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SPECIAL SECTION: REVIEW

Interplay between compartmentalized
NAD™ synthesis and consumption: a focus

on the PARP tamily

Michael S. Cohen

Department of Chemical Physiology and Biochemistry, Oregon Health and Science University, Portland, Oregon 97210, USA

Nicotinamide adenine dinucleotide (NAD")is an essential
cofactor for redox enzymes, but also moonlights as a sub-
strate for signaling enzymes. When used as a substrate by
signaling enzymes, it is consumed, necessitating the recy-
cling of NAD" consumption products (i.e., nicotinamide)
via a salvage pathway in order to maintain NAD* homeo-
stasis. A major family of NAD* consumers in mammalian
cells are poly-ADP-ribose-polymerases (PARPs). PARPs
comprise a family of 17 enzymes in humans, 16 of which
catalyze the transfer of ADP-ribose from NAD* to macro-
molecular targets (namely, proteins, but also DNA and
RNA). Because PARPs and the NAD" biosynthetic en-
zymes are subcellularly localized, an emerging concept
is that the activity of PARPs and other NAD* consumers
are regulated in a compartmentalized manner. In this re-
view, I discuss NAD* metabolism, how different subcellu-
lar pools of NAD" are established and regulated, and how
free NAD" levels can control signaling by PARPs and re-
dox metabolism.

Nicotinamide adenine dinucleotide (NAD"): beyond
redox reactions

Nicotinamide adenine dinucleotide (NAD*) is found in all
living organisms and is essential for life. NAD" was discov-
ered by Sir Arthur Harden in 1906 and for the first half of
the 20th century the only known role for NAD" was as a
coenzyme for redox reactions in metabolic processes
(e.g., glycolysis). In this capacity, NAD* binds to oxidore-
ductase enzymes where it undergoes a two-electron reduc-
tion to generate NADH and an oxidized substrate (Fig. 1).
This reaction is catalytic and reversible (NADH is reoxi-
dized to NAD"); therefore, NAD" is not consumed by re-
dox reactions in cells. However, in the mid-1960s NAD*
was shown to be a substrate for a nuclear enzyme (now
known as poly-ADP-ribose-polymerase 1, PARPI1) that
cleaves the nicotinamide-glycosidic bond of NAD* to gen-
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erate a polymer of ADP-ribose (ADPr), a process known as
poly-ADP-ribosylation or PARylation (more on this below)
(Fig. 1; Chambon et al. 1963, 1966; Fujimuraetal. 1967a,b).
Unlike NAD*-mediated redox reactions, this glycosidic
cleavage reaction is irreversible and leads to the consump-
tion of NAD". Consistent with this notion, in the 1970s it
was shown that NAD" exhibits a high turnover in human
cells (Rechsteiner et al. 1976). We now know that there are
many “NAD" consumers” (e.g., other PARP family mem-
ber, sirtuins, etc.) beyond PARP1, which are found in
nearly all subcellular compartments, including the nucle-
us, cytoplasm, and mitochondria (Fig. 1; Verdin 2015).
Because of these NAD* consumers, continuous synthesis
of NAD" is required for maintaining NAD" levels.

Curiously, enzymes involved in NAD" synthesis are lo-
calized to distinct subcellular compartments—like the
NAD" consumers themselves—suggesting that NAD"-de-
pendent signaling is regulated in a compartmentalized
manner. In this review I discuss the interplay between
NAD" synthesis and consumption by NAD* consumers,
with a particular focus on PARPs because they are the
largest family of NAD* consumers in cells. I first discuss
NAD" metabolism (i.e., its synthesis and consumption).
I then discuss how NAD* metabolism is compartmental-
ized. Last, I discuss how PARPs regulate—and are regulat-
ed by—changes in free NAD" levels within subcellular
compartments.

How is NAD" synthesized in cells?

