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Abstract 

Nicotinamide adenine dinucleotide (NAD) is needed as a cofactor in several 

processes throughout the cell, and its availability is decisive for the activity of many 

NAD-dependent enzymes. Owing to the membrane barriers in the compartmentalized 

eukaryotic cell, NAD cannot move freely. Understanding how subcellular NAD pools 

are established and maintained, as well as how they communicate with each other, is 

therefore crucial to understanding how NAD dependent processes are regulated in the 

eukaryotic cell. 

In this study we aimed at determining the role of the hitherto uncharacterized 

peroxisomal NAD pool. Moreover, we addressed experimentally the question as to 

how subcellular NAD pools communicate and cooperate upon altered NAD 

homeostasis. To do so we studied the consequences of excessive NAD+ consumption 

in the peroxisomes, cytosol or mitochondria using cell lines constitutively expressing 

the catalytic domain of PARP1 (PARP1cd) targeted to these organelles. The activity 

of the constructs was confirmed by PAR detection and a 30-40% decline in cellular 

NAD+ content. The excessive NAD+ consumption in peroxisomes did not severely 

affect the cellular phenotype, and peroxisomal processes were largely maintained. In 

line with this, upregulated expression of solute carrier SLC25A17 in these cells 

suggested that import of NAD+ into peroxisomes was increased to compensate for the 

excessive consumption. Interestingly, acetylation state of sirtuin targets in various 

compartments appeared unaltered. Thus, increased import of NAD+ into peroxisomes 

seemingly occurred without affecting NAD+-dependent deacetylation in other 

organelles. This is likely facilitated by the observed adjustment of the expression of 

NAD biosynthetic enzymes, NMNATs, and sirtuins in these cells.  

Likewise, excessive NAD+ consumption in the cytosol, and to a lesser extent, 

mitochondria, was also accompanied by altered expression of NMNATs and sirtuins 

combined with maintained acetylation state. This indicated that increased local NAD 

biosynthesis together with altered flux through sirtuins can maintain NAD+-

dependent deacetylation despite significantly lowered cellular NAD+ content. In sum, 
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our findings suggest that the maintenance of the peroxisomal pool might be more 

important than previously assumed. Moreover, we propose the existence of an inter-

organellar compensatory response capable of shifting the distribution of NAD within 

the cells upon compartment specific increase in NAD+ consumption. Maintenance of 

NAD+-dependent signaling in the affected or donating organelle(s) is proposed to 

occur via altered expression of local NAD producers and consumers.  
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 1. Introduction 

Enzymes are important macromolecules which act as catalysts for chemical reactions. 

Without enzymes, most of the vital biochemical reactions life depends on would not 

occur in time scales or at temperatures/pressures conducive to life. Cells contain 

thousands of different enzymes, and tight regulation of their activities determines 

which of the many possible chemical reactions actually take place within the cell at 

any given time. Remarkably, most enzymes do not catalyze reactions on their own, 

but require an additional chemical group, a cofactor, to perform their function. 

Cofactors can be metal-ions or organic molecules derived from vitamins, and the 

accessibility of enzymes to their cofactors represents an important layer in the 

regulation of their activity.  

One cofactor is nicotinamide adenine dinucleotide (NAD), which is biosynthetically 

converted from vitamin B3. NAD can exist in an oxidized (NAD+) and reduced state 

(NADH). NAD+ can be reduced to NADH via a hydride transfer, and then re-

oxidized back to NAD+. As such, it functions as an electron carrier and is used as a 

co-enzyme by dehydrogenases in many metabolic redox reactions for example in the 

tricarboxylic acid (TCA) cycle, β-oxidation of fatty acids and amino acid 

metabolism. In addition, NAD+ can also be used as a (co)substrate in deacetylation by 

sirtuins and in mono- or poly-ADP-ribosylation, as well as for the synthesis of second 

messengers important in calcium signaling. Accordingly, NAD+ is involved in a wide 

variety of enzymatic activities, and the regulation of its availability is fundamental to 

the functionality of the cell.  
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1.1 NAD and NAD biosynthesis 

NAD+ is a dinucleotide consisting of the two mononucleotides adenosine 

monophosphate (AMP) and nicotinamide mononucleotide (NMN) joined by their 

phosphate groups (Fig 1). When used as a (co)substrate NAD+ is cleaved at the N-

glycosidic bond between the nicotinamide (Nam) moiety and ribose on NMN, 

resulting in the formation of adenosine diphosphate ribose (ADPr) and free Nam. 

Whereas oxidation and reduction of NAD do not lead to its degradation, signaling 

reactions de facto lower NAD availability and therefore, continuous biosynthesis of 

the dinucleotide is required. Given the ubiquitous importance of NAD, redundancies 

have evolved to ensure the maintenance of cellular levels. To that end, several 

pathways lead to its biosynthesis, differing in precursor used and enzymes involved. 

Each of these paths starts with the generation of NMN, or its acidic equivalent, 

nicotinic acid mononucleotide (NAMN) (collectively pyridine mononucleotides)  

(Fig 2).  

 

Figure 1. Structure of NAD+. Nicotinamide adenine dinucleotide (NAD) consists of two 
mononucleotides; nicotinamide mononucleotide (NMN) and adenine monophosphate 
(AMP) (indicated by dotted line). The two mononucleotides are joined together via a 
phosphodiester bond.  
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 Mammalian de novo synthesis of NAD starts with the generation of quinolinic acid 

(QA) from tryptophan through the kynurenine pathway. QA is the substrate for 

quinolinic acid phosphoribosyltransferase (QAPRT), which catalyzes the conversion 

of QA to NAMN (Nishizuka & Hayaishi 1963a; Nishizuka & Hayaishi 1963b) using 

phosphoribosyl pyrophosphate (PRPP) as a co-substrate. Whereas the de novo 

synthesis of NAD+ relies on the continuous supply of an essential amino acid, the 

salvage pathway recycles Nam resulting from NAD+ degrading activities by enzymes 

like ARTs, sirtuins and glycohydrolases such as CD38/157 (Fig 2). Nam is converted 

to nicotinamide mononucleotide (NMN) by nicotinamide phosphoribosyltransferase 

(NamPRT), the rate-limiting enzyme of NAD biosynthesis, which transfers a 

phosphoribosyl unit from PRPP onto Nam. The affinity of NamPRT towards Nam is 

remarkably high with a Km of around 5 nM (Burgos & Schramm, 2008), highlighting 

the importance of utilizing cleaved Nam for resynthesizing NAD. The acidic form of 

Nam, nicotinic acid (NA), can also be used as a precursor in NAD+ biosynthesis in 

what is known as the Preiss-Handler pathway. NA is converted to NAMN by 

nicotinic acid phosphoribosyltransferase (NAPRT) which, like NamPRT, uses PRPP 

as a co-substrate (Preiss & Handler 1958a; Preiss & Handler 1958b). Another route to 

the formation of the pyridine mononucleotides occurs from the ribosylated versions 

of Nam and NA, nicotinamide riboside (NR) and nicotinic acid riboside (NAR) 

(Bieganowski & Brenner, 2004) (Fig 2). They are phosphorylated by nicotinamide 

ribose kinases (NRKs) to NMN and NAMN, respectively. In these reactions, ATP 

serves as a phosphate donor and ADP is released as a by-product of the reaction. As 

an alternative to being phosphorylated to NMN, NR can also be cleaved, resulting in 

