of both SIRT6 and NF-κB to aging-associated processes, we 

hypothesized that these two pathways may functionally interact. Here we report that SIRT6 

binds to the NF-κB subunit RELA and attenuates NF-κB signaling by modifying chromatin at 

NF-κB target genes. Genetic and genomic studies further reveal that SIRT6-mediated control of 

NF-κB prevents aging-associated, hyperactive NF-κB dependent gene expression, and inhibition 

of NF-κB can rescue the early lethality of Sirt6 knockout mice. 
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4.3 RESULTS 
 

SIRT6 interacts physically with the NF-κB subunit RELA 

 
To probe a potential connection between SIRT6 and NF-κB, we asked whether SIRT6 

physically interacts with the NF-κB subunit RELA. FLAG-tagged SIRT6 or several other 

mammalian SIRT proteins were expressed in 293T cells and immunoprecipitated with anti-

FLAG antibodies. Western analysis of the immunoprecipitates (IPs) revealed that RELA 

associates with FLAG-SIRT6 (Figure 4.1A). Other FLAG-tagged SIRTs did not associate 

significantly with RELA under these conditions. The interaction between FLAG-SIRT6 and 

RELA is not due to DNA bridging, because it is resistant to ethidium bromide (Figure S4.1). 

Western analysis of endogenous SIRT6 IP’s also revealed a specific interaction with RELA 

(Figure 4.1B), but not other NF-κB family members (Figure S4.1), and conversely, SIRT6 was 

detected in IPs of endogenous RELA (Figure S4.1). We note that on long exposures, the 

previously reported interaction between RELA and SIRT1 (Yeung et al., 2004) was also 

observed, but much more weakly than the RELA-SIRT6 interaction (data not shown). Notably, 

the SIRT6-RELA interaction was augmented by TNF-α stimulation (Figure 4.1C), suggesting 

that TNFα-dependent translocation of RELA to the nucleus facilitates its interaction with 

SIRT6, a predominantly nuclear protein. In vitro pull-down assays using purified GST-fusion 

proteins revealed a specific interaction between GST-SIRT6 and in vitro translated (IVT) RELA 

(Figure 4.1D), and between a GST-RELA protein and IVT SIRT6 (Figure 4.1E), suggesting 

that the SIRT6-RELA interaction is direct. Together, the data indicate that SIRT6 interacts 

physically with RELA in vitro and in cells.  
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Figure 4. 1. Sirt6 interacts with RelA19 

 

                                                      
 

 

19 (A) Co-IP of RELA with FLAG-tagged SIRT6 protein. Western blot (WB) analysis reveals RELA 
protein in immunoprecipitates (IP) of FLAG-tagged SIRT6, but not several other SIRTs, expressed in 
293T cells. A very weak interaction with SIRT7 may be observed under these conditions. (B) Endogenous 
SIRT6 and RELA proteins interact. Western blot analysis of RELA following co-IP with endogenous 
SIRT6 or SIRT1, or control IP is shown. (C) SIRT6-RELA interaction is induced upon TNF-α treatment. 
Endogenous co-IP of RELA with SIRT6 from 293T cells following TNF-α (20 ng/ml) treatment. (D) In 
vitro translated RELA binds purified recombinant SIRT6-GST. (E) In vitro translated SIRT6 binds 
purified recombinant GST-RELA (aa1-431). 
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SIRT6 is recruited to NF-κB target gene promoters 

 The TNF-α-inducible physical interaction between SIRT6 and RELA suggested that 

SIRT6 might associate with promoters of RELA target genes. To test this possibility, HeLa cells 

stably expressing FLAG-tagged SIRT6 protein, or empty vector control, were stimulated with 

TNF-α, and chromatin immunoprecipitation (ChIP) was performed with anti-FLAG antibodies. 

In response to TNF-α, FLAG-SIRT6 was detected at the promoters of several NF-κB target 

genes, including IAP2, MnSOD, ICAM, and NFKBIA (Figure 2A, data not shown). We then 

assessed occupancy of endogenous SIRT6 at these promoters by ChIP analysis using SIRT6 

antibodies, compared to IgG negative control background signals. Again, TNF-α led to increased 

levels of SIRT6 occupancy at these RELA target promoters (Figure 2B). We note that SIRT6 

expression levels do not change under these conditions, and thus cannot account for the TNF-α 

dependent increase in the SIRT6 ChIP (Figure S1). To determine whether SIRT6 is recruited to 

these genomic targets via its interaction with RELA, we used short hairpin RNAs (shRNAs) to 

knock-down RELA expression (Figure 2C). This depletion of RELA abolished the TNF-α 

induced occupancy of SIRT6 at the RELA target promoters (Figure 2D). Similar results were 

observed when RELA was inactivated using siRNAs targeting an independent RELA sequence 

(Figure S2) and in RelA knockout mouse cells (Figure S3). Together, these data suggest that 

SIRT6 is recruited to chromatin at the promoters of RELA target genes, via its physical 

interaction with RELA. 

 

SIRT6 represses NF-κB target gene expression 

The association of SIRT6 with RELA target promoters suggested that SIRT6 levels might 

influence RELA-dependent transcription. Therefore, we tested the effects of over-expressing 

SIRT6 or several other SIRTs on expression of a NF-κB-luciferase reporter gene. Only SIRT6 

and SIRT1 significantly repressed NF-κB reporter gene activity, whereas catalytically inactive 

SIRT6 and SIRT1 mutant proteins did not (Figure 4.3A). To determine whether endogenous 

SIRT6 regulates NF-κB transcriptional activity, we stably knocked down SIRT6 expression in 

HeLa cells using two independent short hairpin RNAs that were previously validated for specific 

targeting of SIRT6 (Figure 4.3B) (Michishita et al., 2008). SIRT6 depletion led to constitutive 

NF-κB reporter gene activity, which, upon TNF-α treatment, was further enhanced to levels 

considerably higher than in SIRT6-proficient control cells (Figure 4.3C). SIRT6 depletion also 

endowed exogenous RELA with higher transcriptional potency (Figure 4.3D).  

 



67 
 

 

Figure 4. 2. RELA Recruits SIRT6 to Target Promoters20 

 
 

  

                                                      
 

 

20 (A) FLAG-SIRT6 is recruited to promoters of NF-κB target genes. HeLa cells stably expressing either 
pBabe-FLAG-SIRT6 or empty pBabe vector were treated with TNF-α (20 ng/ml) for 45 minutes. ChIP 
with α-FLAG antibodies was performed, and FLAG-SIRT6 occupancy (mean ± s.e) is shown relative to 
background signals in ChIPs from pBabe control cells.(B) Endogenous SIRT6 is recruited to the 
promoters of NF-κB target genes. HeLa cells were treated with TNF-α (20 ng/ml) for 45 minutes. ChIP 
with α-SIRT6 antibodies was performed, and SIRT6 occupancy (mean ± s.e) is shown relative to 
background signals in IgG negative control ChIPs.(C) Western analysis of RELA protein in HeLa cells 
stably expressing RELA shRNA (RELA sh).(D) RELA is required for recruitment of SIRT6 to the 
promoters of NF-κB target genes. Cells were transduced with either RELA shRNA or control pSR vector 
and treated with TNF-α (20 ng/ml) for 1 hour. ChIP with α-SIRT6 antibodies was performed and SIRT6 
occupancy relative to untreated pSR control cells is shown.  
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 To determine whether SIRT6 regulates endogenous RELA-dependent gene expression, 

we compared the expression of multiple NF-κB target genes in SIRT6 knock-down and control 

cells by quantitative RT-PCR. In control cells, TNF-α treatment led to inducible expression of 

NF-κB target genes, as expected (Figure 4.3E). The time-course of this expression varied for 

specific genes, consistent with previous reports (Hoffmann et al., 2002). SIRT6 knock-down 

with both shRNAs led to super-induction of a subset of NF-κB target genes, including IAP2, 

MnSOD2, ICAM1, and NFKBIA (Figures 4.3E, S4.4). Moreover, the increased expression of 

RELA target genes that occurs with SIRT6 knock-down was abolished in cells depleted of 

RELA, demonstrating that these effects are not due to RELA-independent effects of SIRT6 on 

gene expression (Figure S4.4).  
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Figure 4. 3. SIRT6 represses RELA target gene expression21 

                                                      
 

 

21 (A) SIRT6 and SIRT1 repress NF-κB transcriptional activity. Top: Relative luciferase units (RLU) of 
RELA mediated transcription of IL1-Luc (NF-κB reporter gene) activity upon transfection of FLAG-
tagged SIRT proteins or vector control (mean ± s.e.). *, p<0.05, Student’s t-test. Bottom: Immunoblot 
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 Intriguingly, the SIRT6-repressed NF-κB target genes overlap with genes that are 

increasingly expressed with age, as assessed by a compendium of 294 microarrays of global gene 

expression changes that occur with age in six human tissues (Adler et al., 2007a), (Figure 4.3F, 

p=0.001, hypergeometric distribution). For example, IAP2, MnSOD, ICAM1, NFKBIA and 

NFKB1, are all induced with age in one or more human tissues. Together, our results suggest that 

SIRT6 directly inhibits expression of a subset of NF-κB target genes, especially those associated 

with aging.  

 

SIRT6 deacetylates histone H3 lysine 9 on promoters of NF-κB target 
genes to destabilize NF-κB 

We recently showed that SIRT6 is a specific histone H3K9 deacetylase that modulates 

chromatin structure at telomeres (Michishita et al., 2008). In the context of gene expression, 

acetylated H3K9 (H3K9Ac) is associated with actively transcribed genes, whereas H3K9 

deacetylation correlates with gene repression (Kouzarides, 2007). Therefore, we asked whether 

SIRT6 is required for deacetylation of H3K9 at NF-κB target genes. ChIP analysis revealed that 

H3K9 acetylation is induced following TNF-α treatment in SIRT6-proficient control cells at the 

promoters of multiple NF-κB target genes (Figure 4.4B), consistent with transcriptional 

induction. In cells depleted of SIRT6 (Figure 4.4A), H3K9 was hyperacetylated at these 

promoters in response to TNF-α (Figure 4.4B). A similar hyperacetylation of H3K9 was 

observed in Sirt6 knockout mouse cells (Figure S4.3). In contrast, no hyperacetylation was 

observed at other histone residues in SIRT6-deficient cells, consistent with the specificity of 

SIRT6 for H3K9Ac (Figure S4.2). Together, these data suggest that SIRT6 is recruited to 

promoters of NF-κB target genes to deacetylate H3K9. 