NAD" can be synthesized in mammalian cells from pre-
cursors via three major pathways: (1) synthesis from tryp-
tophan (the de novo pathway), (2) synthesis from nicotinic
acid (NA; Preiss-Handler pathway), and (3) synthesis from
nicotinamide (NAM,; salvage pathway) (Fig. 1). In humans,
the major source of NAD" is from NA and NAM, collec-
tively referred to as niacin (vitamin B3). Niacin is essential
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for maintaining NAD" levels in vivo. Indeed, deficiencies
in niacin causes Pellagra, a metabolic disease that results
in diarrhea, dermatitis, dementia, and if untreated, death
(Kirkland and Meyer-Ficca 2018). Hence, niacin is essen-
tial for the human diet. High levels of niacin are found
in many foods, including meat, brown rice, and peanuts;
however, because these niacin-rich foods were not com-
monplace in the American diet in the early part of the
20th century, especially in the South, grains were fortified
with niacin beginning in the 1930s (Kirkland and Meyer-
Ficca 2018). Recently, there has been much interest in us-
ing nicotinamide riboside (NR) to boost NAD* levels in in
vivo (Trammell et al. 2016). NR is a naturally occurring
NAD* precursor that feeds into the salvage pathway
through the action of enzymes known as nicotinamide
riboside kinase 1 and 2 (NRK1/2) (Fig. 1; Bieganowski
and Brenner 2004). Notwithstanding the importance of
dietary niacin and related NAD" precursors, a recently
published study found that in human patients the loss-
of-function mutations in enzymes in the de novo
tryptophan-to-NAD* pathway results in congenital mal-
formations (Shi et al. 2017). In these patients, serum
NAD" levels were significantly lower, demonstrating
that dietary tryptophan is also an important source of
NAD" in vivo. Perhaps this result is not surprising consid-
ering the essentiality of NAD" in human health.

In many cells, the salvage pathway via the precursor
NAM plays an essential role in maintaining physiological
NAD" levels in cells. NAD* synthesis from NAM in
mammalian cells requires two enzymes: nicotinamide

Preiss-Handler pathway

A focus on the PARP family

Figure 1. Pathways of NAD" synthesis, consumption,
and redox chemistry. The dashed red line indicates cleav-
age of the glycosidic bond of NAD* by NAD" consumers.
NAD"* biosynthetic enzymes are shown in blue, NAD*
consumers are shown in red, and NAD" redox enzymes
are shown in green. (—) Inhibition; (+) activation.

phosphoribosyltransferase (NAMPT) and nicotinamide
mononucleotide adenylyltransferases (NMNAT) (Berger
et al. 2005). NAMPT synthesizes nicotinamide mono-
nucleotide (NMN) from NAM and a-D-5-phospho-
ribosyl-1-pyrophosphate (PRPP) (Fig. 1; Revollo et al.
2007). NMNAT, which exists as three distinct genes
(NMNAT1-3) that have nonoverlapping functions (more
on this below), synthesizes NAD" directly from NMN
and ATP (Fig. 1; Berger et al. 2005). Knockdown of
NAMPT, or inhibition of NAMPT activity using a small
molecule inhibitor (e.g.,, FK866, Fig. 1), substantially
reduces NAD" levels in most cells (Liu et al. 2018). Con-
versely, treatment of cells with a small molecule activator
(e.g., SBI-797812)(Fig. 1) of NAMPT increases NAD" levels
in cells (Gardell et al. 2019). Therefore, NAMPT is a criti-
cal regulator of NAD" levels in many cultured cells.
While NAMPT appears to be critical for maintaining
NAD* levels in many cells, NAD" can be synthesized in
an NAMPT-independent manner via the Preiss-Handler
pathway. A recent study demonstrated that some cancer
cells (e.g., OV4 ovarian cancer cells) are refractory to
changes in NAD" levels upon knockdown of NAMPT
(Chowdhry et al. 2019). In OV4 cells, enzymes in the Pre-
iss-Handler pathway (synthesis of NAD* from NA) such
as nicotinate phosphoribosyltransferase (NAPRT) are am-
plified. NAPRT synthesizes nicotinic acid mononucleo-
tide (NAMN) from NA, and NAMN is subsequently
converted into nicotinic acid dinucleotide (NAAD*) by
NMNATSs. Finally, NAAD" is converted into NAD" by
NAD* synthetase (NADS) (Fig. 1). Knockdown of NAPRT
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in OV4 cells, which were implanted subcutaneously in
nude mice, decreased tumor NAD" levels and tumor vol-
ume. In contrast, knockdown of NAPRT in subcutaneous-
ly implanted H460 lung cancer cells, which do not exhibit
amplification of enzymes in the Preiss-Handler pathway,
did not alter NAD" levels; rather, knockdown of NAMPT
(or treatment with FK866) decreased tumor NAD* levels
and tumor volume. Hence, cancer cells that have high lev-
els of NAPRT depend on the Preiss-Handler pathway for
survival, whereas cancer cells that have low levels of
NAPRT depend on the salvage pathway. Cell type-depen-
dent differences in NAD" synthesis pathways have impor-
tant implications in cancer therapeutic strategies aimed
at lowering NAD" levels in cells. Indeed, a recent study
showed that, in a subclass of pediatric gliomas, mutations
in the oncogene PPM1D (a protein phosphatase) resulted
in epigenetic silencing of NAPRT, sensitizing these glio-
mas to NAMPT inhibitors (Fons et al. 2019).