Nam which can enter into the salvage pathway (Rowen & Kornberg 1951). Following 

the generation of the mononucleotide, nicotinamide mononucleotide 

adenylyltransferases (NMNATs) catalyze the condensation of NAMN or NMN with 

the adenylyl moiety from ATP, converting the mononucleotides to their respective 

dinucleotides, nicotinic acid dinucleotide (NAAD) and NAD. The formation of NAD 

from NAAD requires its amidation, an ATP dependent reaction catalyzed by NAD 

synthase (NADS) (Fig 2). NAD can further be phosphorylated to NAD phosphate 

(NADP) by NAD kinase (NADK) in an ATP dependent manner.    
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Figure 2. Biosynthesis of NAD+. Biosynthesis of NAD is achieved via either the de novo, 
Preiss-Handler or salvage pathways. NAD+ consuming enzymes degrade NAD+ and cleave 
it into nicotinamide (Nam) and adenosine diphosphate ribose (ADPr). In the salvage 
pathway Nam is recycled and converted into nicotinamide mononucleotide (NMN) by 
nicotinamide phosphoribosyltransferase (NamPRT). In the de novo pathway, quinolinic acid 
(QA) generated from Tryptophan is converted to nicotinic acid mononucleotide (NAMN) by 
quinolinic acid phosphoribosyltransferase (QAPRT) (Nishizuka & Hayaishi 1963a; 
Nishizuka & Hayaishi 1963b), while in the Preiss-Handler pathway nicotinic acid (NA) is 
converted to NAMN by nicotinic acid phosphoribosyltransferase (NAPRT) (Preiss & 
Handler 1958a; Preiss & Handler 1958b). The ribosylated versions of Nam and NA, 
nicotinamide riboside (NR) and nicotinic acid riboside (NAR) can be converted to their 
respective mononucleotides by nicotinamide ribose kinases (NRKs), thus making them 
precursors for the mononucleotides (Bieganowski & Brenner, 2004). Further, NR can be 
cleaved into Nam, and thereby enter the salvage pathway (Rowen & Kornberg 1951). Both 
NAMN and NMN are converted to their respective dinucleotides by nicotinamide 
mononucleotide adenylyltransferases (NMNATs), creating nicotinic acid adenine 
dinucleotide (NAAD) and NAD, respectively. NAAD can be converted to NAD by NAD 
synthase.  
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 1.2 NAD+ in signalling 

While the importance of NAD as a redox carrier has long been known, the new and 

expanding field of NAD metabolism has arisen from the discovery that NAD+ and its 

derivatives can also be used as co-substrates in several signaling reactions 

(Houtkooper et al, 2010; Berthelier et al, 1998; Chambon et al, 1963; Kirchberger & 

Guse, 2013; Frye, 1999; Grube & Burkle, 1992).   

1.2.1 Calcium mobilization 

Molecules derived from NAD and NADP are well established key elements of 

calcium signaling, mediated by the activity of CD38 and its functional homologue 

CD157 (Guse, 2015). These ectoenzymes possess both NADase and cyclase activities 

and utilize NAD+ to generate ADPr and cyclic ADPr (cADPr) by cleaving the N-

glycosidic bond (Howard et al, 1993). In order to form cADPr, CD38/157 

subsequently catalyze the formation of a glycosidic bond between C1 formerly 

attached to the Nam and position 1 of the adenine ring (Graeff et al, 2009). cADPr is 

known to stimulate release of calcium from ryanodine-sensitive intracellular stores, 

namely the endoplasmic reticulum, while ADPr can activate the plasma membrane 

cation channel TRPM2 and thereby trigger calcium entry from the extracellular space 

(Lee, 2012; Gasser et al, 2006). Under acidic conditions, CD38/157 can exchange the 

Nam moiety of NADP for NA, creating nicotinic acid adenine dinucleotide phosphate 

(NAADP). Like the other NAD derived molecules generated by the activity of 

CD38/157, NAADP also functions as a calcium messenger by activating two-pore 

channels found in endolysosomes (Lee, 2012; Aarhus et al, 1995). Calcium signaling 

impacts nearly every aspect of cellular life and the release of Ca2+ has roles in 

excitability, exocytosis, motility, apoptosis and transcription. As such, the role of 

NAD emphasizes its importance in cellular life.  

 

 



 6 

1.2.2 ADP-ribosylation 

ADP-ribosylation is a post-translational modification (PTM) where one (mono-ADP-

ribosylation) or several (poly-ADP-ribosylation) ADPr units derived from NAD are 

transferred onto specific amino acids of acceptor proteins. During poly-ADP-

ribosylation, the first ADPr unit transferred onto the acceptor protein is attached via 

an ester bond and then becomes an acceptor site for subsequent ADPr. The ADPr 

moieties are linked through an O-glycosidic bond, and further elongation results in 

polymers which are either linear or branched structures of varied length (Fig 3) 

(Ritter et al, 2003; Ruf et al, 1998). 

ADP-ribosylation is catalyzed by two groups of enzymes; clostridial toxin like ADP-

ribosyltransferases (ARTC) and diphtheria toxin like ADP-ribosyltransferases 

(ARTD). Members of the ARTC family are ectoenzymes, which catalyze mono-

ADP-ribosylation of surface receptors as well as secreted and membrane proteins, 

while the ARTD family consists of both mono- and poly-ADP ribosyltransferases 

which act inside the cell (Hottiger et al, 2010). The most prominent member of the 

ARTD family is ARTD1, better known as poly-ADP-ribose polymerase 1 (PARP1). 

This nuclear localized protein consists of several distinct functional domains 

including a DNA binding domain, an automodification domain and a catalytic 

domain. PARP1 activity is induced by DNA damage as detected by its DNA binding 

domain (Langelier et al, 2012). Upon activation, PARP1 modifies histones H1 and 

H2B near the DNA damage, resulting in loosened chromatin structure and the 

recruitment DNA repair proteins like XRCC1 and DNA polymerase β, with high 

affinity for poly-ADP-ribose (PAR). PARP1 thereby functions as a sensor for DNA 

nicks. Activation of PARP1 also leads to its automodification, resulting in its 

displacement from the DNA, and subsequent inactivation (Fouquerel & Sobol, 2014).  

Although less active, PARP2 (ARTD2), also localizes to the nucleus and seems to 

facilitate DNA repair, and cells require the activity of at least one of these PARPs for 

survival (de Murcia et al, 1997; Ménissier de Murcia et al, 2003). Additionally there 

are several other PARP isoforms which localize to the cytosol (Vyas et al, 2013). 
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 Like many other PTMs involved in signaling events, ADP-ribosylation is a reversible 

modification, and as such the PAR is also subject to degradation by enzymes known 

as poly-ADP-ribose glycohydrolases (PARG) (Fig 3). PARG hydrolyzes the 

glycosidic bonds between ADPr units, thereby generating free ADPr. There are 

several PARG isoforms in mammalian cells, which result from alternative splicing 

events of a transcript encoded by a single gene. Of them only one isoform localizes to 

the nucleus, whereas cytosolic isoforms account for most of the total cellular PARG 

activity (Meyer-Ficca et al, 2004). In addition to the nuclear and cytosolic isoforms, 

two smaller isoforms resulting from alternative splicing and alternative translation 

initiation were predicted localize to the mitochondria and proposed to carry out 

PARG activity in this organelle (Meyer et al, 2007). A later study revealed that while 

one of these isoforms indeed was mitochondrial, it did not possess PARG activity. 

Moreover it was found that the only enzyme with PAR degrading activity in 

mitochondria is ADP-ribosylhydrolase 3 (ARH3) (Niere et al, 2012). While 

hydrolysis of glycosidic bonds between ADPr units is largely catalyzed by PARG 

isoforms (Bonicalzi et al, 2005; Slade et al, 2011; Barkauskaite et al, 2013), the 

removal of the terminal ADP-ribose moiety is performed by terminal ADP-ribose 

glycohydrolase 1 (TARG1), ARH3, MacroDomain 1 or MacroDomain 2, depending 

on the compartment and the amino acid that is subject to modification (Fig 3) (Niere 

et al, 2012; Jankevicius et al, 2013; Rosenthal et al, 2013; Sharifi et al, 2013; Rack et 

al, 2016).  
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Figure 3. Schematic illustration of poly-ADP-ribosylation of acceptor protein by poly-
ADP-ribose polymerase 1 (PARP1). PARP1 catalyzes the hydrolysis of oxidized 
nicotinamide adenine dinucleotide (NAD+), releasing nicotinamide (Nam) and ADP ribose 
(ADPr). The ADPr moiety is subsequently transferred onto acceptor proteins via an ester 
bond between the initial ADPr and an amino acid acceptor. Following the attachment of the 
initial ADPr moiety, polymer elongation results from the formation of O-glycosidic bonds 
between riboses of two successive ADPr units (n is the number of ADPr units). Polymers 
are also branched, a process achieved via the same chemical reaction as elongation. The first 
branching occurs after the attachment of about 20 ADPr units. Subsequently it occurs at 
regular intervals with a distance of 40-50 ADPr units.  Poly-ADP ribosylation is a reversible 
reaction, and the glycosidic bond between ADPr units can be broken by the activity of poly-
ADP-ribose glycohydrolases (PARG). Breaking the ester bond between the acceptor protein 
and the initial ADPr unit requires the activity of terminal ADP-ribose glycohydrolase 
(TARG1), ADP-ribosylhydrolase 3 (ARH3) or MacroDomain 1 or 2 (MD1/2). NAD: boxed 
and in dark grey; Nicotinamide: Nam in light grey; Adenine: Ade in orange; ribose: Rib; 
Phosphate groups: P in blue. (Adapted from Schreiber et al, 2006 and VanLinden 2015)  
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 1.2.3 Lysine deacetylation by sirtuins 