                                                                                                                                                       
 

 

showing expression of FLAG-tagged SIRT proteins. (B) Western analysis of SIRT6 protein in HeLa cells 
stably expressing two independent SIRT6 shRNAs (S6 sh1 and S6 sh2). (C, D) SIRT6 inhibits TNF-α-
induced (C) and RELA-induced (D) reporter gene expression. RLU of IL1-Luc (NF-κB reporter gene) 
activity (mean ± s.e.) in control (pSR) and SIRT6-knockdown (S6 sh2) HeLa cells is shown.(E) Increased 
expression of NF-κB target genes in SIRT6 knock-down cells. Quantitative TaqMan real-time PCR 
analysis of the indicated mRNAs is shown normalized to GAPDH levels (mean ± s.e.). (F) Regulation of 
18 SIRT6-dependent NF-κB target genes in six microarray data sets of human aging. Each row is a data 
set; each column is a gene. Significant induction (red) or repression (green) with age (p<0.05, one-sided t-
test) is shown. The preponderance of age-dependent induction (81% observed vs. 50% expected) is 
significant (p=0.001, hypergeometric distribution). 

 



71 
 

Because histone deacetylation is proposed to decrease the accessibility of chromatin to 

DNA binding factors (Kouzarides, 2007), we reasoned that SIRT6-mediated deacetylation of 

H3K9 might contribute to destabilization of RELA at promoters of NF-κB target genes. 

Therefore, we examined the effects of SIRT6 depletion on RELA occupancy at target gene 

promoters following TNF-α stimulation by ChIP. In SIRT6-depleted cells, RELA occupancy at 

these promoters was significantly enhanced and prolonged (Figure 4.4C, S4.2). Similar effects 

were observed in Sirt6 knockout mouse cells (Figure S4.3). This effect was not due to delayed 

synthesis of IκBα because IκBα is a direct NF-κB target gene and in fact re-accumulates more 

rapidly in SIRT6-depleted cells (Figure S4.5). To further investigate the possibility that 

deacetylation of H3K9 by SIRT6 destabilizes RELA at chromatin, we carried out in vitro 

analyses to compare RELA association with acetylated nucleosomes versus nucleosomes that 

were deacetylated by SIRT6. In vitro nucleosome binding assays revealed a strong interaction of 

RELA with purified, acetylated nucleosomes, whereas much less RELA bound to nucleosomes 

following deacetylation of H3K9 by SIRT6 (Figures 4.4D, 4.4E). Collectively, these results 

suggest that SIRT6-mediated deacetylation of H3K9 promotes RELA destabilization from target 

gene chromatin and termination of NF-κB signaling. 

 

SIRT6 depletion elevates apoptotic resistance and induction of 
senescence via NF-κB 

We next examined whether known NF-κB cellular functions are affected by SIRT6 

depletion, and if so, whether this is dependent on NF-κB. NF-κB activity is associated with 

increased resistance to apoptosis and increased cellular senescence (Adler et al., 2007a; Hardy et 

al., 2005; Hayden and Ghosh, 2004). Consistent with the observed induction of anti-apoptotic 

genes by SIRT6 depletion (Figure 4.3), SIRT6 knock-down cells were more resistant to 

apoptosis induced by the death adaptor protein FADD (Figure 4.5A). This effect of SIRT6 

depletion was reversed by co-expression of the super repressor IκB-αM (Van Antwerp et al., 

1996), indicating that the apoptosis resistance requires NF-κB (Figure 4.5A). We also probed a 

potential functional interplay between SIRT6 and NF-κB in stress-induced senescence of primary 

human keratinocytes, which occurs spontaneously in ex vivo culture (Sherr and DePinho, 2000). 

SIRT6 knock-down significantly increased senescence of primary keratinocytes, and this effect 

was reversed by depletion of RELA by RNAi (Figures 4.5B, 4.5C, and 4.5D). In contrast, NF-

κB inhibition did not relieve the premature senescence observed in SIRT6 knock-down primary 

human fibroblasts (data not shown), which is due to telomere dysfunction and H3K9 

hyperacetylation at telomeric chromatin (Michishita et al., 2008). Together, these results show  
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Figure 4. 4. SIRT6 deacetylates histone H3K9 at promoters of RELA target genes.22 

                                                      
 

 

22 (A) Western analysis of SIRT6 protein in HeLa cells stably expressing SIRT6 shRNA (sh2). (B) SIRT6 is 
required for H3K9 deacetylation at promoters of RELA target genes. ChIP with α-H3K9Ac and α-H3 
antibodies was performed. H3K9 acetylation at RELA target gene promoters (mean ± s.e.) is shown 
relative to untreated control samples and normalized to total H3 levels. (C) SIRT6 is required to limit 
RELA occupancy at the promoter of RELA target gene promoters. ChIP with α-RELA antibodies was 
performed following a 30 minute TNF-α pulse; RELA occupancy (mean ± s.e.) at promoters relative to 
untreated control samples is shown. (D)-(E) SIRT6-mediated deacetylation of nucleosomes inhibits 
nucleosome binding to RELA. Western analysis of H3K9Ac levels on nucleosomes following incubation 
with SIRT6 in NAD-dependent deacetylation or mock reactions (D). The acetylated or SIRT6-
deacetylated nucleosomes were used in nucleosome binding assays with increasing amounts of GST-RELA 
protein (E). Extent of nucleosome binding can be estimated by comparing levels of bound (**) and 
unbound (*) nucleosomes. Reduced binding is observed in the SIRT6-deacetylated samples (compare 10 
ug RELA samples). 
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Figure 4. 5. SIRT6 alters NF-κB-mediated apoptosis and senescence.23 

 

                                                      
 

 

23 (A) SIRT6 regulates NF-κB-dependent apoptosis resistance. pSR and S6 sh2 cells were transfected with 
the indicated plasmids and a GFP-expression plasmid. Transfected (GFP-positive) apoptotic cells were 
identified by nuclear morphology (DAPI-staining; mean ± s.e.). * indicates transfected, apoptotic cells. 
TUNEL analysis confirmed that cells with pyknotic nuclei were undergoing apoptosis (data not shown). 
(B)-(D) RELA depletion reverses cellular senescence in SIRT6-depleted primary human keratinocytes. (B) 
Immunoblot of RELA and SIRT6 three days after siRNA nucleofection. (C) Quantification of SA-β-Gal-
positive cells, as shown in (D) (mean ± s.e.). *, p<0.0001 compared to all other samples, Student’s t-test. 
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that SIRT6 modulates apoptosis resistance and telomere-independent cellular senescence in 

human cells, via inhibition of NF-κB. 

 

Sirt6-/- tissues exhibit ectopic expression of NF-κB target genes 

To examine the effects of SIRT6 deficiency on NF-κB and potentially other 

transcriptional regulators in vivo, we carried out an unbiased screen for transcriptional programs 

that are perturbed in Sirt6-/- mice compared to wild-type littermate controls (Figure 4.6A). We 

harvested liver, spleen, thymus, and skin tissues from 21 to 29 day-old animals, and MEFs from 

day 13.5 embryos. For each tissue, RNA from wild-type and Sirt6-/- mice was subjected to 

competitive hybridization to oligonucleotide microarrays. The RNA levels of hundreds of genes 

were differentially expressed in each Sirt6-/- versus wild-type comparison (data not shown). We 

next applied cis-regulatory motif analysis to identify candidate transcription factors that are 

associated with the gene expression changes. Previously, we have identified groups of genes that 

share specific transcription factor binding motifs in their promoters, termed motif modules 

(Adler et al., 2007a). For instance, the NF-κB motif module comprises genes that contain one or 

more NF-κB motifs in their promoters. We have constructed similar motif modules for all 

known cis-regulatory motifs in single, double, or three-way combinations. By comparing the 

genes showing altered expression in Sirt6-/- tissues with the motif modules (Methods), we 

identified candidate motifs whose corresponding genes showed a consistent change in expression 

in the Sirt6-/- tissues compared to wild-type controls (p<0.05, hypergeometric distribution). 

Many motif modules showed altered expression in two or three Sirt6-/- tissues. However, only 

12 motif modules (including the NF-κB module) were induced, and only 5 modules were 

repressed, in all seven Sirt6-/- tissues (Figure 4.6B). Three of these modules (AP2, STAT, 

MAZ) were identified as being both induced and repressed in all tissues, indicating that these are 

likely “noisy” motifs. Interestingly, four motif modules (NF-κB, CEBP, LFA1, TEF) whose 

targets were induced in Sirt6-/- tissues were previously identified in a screen for candidate 

transcription factor motifs associated with gene expression changes in mammalian aging (Adler 

et al., 2007a). Together, these analyses provide in vivo evidence that SIRT6-deficiency leads to 

increased expression of NF-κB-dependent genes. 

We also directly compared gene expression patterns in response to TNF-α in wild-type 

and Sirt6-/- MEFs (Figure 4.6C). Unsupervised hierarchical clustering identified a set of genes 

whose expression differed between wild-type and Sirt6-/- MEFs; many of these genes were 

enriched for NF-κB binding sites in their promoters, or were previously shown to be induced by 
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NF-κB (Hinata et al., 2003; Hinz et al., 2001). Although the kinetics of expression varied for 

specific genes, Sirt6-deficiency was associated with an overall increase in NF-κB target gene 

 

Figure 4. 6. Sirt6 deficiency leads to ectopic expression of NF-κB target genes in vivo24 

                                                      
 

 

24 (A) Schematic for unbiased screen for candidate transcriptional regulators of gene expression changes in 
Sirt6-/- tissues. (B) Motif modules induced or repressed in Sirt6-/- tissues. Shown is the number of motifs 
that are induced or repressed in the indicated number of Sirt6-/- tissues. The motif module of NF-κB was 
induced in all Sirt6-/- tissues examined. Motifs labeled in gray were found to be both induced and 
repressed in all Sirt6-/- tissues in combination with different motifs. * indicates motifs previously 
implicated in a screen for transcription factor motifs responsible for driving gene expression changes in 
mammalian aging Adler, A.S., Sinha, S., Kawahara, T.L., Zhang, J.Y., Segal, E., and Chang, H.Y. (2007a). 
Motif module map reveals enforcement of aging by continual NF-{kappa}B activity. Genes Dev 21, 3244-
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expression. In Figure 6C, the average expression level of the genes in the cluster at each time-

point is shown. The most dramatic increases in expression are observed following 24 hours of 

TNF-α treatment.  

We note that not all putative NF-κB target genes were hyperactive in the SIRT6-

deficient cells; rather, the SIRT6-regulated NF-κB target genes were selectively enriched in 

several Gene Ontology (Harris et al., 2004) terms related to immune response, cell signaling, and 

metabolism (Figures 4.6C, S4.7). Notably, in ChIP analyses, SIRT6 was not detected at several 

of the NF-κB target genes that were unaffected by SIRT6 depletion (Figure S4.2). Together, 

our results suggest that SIRT6 negatively regulates expression of a subset of NF-κB target genes 

in vivo, by modifying chromatin at the promoters of these genes.  