What are the major NAD* consumption pathways
in cells?

The demonstration of enzymatic NAD* consumption via
nicotinamide-glycosidic bond cleavage first emerged in
the 1960s. In one example, it was shown that NAD* was
consumed by diphtheria toxin, which was required for
protein synthesis inhibition (Collier and Pappenheimer
1964). Later studies demonstrated that diphtheria toxin
transferred the ADPr unit from NAD" to elongation factor
2 (EF-2), which shuts down protein synthesis in host cells
(Chung and Collier 1977). In another example, it was
shown that a nuclear enzyme could transfer the ADPr
moiety from NAD" into poly-ADP-ribose (PAR) with con-
comitant release of NAM (Chambon et al. 1966; Fujimura
et al. 1967a). This PAR synthase, now known as PARPI,
was the first reported example of a mammalian NAD*
consumer. The presence of this NAD" consumer in cells
led to the hypothesis NAD* undergoes rapid consump-
tion, and as consequence, resynthesis (Gholson 1966). In-
deed, in 1971 a study using radiolabeled NAD* precursors
in cultured cells demonstrated the rapid turnover (1, =
5.8 h) of NAD" in D98/AH?2 cells (derived from HeLa cells)
(Rechsteiner et al. 1976); however, the major NAD* con-
sumer under these conditions was not elucidated.

Over the next several decades other enzymes that con-
sume NAD" via nicotinamide-glycosidic bond cleavage
were discovered (Fig. 1). These include PARP1-related en-
zymes that share a conserved PARP catalytic domain
(PARP1-17) (Hottiger et al. 2010; Cohen and Chang
2018), sirtuins (SIRT1-7) (Gray and Ekstrém 2001), cluster
of differentiation 38 (CD38) (Howard et al. 1993), and,
most recently, sterile a and TIR motif-containing 1
(SARM1) (Gerdts et al. 2015; Essuman et al. 2017). The
PARP family of enzymes catalyze the transfer of ADPr
from NAD" to a protein (Cohen and Chang 2018) or, as re-
cently demonstrated, an RNA (Munnur et al. 2019) and
DNA (Munnur and Ahel 2017; Belousova et al. 2018) sub-
strate. Similar to PARP1, PARP2, PARP5a, and PARP5b
catalyze poly-ADP-ribosylation (PARylation). Twelve
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PARP family members (PARP3, PARP6-12, and
PARP14-16) catalyze the transfer of a single unit of
ADPr to their targets, a process referred to as mono-
ADP-ribosylation (MARylation) (Vyas et al. 2014; Yang
et al. 2017). SIRTs are NAD"-dependent deacylases
(Kosciuk et al. 2019), though some SIRT family members
(e.g., SIRT4,6) have been shown to also catalyze ADP-
ribosylation (Liszt et al. 2005; Haigis et al. 2006). The
mechanism of sirtuin-mediated deacylation occurs via
an ADPr-lysine-imidate intermediate generated from the
attack of an acyl oxygen of lysine at the anomeric position
of the nicotinamide ribose (Sauve et al. 2001). CD38 is a
transmembrane enzyme that cleaves NAD™ to generate
cADPr (and in some cases, ADPr), which acts as a second
messenger to regulate calcium signaling in cells (Galione
et al. 1991). Knockout of CD38 in mice increased NAD™"
levels in several tissues, most prominently in the brain
and heart, suggesting that CD38 is a major NAD" con-
sumer in vivo (Aksoy et al. 2006). Similar to CD38,
SARMI1 generates both cADPr and ADPr, and is thought
to contribute to the loss of NAD" during axonal injury
in neurons (Essuman et al. 2017).