NAD+ is also important in the regulation of another ubiquitous PTM, namely the 

reversible acetylation of ε-aminogroup of lysine-residues. The best-characterized 

effect of this modification is transcriptional regulation via alterations in chromatin 

structure. N-ε-lysine acetylation on histone tails neutralizes the positive charge of the 

lysine, thereby preventing its tight interaction with negatively charged DNA. This 

alters chromatin architecture and consequently gene transcription (Allfrey et al, 1964; 

Norton et al, 1990; Morales & Richard-Foy, 2000; Norton et al, 1989; Gansen et al, 

2015). At the time of its discovery, lysine-acetylation was believed to be histone-

specific (Allfrey et al, 1964). However, acetylation can also occur on non-histone 

proteins, where it can regulate catalytic activity, induce conformational changes, 

compete with other lysine modifications and influence stability (Caron et al, 2005; 

Glozak et al, 2005; Arif et al, 2007; Tao et al, 2010; Guan & Xiong, 2011). 

Moreover, protein acetylation is not confined to the nucleus. Many mitochondrial and 

cytosolic proteins have emerged as major acetylation targets (Kim et al, 2006; Sadoul 

et al, 2011), and the global importance of acetylation is highlighted by the fact that 

over 3000 distinct protein acetylation sites have been identified (Choudhary et al, 

2009). Acetylation state is regulated by two opposing reactions; acetylation and 

deacetylation (Fig 4). On the one hand, lysine acetyltransferases (KATs) transfer the 

acetyl group from acetyl coenzyme A (acetyl-CoA) onto the acceptor protein 

(Berndsen & Denu, 2008; Marmorstein & Roth, 2001). On the other hand, 

deacetylation is done by two major groups of deacetylases: Zn2+ dependent 

deacetylases (KDACs) (Haberland et al, 2009) and a family of NAD+-dependent 

deacetylases called sirtuins (Finkel et al, 2009; Frye, 1999; Landry et al, 2000; Imai 

et al, 2000).   
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Figure 4. Acetylation and deacetylation of the ε-aminogroup of lysine residues. Lysine 
acetyltransferases (KATs) transfer the acetyl moiety from acetyl coenzyme A (acetyl-CoA) 
onto the ε-aminogroup of lysine residues. The acetyl group can be removed by classical 
lysine deacetylases (KDACs) and NAD+ dependent sirtuins (SIRTs), which cleave NAD+ 
into adenosine diphosphate ribose (ADPr) and nicotinamide (Nam), and then transfer the 
acetyl moiety from the acetylated lysine to the ADPr, generating o-acetyl-ADPr. (Adapted 
from Kim G-W et al, 2010) 
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 In mammals, 7 members of the sirtuin family (SIRT1-7) have been identified (Finkel 

et al, 2009; Frye, 1999). They are expressed in all tissues but vary in their subcellular 

localization and activity. SIRT1-3 are the predominant isoforms with regards to 

deacetylase activity. SIRT4 and 6 are able to catalyze mono-ADP-ribosylation, 

SIRT5 catalyzes demalonylation, desuccinylation and deglutarylation, while SIRT6 

can catalyze demyristoylation and depalmitoylation. SIRT7 functions as a 

deacetylase, but its activity is restricted to the nucleolus (Dali-Youcef et al, 2007). In 

their capacity as deacetylases, sirtuins act upon target lysine residues by coupling 

deacetylation to NAD+ hydrolysis, cleaving it into Nam and ADPr and transferring 

the acetyl group onto the ADPr moiety, creating O-acetyl-ADP-ribose (OAADPr) 

(Feldman et al, 2012). Sirtuins are subjected to product inhibition and can be 

inhibited by high concentrations of Nam (Bitterman et al, 2002).  

Among the many processes regulated by acetylation and sirtuin activity, aging has 

gathered particular attention. During aging, NAD+ degradation exceeds the 

biosynthesis and NAD levels decline (Schultz & Sinclair, 2016; Camacho-Pereira et 

al, 2016). The lowered NAD+ availability and consequent decrease in sirtuin activity 

leads to alteration in protein acetylation. Indeed, a general increase in histone 

acetylation leading to a loss of tight gene regulation (De Cecco et al, 2013; Li et al, 

2013; Peleg et al, 2010) and an overall rise in mitochondrial acetylation leading to 

mitochondrial dysfunction, are two of the hallmarks of aging (Schwer et al, 2006; 

Hallows et al, 2006; Kim et al, 2006; Ozden et al, 2011; Sun et al, 2016). On the 

other hand, calorie restriction (CR), the gold standard for inducing increased 

longevity (McCay et al, 1935; Fontana et al, 2010), leads to upregulation of NAD+ 

biosynthesis, while at the same time decreasing levels of the sirtuin inhibitor Nam 

(Song et al, 2014; Yang et al, 2007; Anderson et al, 2003). The sum of this is 

increased sirtuin activity, which is required for the beneficial effects of CR (Chen et 

al, 2005; Lin et al, 2000; Cohen et al, 2004). Additionally, pharmacological 

activation of sirtuins mimic benefits from calorie restriction (Wood et al, 2004; 

Mouchiroud et al, 2013; Felici et al, 2015; Dellinger et al, 2017; Rajman et al, 2018). 
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1.3 Subcellular compartmentalization of NAD dependent 
processes  

A fundamental feature of the eukaryotic cell is its organization into distinct 

subcellular compartments separated by selectively permeable membranes. Each 

compartment has a specific purpose that contributes to the function of the cell as a 

whole, and the compartmentalization facilitates the different functions by allowing 

distinct chemical environments. Several of the compartment specific functions 

depend on the presence of NAD, either as a redox carrier or as a (co)substrate in 

signaling reactions. NAD is therefore needed throughout the cell, and distinct pools 

of NAD have been identified in the nucleus/cytosol, mitochondria and peroxisomes. 

NAD has also been detected in endoplasmic reticulum and the Golgi-complex, but 

very little is known about its role in these organelles (Fig 5) (Dölle et al, 2010).   

Examples of important NAD dependent processes in the nucleus include the detection 

of DNA damage and subsequent recruitment DNA repair proteins by PARP1 

(Langelier et al, 2012), and regulation of chromatin structure via histone 

deacetylation by the nuclear sirtuin isoform, SIRT1 (Zhang & Kraus, 2010). In the 

cytosol, NAD has a role in glycolysis, where it functions as a redox carrier for 

glyceraldehyde-3-phosphate dehydrogenase. Other cytosolic NAD+ dependent 

reactions include deacetylation of phosphenolpyruvate carboxykinase (PEPCK), 

forkhead box protein O1 (FOXO1) and α-tubulin by SIRT2, a sirtuin isoform known 

to predominantly localize to the cytosol (Lin et al, 2009; Wang et al, 2014; Jing et al, 

2007; Janke & Montagnac, 2017; North et al, 2003). The nuclear envelope does not 

represent a hindrance to the migration of NAD between compartments, suggesting 

that these pools are interchangeable.  However, a recent paper showed that the 

nucleus and cytosol represent two separate NAD microdomains (Ryu et al, 2018). 
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 In mitochondria, NAD is needed as a coenzyme for many of the functions, such as β-

oxidation of fatty acids, the TCA cycle and oxidative phosphorylation, and as a co-

substrate for the mitochondrial sirtuin isoform, SIRT3. SIRT3 targets include 

important proteins such as Manganese superoxide dismutase 2 (MnSOD2) involved 

in ROS scavenging, and long chained acyl CoA dehydrogenase (LCAD) involved in 

fatty acid oxidation (Tao et al, 2010; Bharathi et al, 2013). It is worth noting that 

SIRT4 and SIRT5 also localize to the mitochondria, but neither of these isoforms 

possess strong deacetylase activity. Reflecting the many roles of NAD in the 

mitochondria, it has been suggested that these organelles can contain up to 70% of 

the cellular NAD (Di Lisa 2002). 