 

RelA heterozygosity attenuates shortened life span and aging-related 
phenotypes of Sirt6-/- mice 

To test whether excessive activation of NF-κB may contribute to the phenotypes of Sirt6-

deficient mice, we examined Sirt6-/- animals in which RelA dosage is reduced. Sirt6+/- and 

RelA+/- heterozygous mice, both on the 129 genetic background, were crossed to create 

Sirt6+/-RelA+/- progeny, which were then interbred to obtain Sirt6-/- animals with different 

dosages of RelA (Figures 4.7A, S4.6). We did not obtain any Sirt6-/-RelA-/- animals, as 

anticipated because homozygous RelA-deficiency is embryonically lethal. Sirt6-/-RelA+/+ 

animals from these crosses exhibited a phenotype identical to that of Sirt6-/- mice (Mostoslavsky 

et al., 2006). The Sirt6-/-RelA+/- mice also resembled Sirt6-/- mice for the first 3 weeks of life, 

with lower body weight, blood glucose, and serum IGF-1 levels compared to Sirt6-proficient 

littermates (Figures 4.7D, 4.7F, S4.6). However, in approximately 40% of the Sirt6-/-RelA+/- 

                                                                                                                                                       
 

 

3257.. See Table S1 for motif modules induced or repressed upon Sirt6 knockout. (C) Sirt6 knockout leads 
to NF-κB target gene induction. Shown is gene expression analysis in wild-type (WT) or Sirt6-/- MEFs, 
following TNF-α treatment (20 ng/mL) for the indicated times, of genes enriched for NF-κB motifs in 
promoters and known NF-κB responsive genes Hinata, K., Gervin, A.M., Zhang, J.Y., and Khavari, P.A. 
(2003). Divergent gene regulation and growth effects by NF-kappa B in epithelial and mesenchymal cells 
of human skin. Oncogene 22, 1955-1964, Hinz, M., Loser, P., Mathas, S., Krappmann, D., Dorken, B., and 
Scheidereit, C. (2001). Constitutive NF-kappaB maintains high expression of a characteristic gene network, 
including CD40, CD86, and a set of antiapoptotic genes in Hodgkin/Reed-Sternberg cells. Blood 97, 
2798-2807. Note the increased red (induced expression above control) genes in the SIRT6-/- columns, 
particularly at 24 hours. Average expression of each column is shown at the top. 
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animals, glucose and IGF-1 levels eventually rose, growth resumed, and these individuals survive 

(Figures 4.7C, 4.7F, S4.6). Thus far, these rescued Sirt6-/-RelA+/- animals have lived beyond 

100 days and appear healthy (Figures 4.7C, 4.7D, and 4.7F). In contrast to Sirt6-/- animals,  
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Figure 4. 7. Haploinsufficiency of RelA attenuates the lethality and aging-like 
phenotypes of Sirt6-deficient mice25 

which exhibit profound lymphopenia and a 10-fold reduction of spleen lymphocytes, the rescued 

Sirt6-/-RelA+/- animals also have relatively normal spleen size and lymphocyte numbers 

(Figures 4.7G, 4.7H), and do not exhibit obvious lordokyphosis (data not shown). Moreover, 

both male and female Sirt6-/-RelA+/- mice are fertile, suggesting that the hypothalamic-

pituitary-gonadal endocrine system and germ-line stem cell compartments are intact. Finally, 

microarray analysis confirmed that RelA-heterozygosity significantly reduces the increased 

expression of genes in the NF-κB motif module that was observed in Sirt6-deficient mice. 

(Figures 4.7E, S4.7). Together, these data suggest that excessive NF-κB dependent gene 

expression contributes substantially to the shortened lifespan and degenerative symptoms 

observed in Sirt6-/- mice. 

 

 

  

                                                      
 

 

25 (A) Immunoblot showing reduced RelA protein levels in livers of Sirt6-/-RelA+/- animals compared to 
RelA+/+ animals. (B) Photograph of 23 day old Sirt6-/-RelA+/+ and Sirt6-/-RelA+/- littermates. (C) 
Kaplan-Meier curve showing the survival of wild-type (n=8), Sirt6-/-RelA+/+ (n=6), and Sirt6-/-RelA+/- 
(n=16) mice (p<0.0007, Cox-Mantel log-rank test). (D) Growth curve showing weight (grams; mean ± s.e.) 
of wild-type (n=6), Sirt6-/-RelA+/+ (n=7), and Sirt6-/-RelA+/- mice versus age in days. Sirt6-/-RelA+/- 
mice were categorized as survivors (n=13) or non-survivors (n=12) based on their ability to survive past 
40 days. (E) Excessive activation of the NF-κB motif module in Sirt6-/- spleen is attenuated in Sirt6-/-
RelA+/- spleen. Shown is the fold induction (mean ± s.e.) of genes in the NF-κB motif module, 
normalized to wild-type. (F) Serum glucose levels in wild-type (n=6), Sirt6-/-RelA+/+ (n=4), and Sirt6-/-
RelA+/- mice (mean ± s.e.). Sirt6-/-RelA+/- mice were categorized as survivors (n=9) or non-survivors 
(n=6) based on their ability to survive past 40 days; p-values are indicated. (G) Gross appearance of spleen 
from 122-day-old wild-type and Sirt6-/-RelA+/- mice. (H) Hematoxylin and eosin (H&E) staining of 
spleen from wild-type and Sirt6-/-RelA+/- mice. Bar, 100μM. (I) Model. NF-κB is a stress-responsive 
transcription factor that induces expression of target genes involved in aging-related processes including 
cell senescence, apoptosis, and inflammation. NF-κB signaling is limited by SIRT6, which is recruited to 
NF-κB target gene promoters by physical interaction with the NF-κB subunit RELA. SIRT6 deacetylates 
histone H3 lysine 9 on target gene promoters, thereby altering chromatin structure to facilitate NF-κB 
destabilization and signal termination.  
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4.4 DISCUSSION 
 
SIRT6 deacetylation of H3K9 modulates NF-κB-dependent gene 
expression 

Despite the dramatic phenotype of Sirt6-deficient mice, the molecular mechanism 

underlying this phenotype has been unclear, in part because of a lack of understanding of the 

fundamental mechanistic basis of SIRT6 function. In recent work, we showed that SIRT6 

deacetylates H3K9 at telomeric chromatin to prevent telomere dysfunction and cellular 

senescence (Michishita et al., 2008). However, defective telomeres are unlikely to account for the 

phenotype of Sirt6 knockout mice, because of the large functional reserve of telomeres in 

laboratory mouse strains. In this context, no other genomic targets or chromatin regulatory 

functions of SIRT6 have yet been described. In this study, we have identified a new physiologic 

context for SIRT6 function as a H3K9 deacetylase. Our data show that SIRT6 negatively 

regulates NF-κB dependent transcription via histone H3K9 deacetylation. This finding 

constitutes the first demonstration of a role for SIRT6 in gene expression via the modulation of 

chromatin. We suggest that SIRT6 likely also regulates gene expression via H3K9 deacetylation 

in additional physiologic contexts, and indeed, our computational genomic analyses have 

identified several other gene expression modules that are altered in Sirt6-deficient animals. 

Future studies should determine whether these effects are also due to direct Sirt6-dependent 

gene repression. 

 NF-κB stimuli such as TNF-α promote translocation of RELA to the nucleus, where 

RELA associates with promoters of its target genes. Our data suggest a model (Figure 4.7I) in 

which SIRT6 is recruited to these genomic loci via a physical interaction with RELA, 

deacetylates histone H3K9, destabilizes RELA from chromatin, and thereby contributes to NF-

κB signal termination. As NF-κB signaling controls expression of genes involved in apoptosis, 

cellular senescence, inflammation, and immunity (Hardy et al., 2005; Hoffmann and Baltimore, 

2006), tight regulation of NF-κB activity may be particularly important. Indeed, NF-κB activity is 

controlled at multiple levels, and several NF-κB regulatory factors are themselves direct 

transcriptional targets of NF-κB, which contribute to negative feedback. Our findings further 

highlight the importance of proper control of NF-κB signaling within the nucleus for cell and 

organismal function, and place SIRT6 in the growing class of negative regulators of NF-κB 

activity. Many aspects of NF-κB regulation appear to be essential, as inactivation of a single 

mechanism, as shown here for SIRT6, can lead to inappropriate NF-κB activation and disease. 
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We note that several NF-κB family members are among the RELA target genes that show 

increased expression in SIRT6-deficient cells (Figure S4.4), and may contribute to the multiple 

layers of feedback and complex dynamics of SIRT6-regulated gene expression patterns. 

 We note that NF-κB RELA itself has been reported to be subject to regulation by 

acetylation, and is deacetylated by several deacetylases including SIRT1 (Chen and Greene, 2004; 

Yeung et al., 2004). Although it is possible that SIRT6 might also directly modulate RELA 

acetylation levels, in our hands SIRT6 did not demonstrate significant deacetylase activity on 

RELA in vitro or in cells (Figure S4.5 and data not shown). The fact that the SIRT1-RELA co-

IP is relatively weak could reflect the transient enzyme-substrate nature of this interaction, 

whereas the SIRT6-RELA interaction, which recruits SIRT6 to RELA target promoters, may be 

more biochemically stable. SIRT1 and other non-Sirtuin HDACs may also contribute to 

modulation of the complex dynamic patterns of histone acetylation at NF-κB target promoters. 

However, unlike SIRT6, these deacetylases are not specific for H3K9Ac. In this context, SIRT1 

is a relatively promiscuous deacetylase with numerous histone substrates, (Vaquero et al., 2004). 

Interestingly, the association of SIRT1 with chromatin at RELA target gene promoters (Yeung et 

al., 2004) occurs with a completely different pattern than SIRT6. Moreover, in contrast to our 

observations with SIRT6 inactivation, SIRT1 inactivation by RNAi does not lead to changes in 

NF-κB target gene expression, except when cells are treated with resveratrol (Yeung et al., 2004). 

Therefore, it appears that SIRT6 and SIRT1 impinge upon NF-κB via distinct molecular 

mechanisms. It will be interesting to determine whether these (and potentially other) SIRT 

factors modulate NF-κB activity synergistically, or in distinct non-overlapping cell types or 

physiologic contexts. 