It is clear there are many possible routes to NAD"
consumption in cells, but what are the dominant NAD*
consumers in cultured cells? This question was recently
addressed using NAD" flux quantitation with isotopically
labeled NAM in the presence of inhibitors of NAD* con-
sumers (Liu et al. 2018). Treatment of T47D breast cells
under basal conditions with olaparib (10 pM), a clinically
used inhibitor of PARP1/2, decreased NAD* consumption
by ~33%. It should be noted that at 10 uM, olaparib appre-
ciably inhibits several other PARPs, including PARP5a3,
PARP5D, PARP7, and PARP15 (Thorsell et al. 2017; Lu
et al. 2019). In a previous study, expression of PARP7
(also known as TiPARP) in primary hepatocytes decreased
total NAD" levels (MacPherson et al. 2013). Hence, it is
possible that PARP7 and other PARP targets of olaparib
contribute to NAD" consumption in T47D cells. In addi-
tion to PARPs, it appears that SIRTs are significant
NAD" consumers in T47D cells. Similar to results with
olaparib, treatment of T47D cells with either 25 uM sirti-
nol (SIRT1/2 inhibitor) or 10 nM EX527 (also known as
selisistat, SIRT1-selective inhibitor, currently in phase 2
clinical trials for improving endometrial receptivity before
embryo transfer, NCT04184323) decreased NAD* con-
sumption by ~33% (Liu et al. 2018). Given that SIRT1-
selective inhibitor EX527 had the same effect as sirtinol,
these results suggest that SIRT1 is the major SIRT NAD*
consumer. Treatment of T47D cells with both sirtinol
(25 uM) and olaparib (10 pM) was additive, resulting in
~66% decrease in NAD" consumption. Similar results
were obtained in other cell lines derived from different tis-
sues supporting the notion that under basal conditions,
PARPs (in particular PARP1/2, but perhaps other PARPs
too) and SIRT1 are the major NAD" consumers in cells. In-
terestingly, treatment of T47D cells with the CD38 flavo-
noid-based inhibitors quercetin (50 uM) and apigenin (25
uM) did not alter NAD" flux despite previous studies
showing that these compounds increase NAD" levels in
mouse embryonic fibroblasts (MEFs)in a CD38-dependent


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cship.org on August 27, 2022 - Published by Cold Spring Harbor Laboratory Press

manner (Escande et al. 2013). This suggest that CD38 is
not a major consumer of NAD" in T47D cells; however,
whether CD38 is expressed and/or active in these cells
was not addressed. It is likely the case that the dominant
NAD" consumer(s) is cell type- and context-dependent
(e.g., upon DNA damage, as I discuss below).

The aforementioned discussion focused on the role of
NAD* consumers under basal physiological conditions,
but what happens under pathophysiological circumstanc-
es? Induction of DNA damage is a well-validated patho-
physiological condition that profoundly stimulates
PARP1-mediated PARylation. In T47D cells, the DNA
double-strand break-inducer zeocin increased NAD" con-
sumption by approximately two times, resulting in a 60%
decrease in total NAD™ levels (Liu et al. 2018). The in-
crease in NAD* consumption was completely blocked
by olaparib demonstrating that, under conditions of
DNA damage, PARP1 is the major NAD* consumer in
cells. Whether other PARP family members become ma-
jor NAD"* consumers under a given pathophysiological
condition is unknown but certainly an interesting area
of further exploration.

As noted above, activation of PARP1 during DNA dam-
age leads to a substantial decrease in NAD" levels. But
does this decrease in NAD" affect the activity of other
PARP family members, other NAD* consumers, or
NAD-dependent redox pathways? To address this ques-
tion we first need to consider the concentrations of free
NAD" in cells—that is, the NAD" pool that is freely avail-
able for use as a substrate for other NAD" consumers and
redox enzymes—and this is where things become
interesting.

NAD" synthesis is compartmentalized: implications
for NAD" consumption

Intriguingly, the enzymes (NMNAT1-3) that catalyze the
final step of NAD" synthesis are subcellularly localized
in cells: NMNAT1 localizes to the nucleus, NMNAT?2
localizes to the Golgi complex and cytoplasm, and
NMNATS3 localizes to mitochondria (Fig. 2; Zhang et al.
2003; Berger et al. 2005). In some commonly used cell
lines, such as HEK 293T cells, all three isoforms are ex-
pressed at similar levels, whereas in others such as HeLa
cells, NMNATI1 is the major paralog, and very little
NMNAT?2 and NMNATS3 are present (Berger et al. 2005;
Cambronne et al. 2016). In mice, NMNAT1 is ubiquitous-
ly expressed, NMNAT? is expressed predominately in the
brain (Hicks et al. 2012), and NMNATS3 is expressed pre-
dominately in whole blood (Hikosaka et al. 2014). It is im-
portant to note that the role of NMNAT3 in regulating
mitochondrial NAD* levels has recently been questioned.
In erythrocytes, which do not contain mitochondria,
NMNATS regulates cytoplasmic NAD™ levels as shown
by NMNAT3 knockout studies in mice (Hikosaka et al.
2014). NMNATS is also expressed, to a lesser extent, in
skeletal muscle cells where it is localized predominately
in the cytoplasm, and only slightly in mitochondria (Ya-
mamoto et al. 2016). Moreover, mitochondrial NAD* lev-