In peroxisomes, NAD and NADPH are used by several enzyme involved in important 

functions, such as β-oxidation of aromatic or cyclic compounds, α and β-oxidation of 

very long chained fatty acids (VLCFA), synthesis of bile acids, as well as the 

generation and removal of hydrogen peroxide (Poirier et al, 2006; Wanders, 2014; 

Waterham et al, 2016). Most of the NAD-dependent reactions described in 

peroxisomes are relying on the oxidation and reduction of NAD/NADPH, and 

therefore do not lead to a net NAD consumption. Specific examples include L/D- 

bifunctional enzyme involved in β-oxidation, and catalase, the enzyme responsible 

for the removal of hydrogen peroxide (Rottensteiner & Theodoulou, 2006; Kirkman 

& Gaetani, 1984; Kirkman et al, 1999). In addition, the NAD(P)(H) degrading 

enzyme NUDT12, has also been proposed to localize to peroxisomes. This enzyme 

utilizes NAD(H) as a substrate cleaving it into NMN(H) and AMP (AbdelRaheim et 

al, 2003; Carreras-Puigvert et al, 2017). These metabolites can then diffuse out of the 

peroxisomes via pores like PXMP2 (Antonenkov & Hiltunen, 2012). However, the 

biological role of NUDT12 activity remains poorly understood. Furthermore, a recent 

study revealed that several peroxisomal proteins are ADP-ribosylated (Bilan et al, 

2017). Whether this occurs before or after import into the peroxisomes remains 

unclear, but it could point to a hitherto unknown NAD+ consuming process in 

peroxisomes. Despite the evident importance of NAD in this organelle, the 

peroxisomal NAD pool remains one of the least characterized pools to date.  
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1.4 Establishment and maintenance of NAD pools 

Given the many NAD+ consuming processes taking place in the various 

compartments, NAD+ must be continuously replenished in each of these organelles. 

Isoforms of all enzymes required for NAD biosynthesis are present in the cytosol and 

provide NAD for the cytosol and nucleus. NAD generation for these pools is also 

supported by the activity of NMNAT1, located in the nucleus. However, the 

selectively permeable membranes surrounding the remaining NAD pools do not 

permit NAD to diffuse freely. Thus, these organelles require an alternative 

mechanism for maintaining NAD levels. This could occur either via transport across 

the membrane or via autonomous NAD biosynthesis (Fig 5).  

In plants and yeast, the mitochondrial NAD pool is established and maintained by the 

activity of transporters, importing NAD across the inner mitochondrial membrane 

(Todisco et al, 2006; Palmieri et al, 2009). While it has been suggested that 

mitochondria from mammalian cells are capable of importing NAD (Davila et al, 

2018), the identity of a human mitochondrial NAD transporter has yet to be 

established. Moreover, it is known that humans express a mitochondrial NAD 

biosynthetic enzyme, namely NMNAT3 (Lau et al, 2010; Nikiforov et al, 2011; 

VanLinden et al, 2015). This raises the possibility of autonomous NAD+ biosynthesis 

in these organelles. This option also poses challenges like the import or synthesis of 

the NMNAT3 substrate NMN in the mitochondria. Given the jump in complexity 

from yeast and plants to humans, and the importance of NAD in the mitochondria, it 

is possible that there is redundancy with regards to the maintenance of this NAD 

pool. Thus, compartment specific biosynthesis involving NMNAT3 could work in 

concert with a mitochondrial NAD transporter. For the peroxisomal pool, a previous 

study found that the peroxisomal solute carrier family 25 member 17 (SLC25A17) is 

capable of importing of NAD+ into reconstituted proteoliposomes (Agrimi et al, 

2012). However, the role of this carrier in the maintenance of peroxisomal NAD 

levels has not been confirmed in human cells. It has also been proposed that the 

NAD+ consuming activity of NUDT12 could function to regulate peroxisomal NAD 

levels (Abdelraheim et al, 2003; Nikiforov et al, 2015).  
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Figure 5. Overview of NAD salvage, NAD shuttling and NAD dependent processes in 
the nucleus, cytosol, mitochondria and peroxisomes. Extracellular NAD+can be used to 
generate calcium signaling molecules ADP ribose (ADPr), cyclic ADP ribose (cADPr) and 
nicotinic acid adenine dinucleotide phosphate (NAADP) by CD38 or CD157. In the cytosol 
NAD can be used as a redox carrier in glycolysis or as a cosubstrate by ADP-
ribosyltransferases (ARTs) or SIRT2. Nicotinamide (Nam) resulting from these reactions 
can be converted to nicotinamide mononucleotide (NMN) by nicotinamide 
phosphoribosyltransferase (NamPRT) and further to NAD by nicotinamide mononucleotide 
adenylyltransferase 2 (NMNAT2). Cytosolic NAD can also move into the nucleus where it 
can be utilized by nuclear ADP-ribosyltransferases such as poly-ADP-ribosyl polymerase 1 
(PARP1) for ADP-ribosylation, or by SIRT1, for protein deacetylation. NMN from the 
cytosol can also be converted to NAD by the activity of NMNAT1 inside the nucleus. In 
peroxisomes, NAD is used as a redox carrier for processes such as β-oxidation. 
Additionally, ADP-ribosylation of several peroxisomal suggests the presence of an ART 
activity in this organelle. NUDT12 can cleave NAD+ into NMN and AMP, metabolites that 
can diffuse through peroxisomal pore PXMP2. It has been proposed that NAD+ is 
transported into peroxisomes by SLC25A17. In mitochondria, NAD is needed as a redox 
carrier in metabolic processes like the TCA cycle, oxidative phosphorylation and β-
oxidation. It is also used for deacetylation by mitochondrial sirtuin isoform SIRT3. The 
presence of NMNAT3 in mitochondria (VanLinden et al, 2015) suggests that there is local 
NAD biosynthesis from NMN. It has also been shown that mitochondria can import NAD 
from the cytosol, and the import of NMN cannot be excluded (Davila et al, 2018). Whether 
there is a NamPRT within mitochondria capable of converting Nam generated within the 
organelle or diffusing from the cytosol into NMN is not known (represented by 
questionmark). Oxidative phosphorylation: Oxphos; β-oxidation: β-ox 
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1.5 Communication between the NAD pools 

It is well known that communication and cooperation between organelles is vital for 

the wellbeing of the cell. In line with this there is functional communication and 

interdependence between organellar NAD-dependent processes. For example, while 

peroxisomes are responsible for the NAD-dependent β-oxidation of VLCFA, they do 

not contain the machinery to fully oxidize fatty acids to CO2. As such, peroxisomes 

generate a range of chain-shortened acyl-CoAs, while mitochondria are responsible 

for completing the catabolism. This occurs via mitochondrial β-oxidation and 

eventually through the TCA cycle, also NAD-dependent processes (Fransen et al, 

2017). The TCA cycle also completes the catabolism of acetyl-CoA generated from 

glycolysis, a cytosolic NAD-dependent process.  