 

SIRT6, NF-κB, and Longevity 

Sirt6-/- mice appear normal at birth, but by three weeks of age exhibit a degenerative 

syndrome with features of premature aging and succumb to death soon after (Mostoslavsky et 

al., 2006). Using computational genomics, we have shown that SIRT6 deficiency leads to the 

activation of many of the same transcriptional programs observed in aged tissues, including 

genes controlled by NF-κB. This finding supports the idea that the degenerative syndrome in 

Sirt6 knockout mice provides a physiologically relevant model for aging-associated processes, 

albeit with accelerated time course and exaggeration of certain features.  
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 Based on several findings, we propose that NF-κB deregulation is a key factor 

contributing to the degenerative phenotypes in Sirt6-/- mice. First, elevated transcription of NF-

κB targets was observed in all Sirt6-/- tissues analyzed, and these gene expression abnormalities 

were attenuated by reduced RelA dosage. Second, induction of cellular senescence and apoptosis 

resistance by SIRT6 loss was rescued by simultaneous NF-κB inhibition. Third, 

haploinsufficiency of RelA can extend the lifespan of Sirt6-deficient mice to more than three 

months and attenuate the degenerative phenotypes of Sirt6-deficient animals. This genetic rescue 

is remarkable because Sirt6 or RelA deficiency is individually lethal, and combining these alleles 

together might be anticipated to make the animal more sick. Instead, the early lethality and 

degenerative phenotypes caused by Sirt6 deficiency are substantially rescued by 

haploinsufficiency of RelA. Together, our results suggest that excessive NF-κB activity is 

required for Sirt6 deficiency to lead to disease. 

 Studies in yeast, worms, and flies have linked Sir2 factors to the regulation of longevity 

(Guarente and Picard, 2005; Haigis and Guarente, 2006). Intriguingly, the targets of sirtuins 

appear to be distinct in different organisms, potentially reflecting different molecular pathways 

that become limiting for organismal longevity. In S. cerevisiae, Sir2 prevents illegitimate 

recombination at the ribosomal DNA locus and the formation of presumably toxic 

extrachromosomal DNA circles (Sinclair and Guarente, 1997). In C. elegans, lifespan extension 

by Sir2.1 requires the IGF/FOXO pathway (Tissenbaum and Guarente, 2001). Mammalian 

SIRT6 also regulates metabolism and IGF signaling, and Sirt6-/- mice show severe metabolic 

defects with hypoglycemia, low IGF1, and low insulin levels (Lombard et al., 2008; Mostoslavsky 

et al., 2006). Our results show that these effects can be attenuated by haploinsufficiency of NF-

κB. Because sirtuins are NAD+-dependent deacetylases, SIRT6 may act as a nutrient- or energy-

sensor, and may link NF-κB signaling to the metabolic state of the organism. As NF-κB is a 

crucial transcription factor implicated in a vast array of disease states (Karin et al., 2004), its 

interaction with SIRT6 may provide a therapeutic target for these diseases, particularly those 

associated with aging. We note that we have not observed altered SIRT6 protein expression in 

young versus old mouse tissues (Figure S4.8). Given the reported increase in NF-κB target gene 

activities that has been observed with age, pharmacologic strategies to augment SIRT6 activity 

may be promising approaches to attenuate excessive NF-κB activity in such contexts. 

 Our study also highlights many intriguing questions. What are the cell types in which 

NF-κB signaling orchestrates aging-associated processes in Sirt6-/- animals? How does signal 

termination by SIRT6 impact on the dynamic pattern and target selection of NF-κB factors on a 

genome-scale? Will the enhanced survival of Sirt6-/-RelA+/- mice reveal additional aging-related 
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or other pathologic effects of SIRT6 deficiency? The viability of the Sirt6-/-RelA+/- animals may 

provide a new model to study mammalian aging and address these questions in the future. 
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4.5 METHODS 
Antibodies and Plasmids. Antibodies specific for FLAG (Sigma), RELA (Santa Cruz 

Biotechnology, Inc. and Biomol International, LP), NF-κB family members (Santa Cruz 

Biotechnology, Inc.), SIRT6 [(Michishita et al., 2005) and Abcam], SIRT1 (Upstate), T7 

(Novagen), H3K9Ac (Sigma), H3 (Abcam), β-ACTIN (Sigma), and TUBULIN (Upstate) are 

from the indicated sources. FLAG-tagged SIRT4, SIRT5, and SIRT6 are described (Michishita et 

al., 2005). FLAG-tagged SIRT1 wild-type and HY mutant expression plasmids were generated by 

subcloning the cDNAs from pYeSIR and pYeSIRHY (Vaziri et al., 2001) into p3x-FLAG 

(Sigma). GST-SIRT6 plasmid was generated by inserting the SIRT6 cDNA into pGEX-6P1. T7-

RELA (Chen et al., 2002) (W. Greene, UCSF), pCMVβ-p300-CHA (Eckner et al., 1994) (Y. Shi, 

Harvard), pIL1β-Luc, pLZRS-IκB-αM & pCMV-RELA (P. Khavari, Stanford University), and 

pRK5-FADD (Hsu et al., 1996) are as described and obtained from the indicated investigators. 

Site-directed mutations of SIRT6 were generated by PCR mutagenesis as previously described 

(Michishita et al., 2008). The pSR-S6sh1/S6sh2 plasmids are described (Michishita et al., 2008). 

The RELA shRNA target sequence is GATTGAGGAGAAACGTAAA. 

Cell Culture and Retroviral Transduction. MEFs were generated from 13.5-day-old embryos 

using standard methods. 293T, HeLa, and HT1080 cells were from ATCC and were propagated 

in DMEM (Invitrogen) plus 10% fetal bovine serum. Primary human keratinocytes were 

obtained from P. Khavari (Stanford) and cultured in Keratinocyte-SFM media (Invitrogen). 

Retroviral transduction was performed as previously described (Michishita et al., 2008). 

Immunoprecipitation Assays. Cells were lysed in IP-lysis buffer (50 mM Tris-HCl [pH 7.4], 

250 mM NaCl, 0.25% Triton X-100, 10% glycerol, and complete protease inhibitor cocktail 

(Roche)). To reduce non-specific binding, NaCl was added to 500 mM final concentration, and 

the resulting extracts were incubated overnight with the indicated IP antibodies. IP-antibody 

complexes were then captured on protein A/G-agarose beads (Pierce), and proteins detected by 

Western analysis. In the case of FLAG IPs, agarose-conjugated anti-FLAG M2 monoclonal 

antibodies (Sigma) were used. 

GST-pull-down assays. RELA or SIRT6 sequences were in vitro transcribed and translated 

according to the manufacturers instructions (Promega), and GST-pull down assays were 

performed as previously described (Shi et al., 2006). 

Reporter Gene Assays. 293T cells were transfected with IL1-Luc, pRL-Luc, and FLAG-tagged 

SIRT proteins. pSR control and S6 sh2 HeLa cells were transfected with IL1-Luc and pRL-Luc 
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and treated with TNF-α (10 ng/mL, 8 hours) or transfected with pCMV-RELA or pcDNA3.1 

(control). Dual luciferase assays (Promega) were performed as described by the manufacturer.  

Microarray Analyses. Total RNA was extracted with TRIzol (Invitrogen) from Sirt6-deficient 

or control tissues or cells following TNF-α treatment (10 ng/mL and 5 ng/ml, respectively) for 

the indicated times. RNA from matched wild-type and knockout tissues were labeled with Cy3 

and Cy5, respectively, and competitively hybridized to microarrays. Mouse and human Universal 

Reference RNA (Stratagene) were used for analysis of mouse and human cells, respectively. 

Construction and array hybridization of human cDNA microarrays were performed as previously 

described (Perou et al., 2000). Array hybridization of mouse MEEBO arrays is as described 

(http://www.microarray.org/sfgf/meebo.do). 

TNF-α activation time course: Genes that were induced or repressed by at least two fold 

in any sample during the time course were organized by hierarchical clustering (Eisen et al., 

1998). The main cluster that demonstrated increased induction in SIRT6-deficient cells was 

highly enriched for NF-κB responsive genes (Hinata et al., 2003; Hinz et al., 2001) and genes 

possessing NF-κB motifs (p<10-3, hypergeometric distribution (Adler et al., 2007a)).  

Motif module map: To analyze cis-regulatory motifs driving gene expression changes in 

Sirt6-/- murine tissues, we identified genes that were induced or repressed by at least 1.5-fold 

change, and tested for their enrichment (p<0.05, hypergeometric distribution) for sets of genes 

that shared the presence of cis-motifs, termed motif modules (Adler et al., 2007a). We then 

selected for motif modules that were induced or repressed across multiple Sirt6-/- tissues. 

 Regulation of genes with age: We determined whether 18 SIRT6-dependent NF-κB 

target genes (from Figure S2) tended to be induced or repressed in an age-associated fashion in 

six microarray data sets of human aging (compiled in (Adler et al., 2007a). We calculated the 

Pearson correlation of the expression levels of each gene to the age of the samples. 

Positive/negative correlation values were obtained for genes whose expression level 

increased/decreased with age, respectively. One-sided t-tests (calculated with Winstat® [R. Fitch 

Software, Germany]) were used to determine the significance of each Pearson correlation. 

Real-Time Quantitative RT-PCR. Total RNA was extracted from cells with TRIzol 

(Invitrogen). Total RNA (2 ug) was reverse-transcribed with oligo(dT) primer using the 

SuperScript first-strand synthesis system for RT-PCR (Invitrogen). Each PCR reaction contained 

first-strand cDNA corresponding to 25 ng of RNA, TaqMan universal PCR master mix, a set of 

primers & FAM/MGB probe for gene of interest, and a set of primers & VIC/MGB probe for 
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human GAPDH as the endogenous control. All PCR primers and TaqMan probes were from 

Applied Biosystems. Reactions were in triplicate for each sample and analyzed using the ABI 

Prism 7300 Sequence Detection System. Data were normalized to GAPDH levels. 

Chromatin Immunoprecipitation (ChIP). Cells were treated with TNF-α (20 ng/ml) for the 

indicated times. DNA was cross-linked for 10 minutes with 1% formaldehyde and stopped in 

0.125 M glycine. Purified chromatin was sonicated to ~300 bp using the Bioruptor (Diagenode, 

Inc) and incubated with the indicated antibodies. Following reverse cross-linking, ChIP-

associated sequences were detected by quantitative Real-Time PCR as described above. PCR 

primer sequences for promoter regions are provided in Supplemental Table 2. 

Nucleosome Binding Assay. Acetylated nucleosomes were obtained by size exclusion 

chromatography of micrococcal nuclease-digested chromatin isolated from HeLa cells, as 

previously described (Shi et al., 2006), followed by incubation with PCAF and acetylCoA. These 

nucleosomes were incubated with purified SIRT6 protein in NAD-dependent deacetylation or 

mock reactions. Recombinant SIRT6 protein was previously described (Michishita et al., 2005). 

The acetylated or SIRT6-deacetylated nucleosomes were used in nucleosome binding assays with 

GST-RELA protein as previously described (Shi et al., 2006).  

