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Abstract

The p53 protein is an indispensable tumor suppressor that is involved in numerous
cellular processes, such as regulation of the cell cycle and metabolism. About two
decades ago, two proteins with significant homology to p53 were discovered, and
termed p63 and p73. To date, these three proteins make up the p53 family of
transcription factors. Each gene has the capacity to form multiple protein isoforms
through the use of various promoters and alternative splicing, with p73 forming the most
isoforms. At the 5" end of the p73 gene, transcription initiation from promoters 1 and 2
form the TAp73 and ANp73 N-terminal isoforms, respectively. At the 3" end, alternative
splicing in p73 exons 11 through 13 give rise to seven known C-terminal isoforms

(o, B, v, 0, €, &, m). The function of a majority of the C-terminal isoforms is not well-
studied. As such, the work in this dissertation focuses on characterizing the function of
the p73 C-terminal isoforms.

Chapter one serves as an introduction to the p53 family of proteins, while
comprehensively compiling the literature that describes how these three proteins are
involved in regulating lipid and iron metabolism. This chapter highlights the numerous
ways in which p53 regulates lipid and iron metabolism, while revealing the limited
literature on the role of p63 and p73 in these processes.

Chapter two lays the foundation for the rest of the dissertation, which focuses on
characterizing the function of a novel p73 C-terminal isoform that we discovered. This
novel isoform, termed p73a.1, results from the exclusion of p73 exon 12 (E12). By using
CRIPSR to remove E12 from multiple cancer cell lines, the role of p73a1 in
oncogenesis was studied. To study the physiological function of p73a1, E712
heterozygous (E712*-) mice were generated and life-span, tumor burden, and
histopathology were analyzed. It was found that p73a.1 functions as a tumor suppressor,
both in vitro and in vivo. Moreover, E12*- mice exhibited widespread systemic
inflammation. As a result, the findings from this study identified Notch1 as a direct target
of p73a1-mediated tumor suppression and inflammation.

Chapter three integrates the previous two chapters to investigate the role of p73a1 in
regulating lipid metabolism. A multi-omic approach was taken and integrated with
molecular biology techniques to identify lipid classes and lipid metabolism-associated
genes that were altered by p73a1. Specifically, p73a1 was found to directly inhibit
expression of Stearoyl-CoA Desaturase 1 (SCD1), leading to altered lipid profiles.
Furthermore, the tumor suppressive function of p73a1 was found to be mediated in part
through SCD1. Through these findings, a previously unidentified p73 target, SCD1, was
established and a role for p73a1 in lipid metabolism was determined.
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The p53 Family: A Role in Lipid and
Iron Metabolism

Kyra Laubach, Jin Zhang and Xinbin Chen*

Comparative Oncology Laboratory, Schools of Veterinary Medicine and Medicine, University of California, Davis, Davis, CA,
United States

The p53 family of tumor suppressors, which includes p53, p63, and p73, has a
critical role in many biological processes, such as cell cycle arrest, apoptosis, and
differentiation. In addition to tumor suppression, the p53 family proteins also participate
in development, multiciliogenesis, and fertility, indicating these proteins have diverse
roles. In this review, we strive to cover the relevant studies that demonstrate the roles of
p53, p63, and p73 in lipid and iron metabolism.

Keywords: p53, p63, p73, metabolism, lipid, iron

INTRODUCTION

For over 40 years, p53 has been characterized as a master transcriptional regulator that mediates the
expression of various genes to prevent aberrant cell growth (Ko and Prives, 1996). Just before the
turn of the century, the TP63 and TP73 genes were discovered due to their significant homology to
TP53, particularly in the DNA-binding domain (Kaghad et al., 1997; Schmale and Bamberger, 1997;
Trink et al., 1998; Borremans et al., 2001). These three genes constitute the p53 family.