Owing to dehydrogenase shuttles transporting reducing equivalents across 

membranes, there is also redox interplay between NAD containing organelles. That 

is, disturbances in one organelle can affect the redox balance in another (Lismont et 

al, 2015). The malate-aspartate shuttle and the glycerol-3-phosphate shuttle allow 

NADH generated from glycolysis taking place in the cytosol to be re-oxidized to 

NAD+, while NAD+ inside the mitochondrial matrix is reduced to NADH. The sum is 

continued glycolysis in the cytosol while NADH in the mitochondria can be used as 

an electron donor in the electron transport chain, facilitating the production of ATP 

(Kane, 2014). Furthermore, NADH resulting from redox reactions within the 

peroxisomes needs to be continuously re-oxidized. In yeast this is achieved via a 

malate/oxaloacetate or glycerol-3-phosphate dehydrogenase 1(Gpd1p)-dependent 

shuttle (van Roermund et al, 1995; Al-Saryi et al, 2017). In higher eukaryotes the 

exact mechanism for re-oxidation remains unknown, but is ultimately achieved via a 

dehydrogenase shuttle (Baumgart et al, 1996; Visser et al, 2007; Antonenkov & 

Hiltunen, 2012). NADPH is replenished from NADP+ via isocitrate dehydrogenases 

(Geisbrecht & Gould, 1999).  
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 Despite the functional communication and redox interdependence, it is still unclear 

whether NAD pools communicate and cooperate with each other with regards to 

NAD availability. While compartmentalization allows cells to regulate NAD 

dependent processes by modulating the relative access of NAD dependent enzymes to 

their co-substrate (Ryu et al, 2018), rapid redistribution would allow organelles to 

respond efficiently to altered NAD demand in a given organelle Although the 

membranes surrounding the NAD containing organelles prevent NAD from moving 

freely within a cell, there are several mechanisms in place potentially allowing for 

communication between pools. On the one hand, dehydrogenase shuttles represent 

very concrete interplay between the NAD pools, which does not require the 

movement of the dinucleotide itself. On the other hand, the presence of a proposed 

NAD+ carrier in peroxisomes (Agrimi et al, 2012) and the ability of mitochondria to 

import NAD+ (Davila et al, 2018) opens the possibility that communication can occur 

via actual shifts in NAD+ distribution. Despite these possible mechanisms, very little 

is known about how compartments cooperate to maintain NAD homeostasis with 

regards to distribution between the pools. Importantly, better insight into the 

regulation of subcellular NAD distribution could have major repercussions for our 

understanding of how NAD-dependent processes are controlled and maintained. 
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2. Aims of the thesis 

Given the ubiquity of pathways dependent on NAD, the regulation of NAD 

availability is vital to the wellbeing of cells. An important aspect of this regulation is 

the compartmentalization of eukaryotic cells. Thus, elucidating how NAD pools are 

established and maintained, as well as how they communicate and cooperate is key to 

truly understanding the regulation of NAD dependent processes.  

Peroxisomes are vital organelles which function as cellular redox hubs, contribute to 

ROS metabolism, and are key to energy metabolism. NAD is known to function as a 

coenzyme in several reactions relevant to these functions, but little is known about 

the establishment and maintenance of peroxisomal NAD pool, and the role of the 

peroxisomal NAD pool to overall cellular NAD homeostasis and maintenance of 

cellular phenotype.  To understand the role of peroxisomal NAD, the first part of the 

study aimed at determining how altered peroxisomal NAD homeostasis affected 

peroxisomal and cellular functions. Additionally, the presence of NAD in 

peroxisomes in the absence of local biosynthesis machinery suggests the presence of 

an NAD+ carrier. While the carrier protein SLC25A17 has previously been shown to 

transport NAD+ into liposomes, this work aimed at confirming the role of this protein 

in human cells. 

Although the activity of NAD dependent enzymes is regulated by NAD availability 

on a cellular level, it is not known whether and how subcellular NAD pools 

communicate and cooperate with regards to local NAD availability. Furthermore, the 

relative importance of subcellular NAD pools and NAD dependent processes within 

these pools also remains unclear. These questions are fundamental to the 

understanding of how NAD-dependent processes are regulated and maintained. The 

second part of this study therefore aimed at determining how organelles respond and 

communicate in times of altered NAD homeostasis in the various compartments.  
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3. Summary of results 

3.1 Importance and maintenance of the peroxisomal NAD pool  

Paper I investigated the role of the peroxisomal NAD pool with regards to regulation 

of both peroxisomal and non-peroxisomal processes, as well as the establishment and 

maintenance of this pool. Targeted expression of the catalytic domain of PARP1 

(PARP1cd) and PAR formation has previously been used as a tool to study the 

mitochondrial NAD pool (Niere et al, 2008; Nikiforov et al, 2011; VanLinden et al, 

2015, VanLinden et al, 2017). Using the same principle, we generated a cell line 

stably expressing PARP1cd targeted to peroxisomes (293pexPARP1cd), thereby 

inducing excessive NAD+ consumption in these organelles. The activity and 

localization of the PARP1cd construct was confirmed by PAR immunodetection. LC-

MS analysis determined that PARP1cd activity resulted in a 40% decline in total 

NAD+ content compared to parental 293 cells. Additionally, we found that the 

polymers were subject to turnover, allowing us to use PAR-detection as a read-out for 

peroxisomal NAD+ levels (Fig 3). Despite lowered cellular NAD+ levels, cellular 

functions like glycolysis and mitochondrial respiration remained unaltered. Although 

β-oxidation of VLCFA in peroxisomes depends on NAD as a redox carrier, we found 

that increased NAD+ consumption in peroxisomes only led to a small build up of 

lignoceric acid (C24:0) and behenic acid (C22:0), and a slight decrease in palmitic 

acid (C16:0) and myristic acid (C14:0). Conversely, increased consumption of 

mitochondrial NAD+ had dramatic consequences for the fatty acid profile of the cell.  

Furthermore, we found that catalase activity and ROS clearance remained nearly 

unaltered in 293pexPARP1cd cells. In addition, we found that increased NAD+ 

consumption in peroxisomes led to upregulated transcription of SLC25A17. Using 

polymer-formation as a read-out, we found that knocking down SLC25A17 led to 

lowered NAD+ availability in peroxisomes. Thus, our data suggest that increased 

NAD+ consumption in peroxisomes could, at least in part, be compensated for by 

upregulated expression of SLC25A17.  
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3.2 Compensatory communication between subcellular NAD 
pools.  

Manuscript II addressed how altered NAD homeostasis affects subcellular NAD 

pools, as well as how these pools communicate and cooperate. The selected tools for 

this were stably transfected cell lines constitutively expressing the catalytic domain of 

PARP1cd targeted to either the cytosol, peroxisomes or mitochondria. The activity of 

the constructs was confirmed via immunoblot analysis of PAR and lowered cellular 

NAD+ levels as measured by LC-MS analysis. We found that PARP1cd expression in 

the cytosol and mitochondria resulted in increased ADP levels, a parameter that was 

unaffected when PARP1cd was targeted to peroxisomes. Sirtuin activity was chosen 

as a read-out to investigate how compartment specific alterations in NAD+ 

consumption affected organellar NAD+-dependent signaling and availability. Protein 

acetylation of selected sirtuin targets remained unaltered upon targeted PARP1cd 

expression in all cell lines. Control cells treated with an inhibitor of NAD-

biosynthesis, FK866, showed hyperacetylation of α-tubulin lysine 40 and a 

hypoacetylation of histones in general, and H3 lysine 9 in particular. By incubating 

cells in the presence of PARP inhibitor 3-Aminobenzamide and subsequently 

releasing the inhibition, we were able to observe the effects of acute compartment 

specific NAD+ consumption. Sudden NAD+ consumption also had very little effect 

on protein acetylation, though H3 lysine 9 was hypoacetylated in cells with PARP1cd 

targeted to the mitochondria. Furthermore, we looked into the expression of the 

compartment specific enzymes involved in regulating local availability of NAD+, 

namely sirtuin and NMNAT isoforms. We found that increased consumption of 

NAD+ in the cytosol led to increased expression of SIRT2 and NMNAT2, the 

cytosolic isoforms of these enzymes. Upon increased NAD+ consumption in 

peroxisomes we observed upregulation of SIRT2, SIRT3, NMNAT1 and NMNAT2, 

while increased NAD+ consumption in mitochondria only led to a slight down-

regulation of SIRT2. 
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4. General discussion 

Owing to its central role in both metabolic processes and signaling reactions, NAD 

availability influences essentially every cellular function. The profound impact of 

modulating NAD levels has been studied on a cellular level, where it was for example 

shown that NAD depletion through biosynthesis inhibition or excessive NAD+ 

consumption can result in major metabolic phenotypes and cell death (Billington et 

al, 2008; Cea et al, 2013; Wang et al, 2013; Xiao et al, 2016). On the other hand, 

increasing NAD availability protects cells against oxidative stress (Hara et al, 2007). 