Apoptosis and Senescence Assays. Cell death: Cells were co-transfected with GFP-expressing 

plasmid (to identify transfected cells) and either FADD or vector control in the presence or 

absence of IκB-αM expression. After 30 hours, apoptotic GFP-expressing cells were identified 

based on nuclear morphology (DAPI-staining); TUNEL analysis confirmed that cells with 

pyknotic nuclei were undergoing apoptosis (data not shown). The percent apoptotic cells was 

determined by counting three separate fields for each condition (minimum 100 transfected cells), 

and the data were normalized to vector-expressing pSR cells. 

Cellular Senescence: Primary human keratinocytes were transfected with 0.3 nmol 

siRNA against SIRT6 (same target sequence as S6 sh2) and/or RELA (siGENOME smart pool; 

Dharmacon) using the Human Keratinocyte Nucleofect Kit (Amaxa Biosystems). siGFP (Chi et 

al., 2003) was used as a negative control. Senescence-associated beta-galactosidase (SA-β-gal) 

activity was detected with a SA-β-gal staining kit (Cell Signaling Technology) after six days. Blue 

cells were counted in ten 10x fields of equally dense cells. Similar results were obtained using 

0.75 nmol siRNA (data not shown). 

Generation of Sirt6-/-RelA+/- Mice. Sirt6-/- (Mostoslavsky et al., 2006) and RelA+/- (Beg et 

al., 1995) mice were as described. Sirt6+/- and RelA+/- mice were crossed, and Sirt6+/-
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RelA+/- progeny were interbred to obtain Sirt6-/-RelA+/- mice. Kaplan-Meier survival curves 

were compared by the Cox-Mantel log-rank test in Winstat® for Excel (R. Fitch Software, 

Germany). 

Glucose Measurements. Serum glucose was measured from tail blood using the Ascensia 

Contour Blood Glucose Monitoring System following manufacturer’s instructions. 

URLs. Full microarray data are available for download at Stanford Microarray Database 

(http://genome-www5.stanford.edu/) or Gene Expression Omnibus 

(http://www.ncbi.nlm.nih.gov/geo/). 
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4.6 SUPPLEMENTARY FIGURES 
 

 

Figure S4. 1. SIRT6 and RELA interaction.26 

 
  

                                                      
 

 

26 (A) SIRT6 interacts specifically with RELA in endogenous co-IPs. Shown are Western blots of 
endogenous SIRT6 IPs or negative control anti-Flag IPs probed with antibodies specific for the indicated 
NF-κB family members. *, antibody heavy chain; arrows indicate the expected sizes of p50 and p52. (B) 
Co-IP of endogenous SIRT6 with endogenous RELA. (C) RELA-SIRT6 interaction is independent of 
DNA bridging. Shown is Western blot analysis of RELA following FLAG IP from 293T cells expressing 
FLAG-SIRT6 or empty vector; IPs carried out +/- ethidium bromide (EtBr,100 ug/ml). (D) SIRT6 
expression is not induced upon NF-κB activation. Western analysis with the indicated antibodies shows 
that SIRT6 levels do not change following TNF-α treatment. The expected acute decrease in IκB levels 
(upper band) is observed under these conditions, confirming the efficacy of the TNF-α treatment. The 
lower band is a non-specific cross-reacting protein. 
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Figure S4. 2. Interplay of SIRT6 and RELA on chromatin.27 

                                                      
 

 

27 (A) Immunoblot analysis of RELA in cells transfected with siRELA 1 and 2. siRELA 1 targets the same 
sequence as the shRELA used in Figure 2. siRELA 2 target sequence: 
CCCACGAGCTTGTAGGAAATT. (B) RELA knock-down inhibits SIRT6 recruitment to promoters of 
NF-κB target genes. SIRT6 ChIPs were performed in HeLa cells transfected with siRELA 2 or control 
siRNAs, following treatment with TNF-α (20 ng/ml). SIRT6 occupancy (mean ± s.e) is shown relative to 
untreated control cells. (C) SIRT6 recruitment to NF-κB target genes is selective. ATP2C1, PDZD2, 
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TRIM25, and IAP2 are all induced by TNF-α and known to be direct RELA targets; however, SIRT6 is 
only detected at the IAP2 promoter (upon TNF-α stimulation). Gene expression analysis in these same 
cells (Figure S4) confirmed that IAP2 becomes hyperactivated in SIRT6 depleted cells while the other 
three genes do not. SIRT6 occupancy (mean ± s.e) is shown relative to untreated control cells. (D) SIRT6 
limits RELA occupancy at the promoter of RELA target gene promoters. ChIP with α-RELA antibodies 
was performed following continuous TNF-α treatment (20 ng/mL); RELA occupancy (mean ± s.e) at the 
IAP2 promoter relative to untreated control samples is shown. 
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Figure S4. 3. SIRT6, H3K9Ac and RELA ChIP at NF-κB promoters in MEFs.28 

                                                      
 

 

28 (A) Wild-type and RelA-/- MEFs were treated with TNF-α (20 ng/mL) for 1 hour, and ChIP with an α-
Sirt6 antibody was performed. Shown is Sirt6 occupancy (mean ± s.e) at the Birc3 (murine homologue to 
IAP2) and Il1rl1 promoters relative to untreated control samples. *, p<0.05. (B) Wild-type and Sirt6-/- 
MEFs were treated with TNF-α (20 ng/mL) for 1.5 hours, and ChIP with α-H3K9Ac and α-H3 antibodies 
was performed. Shown are H3K9Ac levels (mean ± s.e) at the Birc3 and Il1rl1 promoters relative to 
untreated control samples and normalized to total H3 levels. *, p<0.05. (C) Wild-type and Sirt6-/- MEFs 
were treated with TNF-α (20 ng/mL) for 1.5 hours, and ChIP with α-RELA antibodies was performed. 
Shown is RELA occupancy (mean ± s.e) at the Birc3 and Il1rl1 promoters relative to untreated control 
samples. *, p<0.05. 
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Figure S4. 4. SIRT6 knockdown leads to NF-κB target gene induction.29 

                                                      
 

 

29 (A) Gene expression analysis of genes enriched for NF-κB motifs in promoters and known NF-κB 
target genes Hinata, K., Gervin, A.M., Zhang, J.Y., and Khavari, P.A. (2003). Divergent gene regulation 
and growth effects by NF-kappa B in epithelial and mesenchymal cells of human skin. Oncogene 22, 1955-
1964, Hinz, M., Loser, P., Mathas, S., Krappmann, D., Dorken, B., and Scheidereit, C. (2001). Constitutive 
NF-kappaB maintains high expression of a characteristic gene network, including CD40, CD86, and a set 
of antiapoptotic genes in Hodgkin/Reed-Sternberg cells. Blood 97, 2798-2807. following TNF-α treatment 
(10 ng/ml) for the indicated times. *, Genes verified by qRT-PCR. (B) Increased expression of NF-κB 
target genes in SIRT6 knock-down (S6 sh2) cells. Shown is quantitative TaqMan real-time PCR analysis of 
the indicated mRNAs (mean ± s.e), normalized to GAPDH. (C) Increased expression of NF-κB target 
genes with SIRT6 knockdown depends on RELA. (Top) Western blots confirming siRNA-mediated 
RELA knockdown. (Bottom) Quantitative TaqMan real-time PCR analysis (mean ± s.e) of MnSOD, 
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Figure S4. 5. No effects of SIRT6 on NF-κB release from IκB or direct deacetylation of 
RELA.30 

                                                                                                                                                       
 

 

normalized to GAPDH. A similar trend is observed for several other genes (data not shown). (D) Levels 
of expression of RELA-dependent NF-κB family members in SIRT6 knockdown cells. Slight increases are 
seen for several family members, consistent with the observed increase in mRNA levels. 

30 (A) SIRT6 depletion has no effect on release and re-sequestration of RELA. Shown is the RELA DNA 
binding activity in HeLa cells following a 30 minute pulse of TNF-α treatment (2.5 ng/ml) by the NoShift 
ELISA assay (Novagen) (mean ± s.d.). (B) SIRT6 depletion does not affect IκB degradation but induces 
increased re-synthesis of IκB-α. Immunoblot of IκB-α in pSR and S6 sh2 HeLa cells following a 30 minute 
pulse of TNF-α treatment (2.5 ng/ml). Arrows point to time-points of IκB-α re-synthesis. (C) SIRT6 does 
not deacetylate RELA in vitro. In vitro deacetylation reactions were carried out with the indicated purified 
recombinant proteins. Acetylated RELA was purified as follows: 293T cells were co-transfected with T7-
RELA and p300 acetyltransferase and treated with TNF-α�(20 ng/mL for .5 hours), and RELA protein 
was affinity purified with anti-T7 antibodies. Unacetylated RELA was purified from cells in the absence of 
p300 expression or TNF-α� These preparations of RELA were incubated with recombinant purified 
SIRT6 or SIRT1, or buffer control in NAD-dependent deacetylation reactions. SIRT1 efficiency 
deacetylates RELA, whereas SIRT6 does not. 
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Figure S4. 6. Representative genotyping and IGF-1 levels of cohort mice.31 

 
 
 
  
                                                      
 

 

31 (A) Representative genotyping of cohort mice. PCR analysis with primers designed for the wild-type and 
null alleles of Sirt6 and RelA was performed to identify mice of the indicated genotypes. Genotyping 
primer sequences are: GTGCATCTCAATGGTGCAGTGCATGTT (wild-type, 5’), 
GCAATAGCATCACAAATTTCACAAATA (knockout, 5’), and 
GTGTGATTGGTAGAGAGGCACGTGGAT (common, 3’). (B) Serum IGF-1 levels (mean ± s.e.) in 
wild-type (n=5) and Sirt6-/-RelA+/- (n=6) mice at 25 and >90 days. p-value is indicated. 
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Figure S4. 7. Murine gene expression data.32 
 
                                                      
 

 

32 A) Shown is the expression of all direct NF-κB targets in wild-type and Sirt6-/- MEFs, based on Lim et 
al. Lim, C.A., Yao, F., Wong, J.J., George, J., Xu, H., Chiu, K.P., Sung, W.K., Lipovich, L., Vega, V.B., 
Chen, J., et al. (2007). Genome-wide mapping of RELA(p65) binding identifies E2F1 as a transcriptional 
activator recruited by NF-kappaB upon TLR4 activation. Mol Cell 27, 622-635.. Sirt6-dependent targets 
are indicated on the right (56%); a gene is considered Sirt6 dependent if its average fold induction upon 
TNF-α treatment is higher in Sirt6-/- as compared to wild-type. (B) Shown is the average expression of 
genes within significantly induced or repressed Gene Ontology terms following treatment with TNF-α in 
wild-type and Sirt6-/- MEFs. (C) Shown is the expression of NF-κB motif module genes in wild-type, 
Sirt6-/- and Sirt6-/-RelA+/- spleen tissues, all normalized to wild-type expression levels.  
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CHAPTER 5 

Dynamic chromatin 
localization of Sirt6 shapes 
stress- and aging-related 
transcriptional networks 
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5.1 ABSTRACT 
The sirtuin Sirt6 is a NAD-dependent histone deacetylase that is important for gene 

regulation and organismal lifespan. Sirt6 can interact with the stress-dependent transcription 

factor NF-κB and regulate some NF-κB target genes, but the full scope of Sirt6 target genes as 

well as dynamics of Sirt6 occupancy on chromatin are not known. Here we map Sirt6 occupancy 

on mouse promoters genome-wide, and show that Sirt6 occupancy is highly dynamic in response 

to TNF-alpha. More than half of Sirt6 target genes are only revealed upon stress-signaling. The 

majority of genes bound by NF-κB subunit RelA recruits Sirt6, and dynamic Sirt6 relocalization 

is largely driven in a RelA-dependent manner. Integrative analysis with global gene expression 

patterns in wild-type, Sirt6-/-, and double Sirt6-/-RelA-/- cells reveal the epistatic relationships 

between Sirt6 and RelA in shaping diverse temporal patterns of gene expression. Genes under 

the direct joint control of Sirt6 and RelA include several with prominent roles in cell senescence 

and organismal aging. These data suggest dynamic chromatin relocalization of Sirt6 as a key 

output of NF-κB signaling in stress response and aging.   