A focus on the PARP family

els in skeletal muscle are only partially affected by the loss
of NMNAT3. Notwithstanding these results, the differ-
ences in the subcellular expression of the three NMNAT
paralogs lead to the hypothesis that NMNATSs have dis-
tinct functions in regulating compartmentalized NAD*
synthesis in cells (Berger et al. 2005). Consistent with
this notion, knockout of either NMNAT1 or NMNAT?2
results in embryonic lethality, demonstrating that they
cannot compensate for each other, further bolstering the
idea that, at least in some cell types, NMNAT paralogs
regulate distinct pools of NAD™ in cells (Conforti et al.
2011; Hicks et al. 2012).

Although the idea of compartmentalized regulation of
NAD" synthesis and consumption has existed in the liter-
ature for some time, experimental evidence for this type
of regulation has only been obtained recently with the ad-
vent of biosensors that can measure free NAD" levels in
different subcellular compartments. Currently, there are
two types of biosensors capable of detecting free NAD*
levels in cells. One biosensor is completely genetically en-
coded and is composed of a circularly permuted Venus
fluorescent protein (cpVenus) and the bipartite NAD"-
binding domain from bacterial DNA ligase (Cambronne
et al. 2016). The other biosensor is a FRET-based, semi-
synthetic biosensor based on the “Snifit” concept (Sallin
et al. 2018). Because these biosensors are genetically en-
coded, localization sequences can be used to target them
to either the nucleus, cytoplasm, or mitochondria. Using
organelle-targeted cpVenus-based NAD™ biosensor, the
concentration of free NAD" in various subcellular com-
partments was determined: 92-122 pM (95% CI [confi-
dence interval]) in the cytoplasm, 87-136 uM (95% CI)
in the nucleus, and 191-275 uM (95% CI) in the mito-
chondria (Cambronne et al. 2016). Remarkably, despite
the very different designs of the two biosensors, there
was a remarkable congruence in the measured concentra-
tion of free NAD* (40-70 utM NAD") in the cytoplasm in
various cell lines (e.g., HeLa, HEK 293T, U20S) (Cam-
bronne et al. 2016; Sallin et al. 2018).

In addition to knowing the concentrations of free
NAD?, the other two factors that need to be considered
are the localization of PARPs and their K., values for
NAD" (K,,N4P*). The 16 active PARP family members
are expressed in various subcellular compartments, in-
cluding the nucleus and cytoplasm, and distinct organ-
elles/structures within these compartments (Table 1;
Di Paola et al. 2012; Jwa and Chang 2012; Vyas et al.
2013; Bindesboll et al. 2016; Carter-O’Connell et al.
2016, 2018; Catara et al. 2017). For example, PARP7
(also known as TiPARP) localizes to distinct foci in the
nucleus (Vyas et al. 2013; Bindesbell et al. 2016).
PARPI11 localizes to the nuclear envelope and colocalizes
with nuclear pore complexes (NPCs), which are multipro-
tein channels that regulate nucleocytoplasmic transport
(Meyer-Ficca et al. 2015; Carter-O’Connell et al. 2016;
Kirby et al. 2018). PARP12 localizes to the Golgi, and un-
der pathophysiological conditions that activate PARPI, it
localizes to stress granules (Catara et al. 2017). PARP14
localizes to distinct foci in the cytoplasm, some of which
colocalize with one of its MARylation targets DDX6, a
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Figure 2. NAD" synthesis is compartmentalized in mammalian
cells and regulates—and is regulated by—the NAD" consumer
PARP1. NMNATI1-3, which synthesize NAD*, are distinctly lo-
calized in major subcellular compartments: NMNATT] in the nu-
cleus, NMNAT2 in the cytoplasm, and NMNAT3 in
mitochondria. (cPARPs) Cytoplasmic PARPs; (nPARPs) nuclear
PARPs. (A) Cartoon representation of NAD*, mono-ADP-ribose
(MAR), and poly-ADP-ribose (PAR). (B) Under basal conditions,
the concentration of NAD" is highest in mitochondria (~250
uM), followed by the cytoplasm and nucleus (both ~100 pM).
The number of NAD" molecules indicates relative subcellular
concentrations of NAD". (C) During DNA damage, PARP]1 asso-
ciates with NMNAT1 and is activated (up arrow), leading to auto-
poly-ADP-ribosylation (PARylation). This results in a temporal
reduction of NAD" levels in the nucleus, and likely the cyto-
plasm and mitochondria. The decrease in NAD™ levels in all com-
partments is expected to decrease the activity of nPARPs and
cPARPs, as well as glycolytic flux and oxidative phosphorylation
(down arrows). (D) Upon adipocyte differentiation, NMNAT?2 is
induced, which increases NAD" levels in the cytoplasm and leads
to an increase in glycolytic flux and perhaps the activity of
cPARPs (up arrows). The increase in NMNAT?2 levels depletes
NMN from the nucleus (not shown), leading to lower NAD* lev-
els in the nucleus and a decrease in the activity of PARPI and per-
haps other nPARPs (down arrows).