Similarly, increasing NAD availability has beneficial consequences on an organismal 

level, as demonstrated for example in mice with amelioration of metabolic diseases 

and improved heath span (Barbosa et al, 2007; Yoshino et al, 2011; Bai et al, 2011; 

Kumar et al, 2013; Gomes et al, 2013; Mitchell et al, 2018; Gulshan et al, 2018). The 

compartmentalization of the human cells allows for an additional level of regulation. 

Understanding the mechanisms underlying the regulation of each subcellular NAD 

pools, as well as their role and possible communication will therefore provide further 

information regarding NAD metabolism.  

4.1 The unrecognized importance of the peroxisomal NAD pool 

In order to evaluate the function and importance of the peroxisomal NAD pool, we 

generated a stable cell line (293pexPARP1cd) where peroxisomal NAD+ 

consumption is increased by targeted expression of PARP1cd. PARP1cd consumes 

NAD+ to generate immunodetectable PAR, and the extent of polymer formation is 

dependent on NAD+ availability (Niere et al, 2008). Remarkably, expression of 

PARP1cd in the peroxisomes led to a 40% decrease in cellular NAD+ levels and 

resulted in extensive PAR formation similar to that observed upon expression of 

PARP1cd in the mitochondria. Whereas mitochondria have been reported several 

times to contain high levels of NAD (Di Lisa et al, 2001; Di Lisa 2002; Alano et al, 

2007), these observations suggest that peroxisomal NAD might contribute more to 

total cellular NAD levels than previously assumed. To date, most NAD dependent 
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enzymes in peroxisomes use NAD as a redox carrier, and the only NAD(H) 

consuming enzyme proposed to localize to peroxisomes is NUDT12 (AbdelRaheim et 

al, 2001; AbdelRaheim et al, 2003). These activities would not lead to a high 

consumption of NAD+. This begs the question of why peroxisomes would contain 

substantial amounts of NAD.   

Interestingly, a recent study found that important peroxisomal proteins, such as 

catalase and 3-ketoacyl-CoA thiolase, are subject to ADP-ribosylation (Bilan et al, 

2017). Whether this modification occurs prior to import or within peroxisomes is 

unknown, but it does show that NAD+-dependent signaling could affect peroxisomal 

proteins. Upon incubation of cells in 3-AB, an inhibitor of PARP activity, we 

observed that the polymers gradually disappeared. This demonstrated that, regardless 

of where the modification takes place, PAR is subject to degradation within 

peroxisomes and the amount of ADP-ribosylation can thereby be regulated locally. 

Given that several members of the Nudix hydrolase family are capable of degrading 

PAR (Daniels et al, 2015), the peroxisomally located members of this family could 

seem like possible candidates. However, it has been shown that although NUDT12 is 

capable of hydrolyzing free ADPr, it is incapable of cleaving PAR (Palazzo et al, 

2015). Additionally, NUDT7 and NUDT19 only possess acyl-CoA diphosphatase 

activity (Gasmi & McLennan 2001; Ofman et al, 2006). The observed PAR 

degrading activity could therefore indicate the existence of a peroxisomal PARG or 

ARH isoform. Although further studies are needed to determine the identity of the 

enzyme responsible, the PAR degrading activity in peroxisomes provided us with a 

functional system in which PAR could be used as a read-out for alterations of 

peroxisomal NAD+ levels.  

To sustain the large amount of PAR formation observed in the 293pexPARP1cd cell, 

one would expect increased influx of NAD+ into peroxisomes. In line with this, we 

found that expression of SLC25A17 was upregulated upon expression of PARP1cd in 

the peroxisomes. Furthermore, we found that peroxisomal NAD+ availability is at 

least partially dependent on the expression of this transporter. Whereas the ability of 

this carrier to import NAD+ has previously been described in reconstituted liposomes 
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 (Agrimi et al, 2012), the present study reports, for the first time, a physiological role 

in human cells. While SLC25A17 has been shown to function via a counter exchange 

mechanism, the in vivo counter-substrate for NAD+ import remains unknown. Thus, 

further research is required for the full characterization of SLC25A17 in human cells 

and its role in peroxisomal function. In sum, the strong PAR signal and the increased 

SLC25A17 expression indicate that cells adapt to increased peroxisomal NAD+ 

consumption by adjusting NAD+ import into these organelles. This could suggest that 

NAD+ content in peroxisomes was largely preserved despite increased consumption.   

In line with this hypothesis, increased consumption of NAD+ in peroxisomes led to a 

small build up of the VLCFAs lignoceric acid (C24:0) and behenic acid (C22:0), and 

a slight decrease in palmitic acid (C16:0) and myristic acid (C14:0). The small build 

up of VLCFA indicates a slight impairment of peroxisomal β-oxidation, probably due 

to a shortage of NAD+ available for the L/D- bifunctional enzyme. The effect on 

palmitic acid (C16:0) and myristic acid (C14:0) could reflect the resulting decreased 

substrate-supply for mitochondrial β-oxidation (Wanders et al, 2016; Fransen et al, 

2017). Though interesting, these effects were minor compared to the effects of 

similarly altered NAD+ homeostasis in mitochondria, where NAD+ depletion was 

accompanied by a large accumulation of lauric (C12:0) and myristic acid (C14:0). 

We therefore concluded that peroxisomal β-oxidation was largely maintained despite 

the increased NAD+ consumption. It is known that several fatal disorders, such as X-

linked adrenoleukodystrophy, Acyl-CoA oxidase deficiency and D-bifunctional 

protein (DBP) deficiency, are caused by disturbances of peroxisomal β-oxidation and 

subsequent accumulation of VLCFAs,(Wanders & Waterham, 2006; Ferdinandusse et 

al, 2006; Kemp et al, 2012; Wiesinger et al, 2013; Abe et al, 2014; Wanders, 2014). 

Maintenance of peroxisomal NAD levels, and subsequently of β-oxidation, is 

therefore likely to be critical for cellular wellbeing.  
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ROS metabolism is another important peroxisomal parameter that appeared to be 

maintained in spite of increased NAD+ consumption. Since ROS generation is a side-

product of peroxisomal metabolism (Schrader & Fahimi, 2006; Del Río & López-

Huertas, 2016), this observation is in line with the preserved β-oxidation of VLCFA. 

Importantly, NAD availability can also be directly linked to ROS generation via its 

role as a redox carrier to xanthine oxidoreductase (XDH/XO). This enzyme shifts 

from dehydrogenase to oxidase activity in the absence of NAD+, resulting in the 

generation of ROS (Saksela & Raivio, 1996; Nishino et al, 2008; Del Río & López-

Huertas, 2016). Maintained ROS level is therefore further indication that peroxisomal 

NAD+ levels were largely maintained despite increased consumption. While ROS 

levels remained unaltered, increased NAD+ consumption led to a small increase in 

catalase activity. Thus, it is possible that increased NAD+ consumption resulted in 

marginally increased ROS generation, but that a slight upturn in catalase activity was 

sufficient to counteract this effect, thereby preserving ROS levels. Interestingly, 

increased catalase activity occurred in spite of lowered cellular levels of its cofactor, 

NADPH (Kirkman & Gaetani, 1984; Kirkman et al, 1999). This suggests that local 

NADPH levels were high enough to sustain catalase activity.  
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 4.2 Communication and cooperation between subcellular NAD             
pools 

The apparent lack of phenotype in a system with increased peroxisomal NAD+ 

consumption suggested the presence of mechanisms dedicated to adjusting and 

maintaining NAD concentrations in various subcellular compartments. To further our 

understanding of such mechanisms, cells with enhanced NAD+ consumption in the 

cytosol, mitochondria or peroxisomes were investigated. Owing to the distribution of 

sirtuins and their dependence on NAD+ availability (Cantó et al, 2009; Bai et al, 

2011; Cantó et al, 2012; Guan et al, 2017; Mouchiroud et al, 2013), we reasoned that 

acetylation state of selected sirtuin targets would reveal how their resident organelle 

was affected. That is, if the maintenance of one NAD pool occurred at the expense of 

another, the affected sirtuin target would reveal the NAD+ donating organelle. 