  



97 
 

5.2 INTRODUCTION 
Silent Information Regulator-2 (Sir2) encodes an NAD-dependent histone deacetylase 

that links chromatin regulation to genomic stability, gene silencing and lifespan in yeast. Sir2 

deacetylates lysines in the amino terminal tails or histones H3 and H4 and in the globular core of 

histone H3 (Imai et al., 2000; Landry et al., 2000; Smith et al., 2000; Xu et al., 2007).  Mutations 

disrupting Sir2 lead to global hyperacetylation of histones H3 and H4, increased rDNA 

recombination and dysfunctional mating type loci silencing occurs, thus contributing to 

accelerated cellular aging and reduced replicative lifespan in yeast (Denu, 2003).  

There are seven Sir2 homologues in the mammalian genome, termed sirtuins (SIRT1-7) 

(Frye, 1999, 2000). The chromatin-associated sirtuin, SIRT6, is an important regulator of gene 

expression and genome integrity (Kawahara et al., 2009; McCord et al., 2009; Michishita et al., 

2008; Mostoslavsky et al., 2006; Zhong et al., 2010). SIRT6 specifically deacetylates lysine 9 and 

56 of histone H3 (H3K9Ac and H3K56Ac), and its deacetylase activity is involved in inhibition 

of gene expression (Kawahara et al., 2009; Michishita et al., 2008; Zhong et al., 2010). The NF-

κB subunit RELA can recruit SIRT6 via direct protein-protein interaction to the promoters of 

several NF-κB target genes. SIRT6 then deacetylates H3K9Ac and destabilizes RELA 

occupancy, leading to termination of NF-κB-dependent gene expression (Kawahara et al., 2009). 

It is unclear whether this model applies generally to most of only select NF-κB target genes.  The 

full set of genes targeted by SIRT6 also remains to be determined. 

NF-κB is a family of transcription factors, which control the expression of genes 

involved in apoptosis, cell senescence, inflammation, immunity and aging (Hayden and Ghosh, 

2008). NF-κB proteins are responsive to stress signals including infection, inflammation, DNA 

damage, oxidative stress and metabolic stress. In response to such signals, the IκB kinase (IKK) 

complex phosphorylates the IκB proteins which bind and sequester NF-κB proteins in the 

cytoplasm. IκB is subsequently ubiquitinated and degraded, and liberated NF-κB translocates to 

the nucleus to activate transcription of its target genes including positive and negative regulators 

of the NF-κB pathway (Ghosh et al., 1998; Hayden and Ghosh, 2004). As a result of negative 

feedback loops, NF-κB shuttles in and out of the nucleus, and intriguingly, subsequent rounds of 

NF-κB can activate different target genes due to chromatin changes induced by the pioneering 

round of NF-κB activation (Foster et al., 2007; Hoffmann and Baltimore, 2006). 

Disruption of Sirt6 in mice results in a degenerative phenotype resembling premature 

aging (Mostoslavsky et al., 2006). Importantly, concomitant heterozygous knockout of RelA 
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allows a significant fraction of mice to overcome the degenerative phenotypes and avoid lethality 

(Kawahara et al., 2009; Mostoslavsky et al., 2006). This genetic epistasis supports a model where 

SIRT6 limits excessive NF-κB-dependent transcription in order to promote longevity. NF-κB 

activity also increases with age in mice and humans, and is required to enforce cellular 

senescence and tissue aging (Adler et al., 2007a). Genes jointly controlled by Sirt2 and NF-κB 

should include important contributors to aging, but to date, the identity of relevant target genes 

are not known. In this respect, we determine the targets of Sirt6 genome-wide, reveal dynamic 

movement of Sirt6 during stress signaling and its underlying mechanism, and identify joint target 

genes, many of which are linked to aging. 
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5.2 RESULTS 
Dynamic relocalization of Sirt6 genome-wide upon stress signaling 

 We hypothesized that Sirt6 is a stress-responsive chromatin modifier, and that Sirt6 itself 

may relocalize to distinct target genes upon stress signaling. We used genome-scale chromatin 

immunoprecipitation (ChIP)-chip assays with high-density oligonucleotide arrays to analyze the 

binding patterns of Sirt6 and RelA in MEFs before and after TNF-α addition. Because we and 

others have observed that histone acetylations and Sirt6 occupancy are clustered in promoter 

regions upstream of the transcriptional start site (TSS) (Kawahara et al., 2009; Wang et al., 2009; 

Zhong et al., 2010), we used whole genome promoter arrays tiling 3.25 kb upstream to .75 kb 

downstream of the TSS. Wild-type MEFs were treated with TNF-α for 0, 15, 30 or 60 minutes, 

and chromatin was immunoprecipitated using an antibody recognizing Sirt6. Sirt6-/- MEFs were 

also similarly treated as a negative control (Figure S5.1). We identified sequences bound by 

SIRT6 with 90% confidence using Nimblegen’s peak calling software and subtracted nonspecific 

targets identified in the Sirt6-/- MEFs from the wild-type MEFs. Altogether, Sirt6 can 

dynamically bind up to 5050 gene promoters (Figure 5.1A). Sirt6 bound 1899 genes in 

unstimulated cells. Notably upon TNF-α signaling, Sirt6 moved away from a large percentage of 

these site (684 of 1899), and relocalized to a much expanded set of genes (4366). Sirt6 occupancy 

also showed a striking periodic pattern: Sirt6 inducibly bound to thousands of genes at 15 

minutes after TNF-a treatment, disengaged most of these sites at 30 minutes, and then re-

engaged but also bound new sites at 60 minutes after TNF-α treatment. Thus, Sirt6 occupancy 

on chromatin is surprisingly dynamic and is globally reconfigured upon a specific stimulus.  

The dynamic relocalization of Sirt6 at each time point is biologically coherent and 

enriched for specific functions and sequence motifs. Promoters bound by SIRT6 are enriched 

for genes with roles in the cell cycle, regulation of small GTP-ase activity, immune system 

development, TGF-beta signaling pathway, nucleic acid binding, anti-apoptosis and development 

(p<0.05, Benjamini Hochberg test) (Figure 5.1B). It has been previously shown that SIRT6 

negatively regulates expression of glucose homeostasis by binding promoters of glycolytic genes 

and deacetylating H3K9Ac (Zhong et al., 2010). Consistent with this, we observed the citrate 

acid TCA cycle as a function highly enriched for among our Sirt6 targets. We also observe Sirt6 

targeting the promoters of Pfk1 and Ldha, as previously reported (Zhong et al., 2010). Sirt6 

bound the promoter of many other glycolysis-related genes including Pdk1, Pdk2 and Hif1α. In 

addition, Sirt6 has been shown to be required for Ras-mediated epigenetic silencing of the pro-  
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Figure 5. 1. Dynamic relocalization of Sirt6 genome-wide upon stress-signaling33 

                                                      
 

 

33 (A) Sirt6 binds the promoter of 5050 genes in the presence or absence of TNF-α. The heatmap displays 
the binding data as the degree of enrichment of ChIP DNA over total genomic DNA. (B) Shown are the 
gene ontologies (GO) terms significantly induced (pval<.05, Benjamini) among Sirt6 targets in wild-type 
MEFs following treatment with TNF-α. Intensity of orange is representative of the degree of significance. 
(C) Shown are the motif modules significantly induced (pval<.05) among Sirt6 targets in wild-type MEFs 
following treatment with TNF-α. Intensity of purple is representative of the degree of significance [-
ln(pval)].  
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apoptotic Fas gene (Gazin et al., 2007).  Interestingly, we find that our TNF-α-induced Sirt6 

targets are enriched for genes involved in regulation of Ras protein signal transduction. These 

genes include Ralb, Raf1, Rhoc, Rab4b and Rab30, Rasgrp2 and Nkiras1.  

We next searched for transcription binding factor motifs enriched for among SIRT6 

bound promoters using motif module map (Adler et al., 2007a) (Figure 5.1C). The NF-κB RelA 

motif along with other three other NF-κB motifs were significantly enriched. Consistent with our 

previous genes expression analyses revealing Nfkb1, Nfkb2 and Nfkbia as candidate target genes 

coregulated by RelA and Sirt6 these genes showed inducible SIRT6 binding these targets upon 

stimulation with TNF-α (Kawahara et al., 2009). Interestingly, we also detect the SP1, STAT1/3, 

ELK1, E2F1 and FOXO1/4 as highly enriched motifs(p<0.05, hypergeometric mean). 

 
RelA occupancy genome-wide shows similar dynamics as Sirt6 

To compare the Sirt6 occupancy profile with that of NF-kB, we mapped RelA 

occupancy by ChIP-chip after TNF-α treatment for 0, 15, 30 or 60 minutes. RelA-/- MEFs were 

also similarly treated as a negative control (Figure S5.1). Altogether, RelA was found to occupy a 

total of 2738 genes with 80% confidence (Figure 5.2A). RelA bound 13% of genes in 

unstimulated cells and 91% of genes in the presence of TNF-α. With our method, we were able 

to confirm the binding of RelA to 110 genes previously identified to be bound by RelA (Lim et 

al., 2007; Schreiber et al., 2006). These genes include Bcl3, Bcl6, Rac2, Traf1, Il6st, Hoxa7, Elk1, 

Junb and Relb. It should be noted that previous studies interrogating genome-wide binding of 

RelA to DNA were carried out in a different species and in response to LPS, in which the 

periodic NF-κB response may be partially obscured by antiphasic feedback loops (Covert et al., 

2005; Hoffmann et al., 2002). Importantly, RelA occupancy also peaks at 15 minutes and 

redistributes at 30 minutes after TNF-α treatment in a very similar pattern to Sirt6 occupancy. 