protein that is associated with processing bodies (P-bod-
ies, sites of mRNA turnover) (Carter-O’Connell et al.
2018). PARPI16 is a tailed-anchored protein that contains
a hydrophobic transmembrane domain and a C-terminal
domain that are required for PARP16 recruitment to the
endoplasmic reticulum (Jwa and Chang 2012). While no
PARP family members contain obvious mitochondrial lo-
calization sequences, there are a few studies that report
the presence of PARP1 or PARylation in mitochondria
(Mosgoeller et al. 1996; Du et al. 2003; Lai et al. 2008; Ros-
si et al. 2009), but this remains controversial.

The K,,VAP* values for several PARPs (Table 1) are sim-
ilar to or higher than the concentration of free NAD™ in the
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nucleus and cytoplasm (Amé et al. 1999; Thorsell et al.
2017; Yang et al. 2017). This suggests that the activity of
PARPs, especially those with K,,N*P* values higher than
the concentration of free NAD* in a given subcellular com-
partment, will be influenced by changes in the levels of
free NAD". For example, activation of PARP1 during
DNA damage, which lowers NAD" levels substantially
(~60%)(Liuetal. 2018), is expected to decrease the activity
of other nuclear PARPs (Fig. 2). Of course, the activity of
other nuclear NAD* consumers such as SIRT1, could
decrease too, since it has a K, V*P* value of 94 nM (Pacho-
lec et al. 2010). If PARP1 activation during prolonged
DNA damage lowers free NAD" levels in the cytoplasm,
then the activity of cytoplasmic PARPs and NAD*-depen-
dent redox enzymes (e.g., GAPDH, K,,,NAP* ~20-140 nM)
(BRENDA database, https://wwwbrenda-enzymes.org)
could decrease (Fig.2). Indeed, activation of PARP1 by the
DNA alkylating agent MNNG in mouse astrocytes led
to a block in glycolysis, which was attributed to a decrease
in the availability of cytoplasmic NAD* for GAPDH (Ying
et al. 2003). A recent study, however, showed that the ef-
fects of PARPI1 activation on glycolytic blockade are not
due to decreases in NAD, but rather a PARylation-depen-
dent inhibition of hexokinase 1 (Fouquerel et al. 2014).

The above discussion focused on PARPI as the domi-
nant NAD* consumer under DNA damage conditions
and how the resulting decrease in the concentration of
NAD" could impact other NAD"-dependent signaling
and redox pathways. It is currently not known whether
other PARP family members become dominant NAD*
consumers under a given physiological or pathophysiolog-
ical condition. The rate of NAD" consumption by a PARP
will depend on not only its concentration, but its activity.
Most PARP family members are expressed at very low lev-
els compared with PARP1 (e.g., the concentration of
PARPI is at least 100-fold higher than other PARP family
members in HeLa cells (Wisniewski et al. 2014), but can
be induced. For example, treatment of bone marrow de-
rived macrophages with interferon B (IFNp) induces the
expression of several PARP family members (PARP7,
PARP10-12, and PARP14) that catalyze MARylation
(Grunewald et al. 2019). Under these conditions one or
several of these mono-PARPs could become dominant
NAD" consumers. One thing that remains unknown is
whether any of these mono-PARPs also become “activat-
ed” under these conditions, which would be expected to
further increase NAD™ consumption.