The TP53, TP63, and TP73 genes are expressed as multiple N- and C-terminal isoforms
through two promoters and alternative splicing (Figure 1). In TP53, promoter 1 (P1) gives rise
to two translation initiation start sites, termed ATG1 and ATG40, which produce full-length p53
(FLp53) and A40p53, respectively (Courtois et al., 2002; Yin et al.,, 2002). Both isoforms possess
transactivation function even though A40p53 contains a truncated form of the conventional
transactivation domain (Zhu et al., 1998; 2000; Harms and Chen, 2005). Similarly driven by P1,
TP63/73 express TAp63/73 isoforms, which have a transactivation domain that is comparable to the
one found in FLp53 (Arrowsmith, 1999). By using promoter 2 (P2), all family members produce
the N-terminally truncated isoforms, termed A133p53 and A160p53 in TP53, which arise from
translation initiation start sites ATG133 and ATG160 (Bourdon et al., 2005), and ANp63/73 in
TP63/73 (Yang et al., 1998; 2000). Interestingly, despite lacking the conventional transactivation
domain, ANp63 and ANp73 are transcriptionally active and can induce some p53 targets (Liu et al.,
2004; Helton et al., 2006). Alternative splicing at the C-terminus of each gene generates additional
isoforms. TP53 produces three (a, f, y) C-terminal isoforms (Bourdon et al., 2005), TP63 produces
four (a, B, y, 8) C-terminal isoforms (Yang et al., 1998; Mangiulli et al., 2009), and TP73 produces
at least seven C-terminal isoforms (a, B, v, 8, € ¢, ) (De Laurenzi et al,, 1998; 1999). While the
N-terminal isoforms of p53, p63, and p73 are well studied, the C-terminal isoforms remain largely
uncharacterized.

The biological function of the p53 family proteins has been demonstrated through various
mouse models. The very first p53-knockout model showed that mice deficient in p53 were
prone to spontaneous tumors, but otherwise developed normally (Donehower et al., 1991). Later,
it was discovered that p53 dysregulation, predominantly overexpression, can lead to impaired
embryogenesis and other developmental defects (Luna et al., 1995; Sah et al., 1995; Parant et al.,
2001; Zhang et al., 2012; Nostrand et al., 2014). Unlike p53, total p63-knockout mice exhibit
severe epidermal and craniofacial abnormalities and die shortly after birth (Celli et al., 1999;
Mills et al., 1999; Yang et al., 1999). Further studies revealed that ANp63 is responsible for the



observed phenotype (Candi et al., 2006; Koster et al., 2007). In
contrast, TAp63-knockout mice did not exhibit birth defects,
but were prone to spontaneous tumors, indicating that TAp63
functions as a tumor suppressor to maintain genome stability
(Suh et al,, 2006; Guo et al,, 2009; Su et al., 2009). Similarly,
total p73-knockout mice were runty and had severe neurological
defects, chronic inflammation, fertility issues (Yang et al., 2000),
and impaired multiciliogenesis (Marshall et al., 2016; Nemajerova
et al, 2016). It was later found that ANp73-knockout mice
exhibited neurodegeneration (Wilhelm et al, 2010), whereas
TAp73-knockout mice were prone to spontaneous tumors
(Tomasini et al., 2008).

Continued research efforts into the more nuanced cancer-
associated roles of the p53 family proteins is undeniably valuable.
However, emerging evidence suggests that these proteins possess
additional important functions that can affect various human
diseases, such as diabetes mellitus and liver steatosis. This review
will focus specifically on the roles of the p53 family in lipid and
iron metabolism.

LIPID METABOLISM

Lipids play an important role in various biological processes and
serve as an essential building block for many cellular structures.
Tight regulation of lipid metabolism is crucial for proper
organismal function, and dysregulation has been implicated in
numerous diseases, such as Alzheimer’s disease and fatty liver
disease (Hooijmans and Kiliaan, 2008; Hasson et al., 2016).
There are three main sources of lipids: dietary lipids, fatty
acids produced by hepatocytes and adipocytes, and lipoproteins
produced by hepatocytes (Giammanco et al., 2015). In the lumen
of the gastrointestinal tract, dietary lipids become emulsified by
combining with bile salts, which allows for lipid hydrolysis and
subsequent import to enterocytes (Hussain, 2014). In enterocytes,
lipids are processed by the endoplasmic reticulum and packaged
into lipoprotein bundles, called chylomicrons (Hussain, 2014;
Giammanco et al., 2015), to allow for transport through the
circulation (Alekos et al., 2020). Once chylomicrons arrive at a
target cell, lipases break them down to permit cellular import
of lipids (Alekos et al., 2020). Hepatocytes are then responsible
for recycling chylomicron components to allow for later use
(Alekos et al., 2020).