RelA target genes are enriched for genes with similar functions and motifs as SIRT6 

targets. These include chemokine signaling, neutrophin signaling, regulation of DNA-dependent 

transcription, regulation of small GTP-ase activity, kinase activity, nucleic acid binding, system 

development and pathways in cancer (p<.05, Benjamini) (Figure 5.2B). Specific cancer 

pathways that were highly enriched for by our RelA targets include chronic myeloid leukemia, 

glioma, small cell lung cancer, pancreatic cancer. As anticipated, the NF-κB RelA motif along 

with other 14 other NF-κB motifs were significantly enriched (Figure 5.2C), highlighting the 

high quality of our ChIP-chip technique. We also detect SP1, ETF, MAZ, EGR, PAX4, KROX, 

ICSBP, AP2, and STAT4/6 as highly enriched motifs(p<.05, hypergeometric mean). 
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Figure 5. 2. Binding of RelA resembles the occupany pattern of Sirt6.34 

 
RelA drives dynamic relocalization of Sirt6 genome-wide  

The direct physical interaction of RelA and Sirt6 raises the hypothesis that RelA can drive the 

stress-responsive relocalization of Sirt6 genome-wide, thereby allowing Sirt6 to deacetylate 

histones occupying the promoters of NF-κB target genes. Indeed, RelA and Sirt6 significantly 
                                                      
 

 

34 (A) Endogenous RelA targets the promoters of 2738 genes in the absence or presence of TNF-α. The 
heatmap displays the binding data as the degree of enrichment of ChIP DNA over total genomic DNA. 
(B) Shown are the gene ontologies (GO) terms significantly induced (pval<.05, Benjamini) among RelA 
targets in wild-type MEFs following treatment with TNF-α. Intensity of orange is representative of the 
degree of significance. (C) Shown are the motif modules significantly induced (pval<.05) among RelA 
targets in wild-type MEFs following treatment with TNF-α. Intensity of purple is representative of the 
degree of significance [-ln(pval)].  
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colocalized to the same genomic sites (Figure 5.3A). RelA and Sirt6 bound to 2738 and 5050 

promoters, respectively, of which 1481 promoters were in common (p<2.46x10-286, 

hypergeometric distribution) (Figure 5.3A). This striking number represents 54% and 29% 

overlap of all RelA and Sirt6 targets, respectively, and suggests that Sirt6 and RelA collaborate to 

regulate a large fraction of their target genes. Moreover, when Sirt6 and RelA co-occupied the 

same promoters, Sirt6 and RelA bound at sites less than 500 kb apart—the shearing size of our 

chromatin fragments and limit of resolution— for the majority of targets (65%, Figure 5.3C). 

To provide direct genetic proof of the requirement of RelA for Sirt6 mobilization, we performed 

Sirt6 ChIP-chip in RelA-/- MEFs following induction with TNF-α for 0, 15, 30 and 60 minutes. 

We compared the binding of Sirt6 to the shared Sirt6 and RelA targets in RelA-/- cells to wild-

type cells. Consistent with our hypothesis, Sirt6 occupancy was completely abrogated for 49% of 

shared targets (Figure 5.3B), most of which are inducibly targeted to chromatin by TNF-α 

treatment in wild-type cells. These genes include Nfkbia, Gadd45b, RelB, Ralbp1, Cdkn2a and 

Cdkn1b. For a number of canonical NF-κB target genes including Nfkb1, HoxA7 and Rel, 

however, Sirt6 binding was reduced but not abrogated, suggesting that other NF-κB family 

members can potentially compensate and target Sirt6 to the promoters of NF-κB targets. 

Together, these data suggest that a substantial part of dynamic Sirt6 localization to chromatin is 

driven by RelA. 

 

Gene expression consequences of interplay between Sirt6 and RelA 

We next measured the global gene expression patterns of wild-type, Sirt6-/- or Sirt6-/-

RelA-/- cells in the temporal response to TNF-α. We focused on genes with promoters bound by 

Sirt6 and RelA in order to understand the consequences of Sirt6 and RelA binding. A further 

goal is to identify candidate genes that may drive the aging process because genetic evidence 

suggests a critical role for genes jointly regulated by Sirt6 and RelA (Kawahara et al., 2009). We 

were able to detect expression in 480 out of the 1481 targets shared by RelA and Sirt6 (Figure 

3A). Out of these 480 genes, 301 genes exhibited an expression pattern consistent with 

antagonistic regulation by RelA vs. Sirt6. Specifically, expression of these genes was elevated in 

Sirt6-/- cells compared to wild-type and correspondingly reduced in Sirt6-/- RelA-/- cells. 

Hierarchical clustering of the gene expression patterns organized the genes into three distinct 

classes based on their differential expression in Sirt6-/- cells (Figure 5.3B). The first class, 

termed “All-Up”, showed elevated gene expression in Sirt6-/- cells at baseline without TNF-α 
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Figure 5. 3. RelA drives dynamic relocalization of Sirt6.35 

treatment and at every single time point after TNF-treatment.  All-Up includes genes such as 

candidate aging regulators Shc1 (encoding p66) (Migliaccio et al., 1999), Cdkn2a (encoding the cell 

cycle inhibitor p16) (Janzen et al., 2006; Krishnamurthy et al., 2004), Jmjd3 (encoding a histone 

demethylase that activates p16 expression) (Agger et al., 2009), Wnt2 (Brack et al., 2007; Liu et 

                                                      
 

 

35 (A) Venn diagram representing the overlap of Sirt6 and RelA promoter bound regions. (B) Sirt6 
occupancy at promoters shared by RelA is largely dependent on RelA. Shown is a heat map displaying the 
ChIP binding data in wild-type and Sirt6-/- MEFs following TNF-α treatment for the indicated times, for 
1481 gene promoters shared by RelA and Sirt6. The average binding of Sirt6 for each sample (column) is 
plotted above. The grey bar indicates that Sirt6 binding is completely abrogated in RelA-/- samples. 49% 
of shared Sirt6 targets are dependent on RelA. (C) RelA and Sirt6 bind shared targets within 500bp of each 
other. The distance between RelA and Sirt6 binding sites and the percentage of shared targets with the 
corresponding distance is plotted. 
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al., 2007), and stress responsive genes Gadd45b (De Smaele et al., 2001) and Mdm2 (Mendrysa et 

al., 2001). 

Second, the “Zero-Up” class is a smaller set of genes that showed increased gene 

expression in Sirt6-/- cells only in the absence of TNF-α. This class includes genes encoding 

several signaling proteins such as protein phosphatase Dusp14, antiapoptotic gene Bcl2l1and actin 

regulator Rhoc. In contrast for the third class, termed “TNF-Up”, expression in Sirt6-/- cells is 

increased only upon stimulation with TNF-α, demonstrating the importance of stress signaling to 

elucidate transcriptional alterations in Sirt6-/- cells. The TNF-Up class includes genes such as 

Bcl10, Relb, Ccl2 and Nfkbia that encode both positive and negative feedback mechanisms to NF-

κB signaling [ref]. Within both All-Up and Zero-Up classes, there is a small subset of genes that 

are normally repressed upon treatment with TNF-α. In Sirt6-/- cells, however, stimulation with 

TNF-α induces expression, suggesting that Sirt6 is normally responsible for preventing 

expression of these genes in the presence of TNF-α. These genes include Sdc2, Tinagl, Pkia and 

Tnfrsf11b. 

 Surprisingly, we found two interesting classes of genes which behave in a manner 

contrary to our model of Sirt6 repression of NF-κB targets. In this class, gene expression is 

repressed in Sirt6-/- cells compared to wild-type cells, and repression is relieved in Sirt6-/-RelA-/- 

cells to an even greater extent than in wild-type cells. Notably, one gene in this class includes 

Lmna (encoding lamina), which has been previously linked to aging (Mounkes et al., 2003). 

Mutations in Lmna cause Hutchinson-Gilford progeria syndrome (HGPS) (Eriksson et al., 2003), 

a disorder with clinical features of premature aging. Normal aging is associated with 

accumulation of a spliced isoform of Lmna that impedes nuclear function.  Lmna expression is 

decreased in Sirt6-/- cells but rescued in Sirt6-/-RelA-/- cells, consistent with a role for Sirt6 in 

attenuating NF-κB-dependent expression to prevent aging.  The LmnaL530P/L530P mice display a 

progeroid phenotype that strikingly resembles the phenotype of Sirt6-/- mice: reduced size, loss 

of subcutaneous fat, reduced bone mineral density and lethality by 4-5 weeks of age. This result 

suggests that many of the characteristics of Sirt6-/- mice could be driven by deregulated LmnA 

expression. Since Lmna expression is reduced rather than enhanced upon Sirt6 knockout, 

however, we predict that Sirt6 and RelA may regulate a factor that represses Lmna expression. 

Dynamic localization of Sirt6 impacts gene expression, both as Sirt6 is recruited to and 

away from its binding sites. As is depicted in Figure 5.5, Sirt6 occupies the promoters of a 

diverse set of genes in the basal state and its occupancy is linked with transcriptional repression. 

Upon the addition of TNF-α, Sirt6 is largely redistributed to new promoters, in part through its 



106 
 

direct interaction with RelA (Kawahara et al., 2009). As a result of relocation of Sirt6 to new 

targets, TNF-α treatment induces departure from sites such as Tsc2 and Mapk9, which are 

bound by Sirt6 only in the absence of TNF-α, thus leading to derepression of gene expression.  