One might expect an increased demand for NAD" syn-
thesis under conditions that activate PARP1 in order to
maintain homeostatic levels of NAD". Consistent with
this idea, a recent study demonstrated that PARP-mediat-
ed NAD* consumption in inflammatory macrophages re-
sults in an enhanced dependence of the NAM salvage
pathway for maintaining NAD" levels in cells (Cameron
et al. 2019). Treatment of mouse macrophages with lipo-
polysaccharide (LPS) and interferon-y (IFN-y) induces a
proinflammatory state that leads to DNA damage and
subsequent induction of PARP-mediated PARylation
with a concomitant depletion in total NAD" levels. The
depletion of NAD"* stimulated the induction of NAMPT
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Table 1. Enzymatically active human PARP family members

A focus on the PARP family

PARP family member Alternative name Cellular localization® Catalytic activity” K VAP (uM)°
PARPI1 ARTD1 Nucleus, nucleolus PARylation 94 +27
PARP2 ARTD2 Nucleus, nucleolus PARylation 1592
PARP3 ARTD3 Nucleus MARylation 13157
PARP4 ARTD4 Cytoplasm MARylation, PARylation? 92+17
PARP5a ARTDS5, Tankyrase-1 Cytoplasm PARylation 314
PARP5b ARTDG6, Tankyrase-2 Cytoplasm PARylation 251 +56
PARP6 ARTD17 Cytoplasm, nucleus MARylation N.D.
PARP7 ARTDI14, TiPARP Nucleus, nuclear foci MARpylation N.D.
PARPS ARTDI16 Cytoplasm, nucleus MARylation N.D.
PARP9 ARTD9, BAL1 Cytoplasm, nucleus MARylation® 197 £ 64
PARPI0 ARTDI10 Cytoplasm, nucleus MARylation 98+11
PARPI1 ARTDI1 Nuclear envelope MARylation N.D.
PARPI2 ARTDI2, ZC3HDCl Golgi MARylation 299+ 76
PARP14 ARTDS, BAL2 Cytoplasm, P-bodies MARylation 62+7
PARP15 ARTD7, BAL3 Nucleus MARylation 11+4.2
PARP16 ARTDI15 Endoplasmic reticulum MARylation 582 +196

*Localization references: Di Paola et al. 2012; Jwa and Chang 2012; Vyas et al. 2013; Bindesbell et al. 2016; Carter-O’Connell et al.
2016, 2018; Catara et al. 2017.
PCatalytic activity reference: Vyas et al. 2014. Catalytic activity refers to auto-MARylation or auto-PARylation and was determined
using purified, full-length epitope-tagged PARPs on beads with 32P-NAD-.
K VAP references: Amé et al. 1999; Thorsell et al. 2017; Yang et al. 2017. K,,"NAP* values were determined in vitro with purified
protein. K,,N4P* values shown for the catalytic fragment except for PARP3 and PARP16; for PARPY, the K,,NAP* value was deter-
mined for the PARP9/Dtx3L complex.
4PARPY does not exhibit auto-MARylation, but can MARylate ubiquitin when complexed with its binding partner Dtx3L (Yang et al.

2017).
(N.D.) Not determined.

and NMNATI, which was critical for maintaining NAD*
levels for redox signaling. This study nicely illustrates the
interplay between PARP activity and the transcriptional
regulation of NAD™" biosynthetic enzymes.

PARP1 regulation by NMNAT1 and compartmentalized
NAD* synthesis

Up to this point, [ have discussed how a PARP can consume
NAD* and limit NAD" availability in a compartmentalized
manner. What about vice versa? Can NAD™ biosynthetic
enzymes and compartmentalized NAD* synthesis regulate
the activity of PARPs? Studies on the interaction between
PARPI1 and NMNAT1 provide evidence for this type of reg-
ulation. In one study, NMNAT]1 was shown to bind to
auto-PARylated PARPI (through direct PAR binding) and
activate PARP1 catalytic activity in vitro (Berger et al.
2007). In another study, NMNAT1 was shown in vitro to
not only synthesize NAD" for PARP1-mediated PARyla-
tion, but also stimulate PARP]1 activity independently of
NAD" synthesis (Zhang et al. 2012). In MCF-7 breast can-
cer cells, PARP1 and NMNAT]1 interact at promoters of
commonly regulated target genes (Zhang et al. 2012). Fur-
thermore, NMNAT1 activity is required for PARP1-medi-
ated PARylation at these promoters and the expression of
PARP1/NMNATI-target genes (Zhang et al. 2012). This
last result supports the notion that PARP1 activity can be
regulated by compartmentalized NAD* synthesis.
Recently, the first experimental evidence for the regula-
tion of PARP1 activity by compartmentalized NAD* syn-