Remarkably, while the targeted expression of PARP1cd resulted in a significant 

decrease of 30-40% in cellular NAD+ content in all cell lines, it had no apparent 

effect on the acetylation state of any of the selected sirtuin targets.  

In addition to the redistribution of NAD between the organelles, cells might adapt to 

maintain NAD levels in specific organelles by altering the expression of NAD 

biosynthetic enzymes. We found that cells responded to increased organellar NAD+ 

consumption by altering the transcription of compartmentalized NAD biosynthetic 

enzyme NMNAT. Whereas these results have yet to be confirmed on the protein 

level, they indicate a cellular response to NAD+ consumption. In sum, the changes in 

NMNAT transcription, together with maintenance of peroxisomal functions and 

acetylation state of sirtuin targets could suggest that there is a two-fold compensatory 

response to increased compartmental NAD+ consumption. That is, NAD is 

reallocated from various subcellular NAD pools into the targeted compartment, a 

process accompanied by attempted increased local NAD production in the targeted or 

donating organelle(s). Notably, the altered expression pattern of NMNAT isoforms 

was specific depending on the organelle subjected to NAD+ depletion. This pattern 

could give an indication of which organelles were involved in each situation. Upon 

depletion of the cytosolic NAD pool, only NMNAT2 transcription was affected. This 
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could suggest that, in this case, NAD might not have been reallocated from other 

pools, and increased local NAD biosynthesis may have sufficed. In line with the 

suggested importance of maintaining the peroxisomal NAD pool, increased NAD+ 

consumption in peroxisomes led to the upregulation of both NMNAT1 and 

NMNAT2, suggesting that both the nuclear and cytosolic NAD pools were affected, 

and could be donating NAD to the peroxisomes. Transcription of NMNAT3 was 

unaffected in all cell lines.  

As demonstrated by lowered cellular NAD levels and unaltered NamPRT expression 

(VanLinden, unpublished observations) there does not appear to be a general increase 

in NAD biosynthetic capacity in the PARP1cd cell lines. Altered NMNAT 

transcription could therefore reflect a response in which NAD availability in the 

resident organelles is maintained by directing NMN away from other subcellular 

NAD pools, rather than producing more total NAD. This is supported by the observed 

overall decrease in cellular NAD. In line with this it has been shown that in 

undifferentiated 3T3-L1 cells, NMN is predominantly used by NMNAT1 to 

synthesize NAD in the nucleus. Upon differentiation there is an increase in glucose 

metabolism, and NMNAT2 expression is upregulated to support high cytosolic NAD+ 

demands. This in turn lowers the availability of nuclear NMN and NAD synthesis by 

NMNAT1 (Ryu et al, 2018).   Whether similar dynamics are present in the PARP1cd 

cell lines must be experimentally tested, but could represent another layer of 

communication between the compartments. Thus, increased transcription of 

NMNAT2 upon cytosolic NAD+ depletion may be accompanied by a corresponding 

decrease in nuclear NAD production, partially facilitated by unaltered NMNAT1 

transcription and an equivalent shift in the ratio between the isoforms.  

Interestingly, preliminary data (vanLinden et al, unpublished observations) show that 

NAD content in isolated mitochondria is lowered in all cell lines, but there is no 

significant change in the transcription of NMNAT3. Given the demonstrated 

importance of the mitochondrial NAD pool (Yang et al, 2007; Ozden et al, 2011), 

one might assume that cells would attempt to compensate for increased consumption 

of NAD+ in mitochondria rather than maintaining other subcellular NAD pools. 
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 However, there are several possible explanations for NMNAT3 remaining 

unchanged, depending on the understanding of how the mitochondrial NAD pool is 

established and maintained. Due to the importance and size of the mitochondrial 

NAD pool (Di Lisa et al, 2001; Di Lisa 2002; Alano et al, 2007), an intriguing 

possibility is that mitochondria contain more NAD than their basal requirement. As 

NAD concentrations fluctuate depending on nutrient intake (Goldberger et al, 1915; 

Aykroyd, 1930; Houtkooper et al, 2010), such abundance could serve as a buffer in 

times of lower nutritional supply of NAD precursors. Assuming that NAD is 

generated from NMN within the mitochondria (Berger et al, 2005; Nikiforov et al, 

2011; VanLinden et al, 2015), it is possible that excess NAD within the organelle 

allows it to stay out of the competition for available NMN. That is, the mitochondrial 

pool might contribute to maintenance of NAD in other organelles by not laying claim 

to available NAD precursor. Moreover, owing to the possible existence of a NMN 

transporter and hypothesized surplus NAD content in the mitochondria, another 

exciting possibility is that NMNAT3 consumes NAD to generate NMN for 

subsequent export out of the mitochondria. The resulting NMN could then be used as 

a NAD precursor in other organelles. However, if this were the case, one might 

expect NMNAT3 transcription levels to be upregulated in times of increased NAD+ 

consumption in the cytosol or peroxisomes, and lowered upon increased NAD+ 

consumption in mitochondria, effects that were not seen. Notably, the mitochondrial 

Nudix hydrolase NUDT13 is also capable of cleaving NAD, and could fulfill the 

same role (AbdelRaheim et al, 2017). 

Importantly, recent studies have called into question the role of NMNAT3 as the sole 

provider of mitochondrial NAD (Yamamoto et al, 2016; Davila et al, 2018). While 

these studies do not eliminate the possibility of a mitochondrial NMN transporter or 

NMNAT3 as contributing participants, they suggest the existence of an alternate 

source of mitochondrial NAD, namely an NAD transporter. Considering this 

possibility, interpretation of the unaltered NMNAT3 transcription would depend on 

the relative contribution of transport vs autonomous NAD biosynthesis, both under 

normal conditions and upon altered NAD homeostasis. The existence of such a 

transporter also opens the possibility that NAD is being exported from the 



 28 

mitochondria. However, while similar transporters have been characterized in yeast 

and plants (Todisco et al, 2006; Palmieri et al, 2009), the proposed human 

homologue remains unidentified. As such, whether and how the expression of the 

proposed mitochondrial NAD transporter is affected by a shift in NAD+ consumption 

remains to be elucidated.  

The hypothesis that mitochondria contain a reservoir of surplus NAD could also 

explain how pexPARP1cd cells cope with a 40% decrease in cellular NAD+ levels 

without any severe phenotype, as shown in paper I. However, it has previously been 

shown that PARP1cd targeted to the mitochondria results in a severe phenotype with 

a dramatic shift in metabolic profile (VanLinden et al, 2015). Additionally, we 

observed that expression of the mitoPARP1cd construct had a severe effect on the 

fatty acid profile of the cells. None of these effects were observed in 

293pexPARP1cd cells, indicating that if mitochondria are donating NAD they still 

retain or generate sufficient amounts to sustain their functions. In light of what one 

might call the “NAD-reservoir” hypothesis, one must consider also the possibility 

that the observed effects in 293mitoPARP1cd cells might be caused by ADP-

ribosylation of proteins within mitochondria rather than increased NAD+ 

consumption.  

In one sense the observations made in this study open for more questions than they 

answer, and the interpretation is inevitably linked to the understanding of how the 

mitochondrial NAD pool is established and maintained. To determine the role of the 

mitochondrial NAD pool in counteracting alterations in NAD homeostasis, the 

mechanism behind the establishment and maintenance of this pool must be 

elucidated. Though so far not successful, the verification and identification of the 

responsible transporter would allow for investigations into its response in times of 

altered NAD homeostasis in the various pools. This could provide novel insight into 

the role of mitochondria in the regulation of cellular NAD-dependent processes. 
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 Having observed that cells adapted to a chronic increase in compartmental NAD+ 

consumption, we sought to investigate the effects of acute compartment specific 

NAD+ depletion. To that end we temporarily halted the activity of PARP1cd, thereby 

restoring basal NAD+ consumption rates is these cell. Upon resuming NAD+ 

consumption, we observed hypoacetylation of H3K9 in cells with PARP1cd targeted 

to the mitochondria. Interestingly, this mirrored the findings observed upon inhibition 

of NAD biosynthesis by FK866. While it has been shown that acetylation state of α-

tubulin K40 can be used as an inverse sensor for NAD+ availability (Skoge et al, 

2014), it is possible that the acetylation state of histones is reflecting a different 

effect. Inhibition of NamPRT by FK866 lowers SIRT1 activity, and since SIRT1 

negatively regulates p53 dependent gene activation, (Luo et al, 2001; Kim et al, 

2007; Vaziri et al, 2001), this leads to the transcription of p53 downstream target 

genes, such as p21 (Thakur et al, 2012) Expression of p21 promotes cell cycle arrest, 

a status that is strongly associated with hypoacetylation of H3 and H4 (Howe et al, 

2001; Eckner, 2012; Koprinarova & Diederich, 2016; Karimian et al, 2016). 