 

Figure 5. 4. Gene expression consequences of interplay between RelA and Sirt6.36 

                                                      
 

 

36 (A) Targeting of promoters by RelA and Sirt6 impacts gene expression. Shown is the gene expression 
analysis of 480 targeted by both RelA and Sirt6 following TNF-α treatment for the indicated times. (B) 301 
genes exhibited an expression pattern consistent with antagonistic regulation by RelA and Sirt6. Based on 
the differential expression observed in Sirt6-/- cells, we separated these genes into 3 distinct classes called 
“All Up,” “Zero Up,” or “TNF Up.” (C) A surprising class of genes, in which expression is reduced upon 
Sirt6 knockout, behaves contrary to our model of Sirt6 repression of NF-κB target genes. Lmna, a gene 
through to prevent aging, is in this class. (D) Class of genes in which Sirt6 targeting is inhibited by RelA. 
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Therefore, for these genes, RelA inhibits Sirt6-dependent repression of these genes. Consistent 

with this model, these genes show an opposite epistatic relationship: they are derepressed  in 

Sirt6-/- cells, but are not reverted in Sirt6-/-RelA-/- cells (Figure 5.4D). Meanwhile, TNF-α 

induces stabilization of Sirt6 at the promoters of genes including p16, Gadd45b and Nfkb1, thus 

leading to Sirt6-dependent repression of gene expression.  For these genes, some of which have 

roles in regulating aging, DNA damage and NF-κB feedback, expression analysis suggests that 

Sirt6 negatively regulates RelA, which in turn activates expression of these genes. 
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5.3 DISCUSSION 
Deletion of Sirt6 in mice results in a premature aging-like degenerative syndrome, and 

heterozygous knockout of the NF-κB subunit RelA can rescue the degenerative and early 

lethality phenotype (Kawahara et al., 2009; Mostoslavsky et al., 2006). We also independently 

identified NF-κB as a regulator of aging-related gene expression programs and phenotypes in the 

skin (Adler et al., 2007a). Sirt6 regulation of a small set of NF-κB target genes led to the model in 

which aging is caused in part by elevated NF-κB-dependent transcription. In contrast, Sirt6, 

through its H3K9Ac deacetylase activity, limits NF-κB dependent transcription and opposes 

aging. Here, we have coupled genome-scale profiling of RelA- and Sirt6-bound sites with global 

gene expression analysis to identify direct targets of RelA and Sirt6. We present evidence that 

Sirt6 occupies the promoters of 54% of RelA targets. Of these genes, we detect Sirt6-dependent 

repression of basal and/or TNF-α-induced expression of 124 genes, many of which have been 

shown to regulating aging and longevity.  

 

Dynamic localization of Sirt6 

Dynamic relocalization of sirtuins is an important feature of both yeast Sir2 and 

mammalian Sirt1.  Yeast Sir2 represses recombination or transcription at telomeres, silent mating 

type loci and ribosomal DNA. Upon the addition of DNA damage agents, Sir2 leaves telomeric 

sites and relocates to sites of DNA damage (Martin et al., 1999).  Similarly, Sirt1 was recently 

shown to occupy a diverse set of genes in the basal state, but in response to DNA damage, Sirt1 

redistributes to these sites of DNA damage (Oberdoerffer et al., 2008). These findings are also 

consistent with recent work documenting inducible recruitment of Sirt6 to sites of DNA damage 

(McCord et al., 2009).  

We now show that Sirt6 binds thousands of promoters in the mouse genome and that 

similar to RelA, this binding pattern is largely reconfigured in response to stress induced by 

TNF-α. 29% of Sirt6 targets are shared by RelA, and of these shared targets, 49% require RelA 

for Sirt6 occupancy. This suggests that in response to TNF-α or one of the many stressors that 

activate NF-κB, the stress-responsive nature of Sirt6 binding could be driven by its interaction 

with the stress-responsive transcription factor RelA.  We note, however, that Sirt6 still appears to 

target a large fraction of RelA targets even in the absence of RelA (Figure 5.3), which begs the 

question of whether another NF-κB family member or related transcription factor may also 

contribute to Sirt6 localiazation to the promoters of RelA targets. It will also be interesting to 



109 
 

determine whether other stress-responsive transcription factors exist to guide the relocalization 

of Sirt6 and other Sir2-related deacetylases upon distinct stress signals such as DNA damage. 

Our identification of specific transcription factor motifs at Sirt6 bound sites provide a logical 

starting point for other regulators of Sirt6 localization 

 

 

Figure 5. 5. Model for Sirt6 regulation of targeting and gene expression. 

 

Impacts on gene expression 

Our current studies reveal that Sirt6 and RelA share a large percentage of direct targets 

and coregulate expression of these genes. These studies also raise important questions to better 

understand how NF-κB and Sirt6 cooperate to regulate gene expression. How does Sirt6 occupy 

targets of RelA despite the absence of RelA?  Could Sirt6 interact with other members of the 

NF-κB family?  Given that Sirt6 directly interacts with RelA, how does Sirt6 selectively target just 

half of the targets of RelA? Finally, how does Sirt6 affect the kinetics of gene expression? Future 

studies addressing genome-wide binding of NF-κB family members as well as dynamic gene 

expression with high temporal precision in response to TNF-α are necessary to answer these 

questions. 
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5.4 MATERIALS AND METHODS 
 

Antibodies and cell lines. Antibodies specific for RELA (Abcam), SIRT6 (Abcam) and Actin 

(Santa Cruz) are from the indicated sources. MEFs were generated from 13.5-day-old embryos 

using standard methods and propagated in DMEM (Invitrogen) plus 15% FBS.  

 

Chromatin Immunoprecipitation (ChIP). Cells were treated with TNF-α (20 ng/ml) for the 

indicated times. DNA was cross-linked for 10 minutes with 1% formaldehyde and stopped in 

0.125 M glycine. Purified chromatin was sonicated to ~500 bp using the Bioruptor (Diagenode, 

Inc) and incubated with the indicated antibodies. Following reverse cross-linking and RNase 

treatment, DNA was purified with the Ziagen Mini-elute Reaction Cleanup Kit and amplified 

using the Whole Genome Amplification kit (Sigma) as described by the manufacturer. 

 

ChIP-chip assays. Each amplified DNA sample was labeled according to the manufacturer’s 

ChIP-chip protocol (Nimblegen). Briefly, each DNA sample (1 μg) was denatured in the 

presence of Cy5- or Cy3-labeled randon nonamers and incubated with 100 units (exo-) Klenow 

fragment (NEB) and dNTP mix (6 mM each in TE buffer) for 2 hours at 37�C. Reactions were 

terminated by addition of .5 M EDTA (pH 8), precipitated with isopropanol, and resuspended in 

water. 12 μg of Cy5-labeled ChIP sample and 6 μg of Cy-3 labeled total sample were mixed, 

dried and resuspended in 40 μL of buffer including hybridization buffer (Nimblegen), alignment 

oligonucleotides (Nimblegen) and Component A (Nimblegen). The labeled DNA samples were 

next denatured and hybridized to “MM8” arrays overnight at 42�C. Samples were co-hybridized 

with input DNA as a reference, and the microarrays (Nimblegen) contained probes tiling a total 

of 4 kilobases of 21,249 mouse promoters. Fluorescence intensity raw data were obtained from 

scanned images of the oligonucleotide tiling arrays using NIMBLESCAN 3.0 extraction software 

(Nimblegen). For each spot on the array, log2-ratios of the Cy5-labeled test sample versus the 

Cy3-labeled reference sample were calculated. To normalize across samples, the biweight mean 

of this log2 ratio was subtracted from each point. 

 

ChIP-chip Data analysis. 

Identification of targets: For Sirt6, data for all peaks with an FDR ≤ 0.1 were included. 

For RelA, data for all peaks with an FDR ≤ 0.1 were included. To determine the binding sites for 
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Sirt6 and RelA, the list of targets was filtered to include only genes that were targets in wild-type 

cells and not in the negative control knockout cells (Sirt6-/- or RelA-/-, respectively). 

Motif module map: To analyze cis-regulatory motifs enriched among Sirt6 and RelA 

direct targets, we identified promoters of genes bound by Sirt6 or RelA and tested for their 

enrichment (p<0.05, hypergeometric distribution) of sets of genes sharing the presence of cis-

motifs, termed motif modules (Adler et al., 2007a). We then selected for motif modules that were 

induced among wild-type and Sirt6-/- MEFs. 

GO term and KEGG pathway analyses: Functional annotations were performed using 

the program Database for Annotation, Visualization, and Integrated Discovery (DAVID). We 

used a Benjamini threshold of <0.05.  

 

Microarray-based RNA expression assays. Total RNA was extracted with TRIzol 

(Invitrogen) from mouse embryonic fibroblasts following TNF-α treatment (20 ng/mL) for the 

indicated times. RNA was labeled with Cy5 and hybridized to whole genome mouse bead arrays 

(Illumina). Genes that were induced with an absolute detection value of 100 in any sample during 

the time course were selected and normalized to the untreated wild-type sample.  All genes and 

samples were next organized by hierarchical clustering (Eisen et al., 1998).  
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5.5 SUPPLEMENTARY FIGURES 
 

 
Figure S5. 1. Western analysis of Sirt6 and RelA protein levels.37 

 

 

 

 

 

 

 

 
  

                                                      
 

 

37 (A) Immunoblot of Sirt6 in wild-type and Sirt6-/- MEFs. (B) Immunoblot of RelA in wild-type and 
RelA-/- MEFs. 
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APPENDIX A: LIST OF ABBREVIATIONS 
Ac acetylation 

BER base excision repair 

ChIP chromatin immunoprecipitation 

HGPS Hutchinson Gilgord Progeria Syndrome 

HR homologous recombination 

H3K9 histone H3-lysine 9  

H3K56 histone H3-lysine 56 

IP  immunoprecipitation, immunoprecipitate 

IVT in-vitro translated 

kb kilobases 

NER nuclear excision repair 

NHEJ nonhomologous end-joining 

MEF mouse embryonic fibroblast 

PCR polymerase chain reaction 

qRT-PCR quantitative reverse transcription-polymerase chain reaction 

rDNA ribosomal DNA 

ROS reactive oxygen species 

TSS transcriptional start site 
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APPENDIX B: LIST OF GENE SYMBOLS 
Ampk    Amp-activated protein kinase 

Bcl10    B-cell leukemia/lymphoma 10 

Cdkn1a/p21   Cyclin-dependent kinase inhibitor 1a 

Cdkn2a/p16 Cyclin-dependent kinase inhibitor 2a 

Fbxo4 F-box protein 4 

Gadd45b Growth arrest and DNA-damage-inducible 45 beta 

IGF-1 Insulin-like growth factor 1 

IKK IκB Kinase 

Jmjd3 Jumonji domain containing 3 

LmnA LaminA 

Mdm2 Transformed mouse 3T3 cell double minute 2 

Mapk9 Mitogen-activated protein kinase 9 

Nfkb1/2, p105/p100 Nuclear factor of kappa light polypeptide gene enhancer in B- 

cells 1/2 

Nfkbia Nuclear factor of kappa light polypeptide gene enhancer in B-

cells inhibitor, alpha 

Pdk1/4 Pyruvate dehydrogenase kinase 1/4 

Pfk1 Phosphofructinase-1 

RelA/B V-rel reticuloendotheliosis viral oncogene homolog A/B 

Rps3 Ribosmal protein S3 

Shc1 Src homology 2 domain-containing transforming protein C1 

Sir2 Silent information regulator 2  

Sirt1-7  Sirtuin 1 through 7 

Tor Target of rapamycin 

Trp53bp1 Transformation related protein 53 binding protein 1 

Tsc2 Tuberous sclerosis 2 

Wnt2 Wingless-type 2 

Xrcc4 X-ray repair complementing defective repair 4 
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