thesis was demonstrated. Using an in vitro model of
adipogenesis in 3T3-L1 cells, PARP1 activity decreased
during the first several hours of adipocyte differentiation
(Luo et al. 2017). It was hypothesized that the decrease in
PARPI1-mediated PARylation was due to a decrease in
the availability of free NAD"* generated by the nuclear
NMNATTI1 (Ryu et al. 2018). Indeed, a significant drop in
nuclear NAD" levels was observed 4 h after adipocyte dif-
ferentiation using the cpVenus-based NAD" biosensor
(Ryu et al. 2018). Moreover, knockdown of NMNAT1
caused a decrease in PARP1-mediated PARylation. To-
gether, these results support the idea that changes in nu-
clear NAD" biosynthesis regulates the activity of PARPI.

Although the levels of nuclear NAD" decreased during
adipocyte differentiation, the total levels of NAD" were,
surprisingly, unchanged (Ryu et al. 2018). It was hypothe-
sized that NAD" levels increased in another cellular com-
partment resulting in no net change in total levels of
NAD*. Consistent with this notion, the levels of
NMNAT?2 and free NAD" in the cytoplasm increased sig-
nificantly 4 h after adipocyte differentiation. The in-
creased levels of NMNAT2 were associated with
enhanced glucose metabolism during adipocyte differen-
tiation, perhaps because more cytoplasmic NAD* was
available for use by oxidoreductases in the redox-signaling
pathway. These results are intriguing because they not
only suggest that changes in the levels of free NAD" in
one cellular compartment can affect the levels of free
NAD" in another cellular compartment, but that com-
partmentalized pools of NAD" exist. While it may seem
like NAD" should be able to freely diffuse from the
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cytoplasm to the nucleus, it is important to keep in mind
that the diffusion of small molecule substrates in the
crowded milieu of the cell can be attenuated compared
with diffusion in a test tube (Zotter et al. 2017).

What is the mechanism for the crosstalk between com-
partmentalized pools of NAD*? Treating cells with NMN,
the substrate for NMNATS, prevented the loss of free
NAD" in the nucleus, and enhanced PARP1 activity 8 h
after adipocyte differentiation (Ryu et al. 2018). These re-
sults lead to a substrate competition model for establish-
ing compartmentalized pools of NAD*: As adipocyte
differentiation ensues, the increased levels of NMNAT?2
cause a siphoning of NMN into the cytoplasm, leading
to an increase in cytoplasmic NAD" and a concomitant
decrease in nuclear NAD" (Ryu et al. 2018). An increase
in the levels of free NAD" in the cytoplasm results in an
enhancement in cytoplasmic-mediated NAD™" redox sig-
naling, whereas the decrease in the levels of free NAD*
in the nucleus results in a decrease in PARP1 activity
(Fig. 2). A biosensor capable of detecting free NMN in cells
would substantiate this substrate competition model.

Closing thoughts

Stimulating developments in the NAD" field in the last
few years have revealed a complex interplay between
NAD" synthesis and the activity of NAD* consumers;
namely, PARPs. In particular, the generation of biosensors
capable of measuring free NAD" in cells has enabled stud-
ies examining compartmentalized NAD* metabolism in
cells. Thus far, only the regulation of PARP1 activity by
compartmentalized pools of NAD" has been examined.
However, as discussed, there are 16 other enzymatically
active PARP family members. In future studies, it will
be important to determine whether the activity of PARPs
that catalyze MARylation are regulated by changes in the
levels of free NAD" in the subcellular compartment in
which they are expressed; equally important will be to un-
derstand how NAD" consumption by a PARP in one com-
partment influences the activity of PARPs (or other NAD*
consumers and redox enzymes) in another compartment.

On a final note, because of the widespread use of various
PARP inhibitors (currently there are four FDA-approved
PARP inhibitors) in the clinic for the treatment of ovarian
and breast cancer, we need to understand how these inhib-
itors impact NAD" consumption in vivo. Given that
PARPI is a major consumer of NAD" in cells, it is conceiv-
able that treatment with PARP inhibitors increases NAD™"
levels in vivo. While this may be beneficial, it is possible
that supraphysiologic levels of NAD" are actually detri-
mental; for example, by altering redox pathways in cells.
Clearly more studies are required to provide a deeper un-
derstanding of the impact of long-term PARP inhibition
on NAD" levels in vivo.
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