At the cellular level, lipids are categorized into three
groups: structural lipids, lipid droplets, and bioactive lipids.
Structural lipids are comprised of phospholipids and form
cell and organelle membranes (Bohdanowicz and Grinstein,
2013), which are important for cellular compartmentalization.
Lipids are also a main source of energy and are stored
as modified sterols and fatty acids in specialized organelles
called lipid droplets, which are predominantly found in
adipocytes (Rohrig and Schulze, 2016; Olzmann and Carvalho,
2019). This modification gives sterols and fatty acids a
neutral charge to form sterol esters (Korber et al, 2017)
and triglycerides (Alves-Bezerra and Cohen, 2018), respectively.
Bioactive lipids are unique in that they are involved in signal
transduction and are categorized into multiple classes, including

sphingolipids (Hannun and Obeid, 2008), diacylglycerols (Peter-
Riesch et al., 1988), and eicosanoids (Levy et al, 2001).
Sphingolipids are further categorized into several sub-classes,
such as sphingomyelin, galactosylceramide, glucosylceramide,
and sphingosine (Hannun and Obeid, 2018). Studies have
shown that sphingolipids can modulate cell death and survival
pathways, including apoptosis, cell growth/inhibition, and
migration (Hannun and Obeid, 2018). Diacylglycerols serve
as a secondary messenger in many critical cellular processes,
such as neurotransmitter release (Ma et al., 2013) and insulin
signaling in islet cells (Peter-Riesch et al., 1988). Eicosanoids have
been implicated in mediating the inflammatory response (Levy
et al,, 2001). Lipids are exceedingly important for many cellular
processes, from structure to signaling. In this review, we focus
on the role of the p53 family proteins in cholesterol and fatty
acid metabolism. Table 1 provides a summary of the p53 family
targets that are involved in lipid metabolism, and Figure 2 briefly
outlines cholesterol and fatty acid metabolism pathways.

p53

Cholesterol

Multiple studies have shown that p53 is implicated in
regulating the levels of intracellular free cholesterol. Sterol
Regulatory Element-Binding Protein 2 (SREBP-2) is a master
transcriptional regulator of the mevalonate pathway and
responds to sterol depletion by promoting cholesterol synthesis
(Brown and Goldstein, 1997). It was found that p53 inhibits
SREBP-2 maturation through the upregulation of ABCAI
(Moon et al,, 2019), an ATP-binding cassette transporter that
inhibits cholesterol synthesis and drives cholesterol export
when cholesterol stores are high (Yamauchi et al, 2015).
Additionally, p53 can promote cholesterol export through the
upregulation of CAVI (Bist et al., 2000), a scaffold protein
that binds intracellular free cholesterol and facilitates its efflux
(Fielding and Fielding, 1995). To enhance cellular cholesterol
storage, p53 transactivates dehydrogenase/reductase member 3
(DHSR3) (Kirschner et al., 2010; Deisenroth et al., 2011), which
decreases intracellular free cholesterol by increasing lipid droplet
formation (Martin and Parton, 2006). Conversely, p53 has been
shown to inhibit cholesterol storage by negatively regulating
SOATI (Oni et al,, 2020). SOAT1 decreases intracellular free
cholesterol by increasing cholesterol storage, thus disrupting
the negative feedback loop that prevents cholesterol synthesis
when free intracellular cholesterol levels are high (Oelkers
et al., 1998). Furthermore, Cypl9, an aromatase essential for
estrogen synthesis (Thompson and Siiteri, 1974), was found
to be upregulated by p53, which prevents intracellular free
cholesterol overload and adipocyte formation (Wang et al,
2013). One study revealed a potential link between p53 and
LIMAL, also called SREBP3, in mediating cholesterol absorption
in the gastrointestinal tract. p53 was shown to upregulate
LIMAI through p53-response elements in its promoter (Ohashi
et al,, 2017), and LIMA1 promotes cholesterol absorption in
the intestine (Zhang et al., 2018). Interestingly, there are some
conflicting findings regarding p53 regulation of other mevalonate
pathway genes. For example, one group showed that p53
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inhibited expression of mevalonate pathway genes HMGCR,
MVK, FDPS, and FDFT1 (Moon et al,, 2019), but another group
showed that p53 enhanced expression of these genes (Laezza
et al., 2015), suggesting that p53 may regulate some mevalonate
pathway genes in a context-dependent manner. Collectively,
these findings suggest that multiple targets are regulated by p53
to prevent intracellular free cholesterol accumulation and to
maintain the integrity of the negative feedback loop that regulates
cholesterol storage and synthesis.