Assuming this to be the causative effect behind lowered histone acetylation observed 

upon FK866 treatment, it could be inferred that chronic compartmentalized increase 

in NAD+ consumption did not hinder cell cycle progression, while acute 

mitochondrial NAD+ depletion did. Cell division is a highly energy-demanding 

process, fueled by ATP generated from metabolic NAD-dependent processes in 

mitochondria (Salazar-Roa & Malumbres, 2017). Illustrating the tight link between 

NAD availability and energy metabolism, it has been shown that cell death resulting 

from NAD+ depletion is primarily caused by the cells inability to generate new ATP 

(Nagro et al, 2014).  As alterations in energy availability trigger cell cycle 

checkpoints (Salazar-Roa & Malumbres, 2017), it is possible that lowered acetylation 

of H3K9 upon acute mitochondrial NAD+ depletion reflects cell cycle arrest in 

response to energy depletion. This underlines the vital role of the mitochondrial NAD 

pool in cellular energy metabolism, and highlights the functionality of the 

compensatory response by the cell under chronic conditions.  
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4.3 The vital importance of regulating protein acetylation 

Even though no change in protein acetylation was observed upon locally altered NAD 

homeostasis, the targeted expression of PARP1cd did results in significantly lowered 

cellular NAD+ levels. Owing to the large number of competing NAD-dependent 

processes, there are mechanisms that tightly regulate distribution of NAD+ amongst 

NAD+ dependent enzymes (Houtkooper et al, 2010).  Given the regulatory role of 

protein acetylation (Choudhary et al, 2014, 2009; Anderson et al, 2012), it was 

questioned whether the maintenance of protein acetylation occurred at the expense of 

other NAD-dependent processes. In line with this, altered sirtuin expression could 

reflect adjustments in the relative amount of NAD+ allocated to deacetylation. 

Additionally, it has previously been shown that SIRT1 is capable of recruiting 

NMNAT1 to generate the NAD needed for deacetylation in a highly localized manner 

(Zhang et al, 2009). Thus, the produced NAD may be more readily available to 

sirtuins than other NAD-dependent enzymes.  

Further supporting the notion that protein acetylation was maintained above other 

NAD-dependent processes, paper I found that increased NAD+ consumption in 

mitochondria greatly affected the fatty acid profile of cells. This indicates that fatty 

acid oxidation was impaired, while paper II found the acetylation state of the 

mitochondrial protein MnSOD2 to remain unaltered under the same conditions. 

Increased ADP content in 293mitoPARP1cd cells observed in paper II could also 

suggest that increased NAD+ consumption in mitochondria has an effect on energy 

metabolism. Thus, the cells appear to contain sufficient mitochondrial NAD+ to 

maintain deacetylation and promote cell survival, but not to fully preserve all 

mitochondrial functions. 

While NAD+ availability and sirtuin activity are potent regulators of protein 

acetylation, the contribution of other KDACs and KATs to maintenance/alterations in 

protein acetylation should not be neglected.  Additionally, KATs require acetyl-CoA. 

Like NAD, this is a compartmentalized metabolite, and there is functional interplay 

between NAD and acetyl-CoA signaling pathways which was not taken into account 
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 in the present study (Peleg et al, 2016; Pietrocola et al, 2015; Drazic et al, 2016). 

Furthermore, in light of the changes in fatty acid profile resulting from increased 

NAD+ consumption observed in paper I, it can be speculated that acetyl-groups on 

modified proteins may have been replaced by longer-chain acyl-groups. Such 

modifications are also targets for sirtuin activity (Feldman et al, 2013, 2015), but are 

not recognized by the antibodies used to assess acetylation state. To verify that the 

observed preservation of protein acetylation state is accurately reflecting sirtuin 

activity, it would therefore be relevant to determine the contribution of all non-sirtuin 

players in the regulation of protein acetylation, as well as the overall acylation state. 
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5. Concluding remarks and future perspectives 

The findings presented in this dissertation shed new light on the role of the 

peroxisomal NAD pool, and the communication between subcellular NAD pools. In 

addition to extending the current understanding of inter-compartmental cooperation 

in the regulation of NAD-dependent processes, this work also raised several 

intriguing issues. 

An important discovery from the presented work is the apparent cooperation between 

subcellular NAD pools with regards to NAD availability. While upregulated 

expression of SLC25A17 was postulated to facilitate the increased import of NAD+ 

into peroxisomes, the remaining mechanisms involved are unclear. In order to 

understand how organelles communicate, adapt and cooperate, future studies should 

focus on identifying and characterizing the proteins involved in the influx and efflux 

of NAD across membranes, and the conditions that trigger this activity. For 

peroxisomes it would be relevant to investigate NUDT12, which in cleaving NAD(H) 

into NMN(H) and AMP could provide the cytosol, and adjacent organelles, with an 

important NAD precursor. For mitochondria, particular focus should be placed on the 

verification and identification of the elusive mitochondrial NAD transporter. As 

previously mentioned, this could provide a solid basis for investigations into how, 

when and why NAD is imported and exported from mitochondria. Additionally, 

deciphering the relative contribution of NAD import vs NMN transport and 

NMNAT3 activity to the total mitochondrial NAD content would better our 

understanding of how this organelle relates to the rest of the cell with regards to NAD 

availability 

Importantly, this work suggests that cells adapt to increased NAD+ consumption in 

the cytosol, peroxisomes and mitochondria by redistributing NAD, among the 

organelles. Still, the physical movement of NAD within the cell is yet to be verified. 

Additionally, while preliminary data shows that mitochondrial NAD+ content is 

lowered in all cell lines, it remains unknown how much of the total NAD+ depletion 

this accounts for, and whether other organelles are also depleted of NAD. By 
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 continuously monitoring alterations in compartmental NAD content upon organellar 

PARP1cd expression (Cambronne et al, 2016) one could gain a better understanding 

of cells respond to NAD+ depletion in each of the organelles. This, in turn, could 

provide valuable information into the relative importance of the subcellular NAD 

pools and the processes taking place within them. In addition to reallocation between 

subcellular NAD pools, it was postulated that NAD dependent processes were 

maintained in part owing to upregulated NAD biosynthesis. It would therefore be 

relevant to look into NAD turnover rate in the stably transfected cell lines compared 

to parental 293 cells. 

Finally, one of the most striking outcomes in this study was the discovery that cells 

can maintain protein acetylation in times of lowered cellular NAD+ content, and that 

a 30-40% decline of cellular NAD+ can be compensated for by alterations in 

expression of sirtuins and NMNATs. Given that a hallmark of aging is a comparable 

decline in NAD+ levels followed by hyperacetylation (Donmez & Guarente, 2010; 

Imai & Guarente, 2014; Guarente, 2000), the question becomes why similar 

mechanisms cannot compensate for age-related decline in NAD+ levels.  Part of the 

explanation probably lies in the difference between a compartment specific increased 

NAD+ consumption compared to a global shift in both NAD+ degradation and 

biosynthesis during aging (Schultz & Sinclair, 2016; Rajman et al, 2018). While 

aging is tied to lowered NAD content and decreased sirtuin activity, the relative 

contribution of the individual NAD pools to this effect remains unknown. By 

examining how NAD content of each individual NAD pool is affected by aging, and 

how the compartmentalized enzymes respond, one could get valuable insight into the 

order of cause and effect, and which pathways would serve best as therapeutic targets 

in the pursuit of anti-aging treatments. 
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