Fatty Acids

Fatty acid oxidation, also known as fB-oxidation and hereafter
referred to as FAO, is the process of breaking down long-chain
fatty acids (LCFAs), primarily in the mitochondria; FAO can be
initiated in peroxisomes, but the byproducts undergo complete
oxidation in the mitochondria (Qu et al, 2016). LCFAs are
metabolized by long-chain acyl-CoA synthetase to form acyl-
CoA (Mashek et al., 2007), which is then transported into the
mitochondrial matrix by a series of reactions catalyzed by the
carnitine palmitoyltransferase system (Rufer et al., 2009). Acyl-
CoA is then used as a substrate to initiate FAO (Qu et al., 2016).
Each cycle of FAO in the matrix removes two carbons from

the fatty acid, until four carbons remain; these are then used to
synthesize acetyl-CoA (Qu et al., 2016).

De novo fatty acid synthesis (FAS) is the process by which cells
generate fatty acids that are used in various cellular processes
(Rohrig and Schulze, 2016). FAS starts with citrate produced
by the tricarboxylic acid (TCA) cycle or glutamine metabolism
(Akram, 2014; Réhrig and Schulze, 2016). Citrate is then cleaved
by ATP-citrate lyase to form acetyl-CoA, which is the starting
substrate for FAS (Zaidi et al., 2012). Acetyl-CoA carboxylases
convert acetyl-CoA to malonyl-CoA (Abu-Elheiga et al., 2000), at
which point fatty acid synthase (encoded by FASN) catalyzes the
reaction between seven malonyl-CoA molecules and one acetyl-
CoA molecule to form palmitate, a long-chain fatty acid (Smith
et al., 2003). Palmitate is then modified in length (Jakobsson
et al, 2006) and degree of saturation (Igal, 2010) to form
additional fatty acids.

p53 has been shown to predominantly promote FAO (Parrales
and Iwakuma, 2016). RNA-seq analysis revealed that p53
upregulates CrOT (peroxisomal carnitine O-octanoyltransferase)
(Goldstein et al., 2012), which is responsible for transporting
byproducts of peroxisomal FAO to mitochondria to allow for
complete oxidation (Longo et al., 2016). Similarly, another group



showed that p53 pathway activation following vy-irradiation
led to increased CrOT expression (Hage-Sleiman et al,
2017). In regards to mitochondrial FAO, p53 was found to
upregulate Acadll (Jiang et al., 2015), which encodes acyl-
CoA dehydrogenase and catalyzes the first step of FAO in the
mitochondrial matrix (He et al, 2011). p53 can additionally
promote FAO through upregulation of MLYCD (Liu et al., 2014),
which encodes malonyl-CoA decarboxylase and converts the
FAO inhibitor malonyl-CoA to acetyl-CoA (Foster, 2004). As
evidenced by the name of many FAO intermediates, CoA is a
critical molecule in many FAO reactions (Leonardi et al., 2005),
and p53 was found to upregulate PANKI, which promotes CoA
production (Wang et al., 2013). By complexing with FOXO3a,
p53 transactivates SIRT1 (Nemoto et al, 2004), a deacetylase
that acts on histones and transcription factors to promote FAO
(Rahman and Islam, 2011; Derdak et al, 2013). Activation of
p53 in response to DNA damage and glucose starvation results
in increased expression of LPINI, a transcriptional co-activator,
to promote FAOQ (Assaily et al, 2011). Lipin-1 also aids in
diacylglycerol formation (Donkor et al., 2007), suggesting a
role for p53 in diacylglycerol metabolism. There is evidence
that p53 directly upregulates CPT1C, a neuron-specific carnitine
palmitoyltransferase that transfers the acyl group from long
chain fatty acyl to carnitine to initiate FAO (Lee and Wolfgang,
2012; Sanchez-Macedo et al., 2013). In addition to CPT1C, there
are other tissue-specific carnitine palmitoyltransferase family
members, such as CPTla in the liver and CPT1b in muscle
(Greenberg et al., 2009). Thus, it is possible that p53 might
regulate FAO through CPTla and CPT1b. p53 was shown
to transactivate ADRB3 (Kang et al., 2020), which promotes
lipolysis, or the breakdown of triglycerides into fatty acids to
allow for FAO (Arner and Langin, 2014). Interestingly, a p53
mutant could induce ADRB3 to a higher degree (Kang et al,
2020). Likewise, studies showed that p53 can prevent lipogenesis
through upregulation of OPN, which encodes osteopontin
(Gémez-Santos et al., 2020). In vivo analyses in mouse livers
showed that OPN levels were increased in response to an increase
in p53 (Gomez-Santos et al., 2020). Conversely, a recent report
showed that p53 inhibits FAO through PGCIA and APLNR in
response to doxorubicin treatment in cardiomyocytes (Saleme
etal., 2020). These data lead us to hypothesize that p53 could have
tissue/cell-specific effects on FAO.

p53 has been shown to inhibit FAS (Parrales and Iwakuma,
2016). For example, p53 can negatively regulate transcription of
SREBP-1c to inhibit FAS (Yahagi et al., 2003). SREBP-1c, a SREBP
family member, is involved in triglyceride and fatty acid synthesis
predominantly in the liver, which leads to fat accumulation
(Shimano et al., 1997; Shimomura et al., 1998). Additionally,
P53 has been implicated in inhibiting FAS through repression of
NADPH production, a critical energy source utilized during FAS
(Brose et al., 2016). p53 can inhibit NADPH production through
negative transcriptional regulation of malic enzyme 1 and 2 (ME1
and 2) (Jiang et al., 2013). MEL/2 catalyze the formation of
pyruvate from malate, which produces NADPH (Wise and Ball,
1964). Additionally, p53 prevents NADPH production through
inhibition of glucose-6-phosphate dehydrogenase (G6PD) via
protein-protein interaction, which requires p53s C-terminus,
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FIGURE 2 | Summary of lipid metabolism, as it pertains to the p53 family. The
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regulated by the p53 family. FAQ, fatty acid oxidation; TCA, tricarboxylic acid
cycle; FAS, fatty acid synthesis; ACSL, long-chain acyl-CoA synthetase; CPT,
carnitine palmitoyltransferase; ACLY, ATP citrate lyase; MLYCD, malonyl-CoA
decarboxylase; ACC, acetyl-CoA carboxylase; FASN, fatty acid synthase;
SREBP2, sterol regulatory element-binding protein 2.

DNA-binding domain, and tetramerization domain (Jiang et al.,
2011). G6PD is an enzyme that catalyzes the first step of the
pentose phosphate pathway (PPP), a major source of NADPH
production (Ge et al, 2020). While reports show that p53
predominately inhibits NADPH production, some p53 targets
have been identified as promoters of NADPH production.
For example, TIGAR, a well-defined p53 target, activates
PPP to drive NADPH production, which has been shown to
prevent ROS formation (Bensaad et al., 2006). Additionally,
it was found that p53 promotes NADPH production through
suppression of PFKFB3 expression, which favors glycolysis over
PPP (Franklin et al., 2016).

p63 and p73

Several studies have unveiled an important role for p63 in lipid
metabolism, although the mechanisms are not fully understood.
It was shown that TAp63 deficiency in mice increases the
incidence of obesity and liver steatosis and impairs FAO function
(Su et al., 2012; Liao et al., 2017). Tt was found that TAp63
promotes FAO through upregulation of SIRTI (a previously
described p53 target) and the LKBI/AMPK pathway, the latter
of which prevents the conversion of acetyl-CoA to the FAO
inhibitor malonyl-CoA (Liet al., 2020). As previously mentioned,
p53 promotes the production of acetyl-CoA from malonyl-
CoA (Liu et al, 2014), suggesting that the p53 family can
transactivate multiple targets to prevent malonyl-CoA formation.
Additionally, TAp63 was shown to inhibit FAS by upregulating
CCDC3 (Liao et al, 2017), which encodes a soluble protein
that binds to hepatocyte receptors (Kobayashi et al., 2010). While
there is limited research on p63 and cholesterol regulation, it



has been shown that p63, like p53, inhibits cellular cholesterol
accumulation through DHSR3 (Kirschner et al, 2010) and
promotes intestinal cholesterol absorption through LIMIA
(Zhang et al., 2018).

Phenotypic similarities between p63- and p73-deficient mice
suggest that p73 has an analogous role in regulating lipid
metabolism. In response to nutrient deprivation, loss of p73
leads to lipid accumulation in mouse livers (He et al, 2013).
Mechanistically, TAp73a/p were shown to modulate lipid
metabolism through ATG5, a gene that is necessary for autophagy
(He et al,, 2013). Autophagy is an intracellular process that,
among other things, can break down lipid droplets to allow for
FAO (Ye et al,, 2018; Saito et al., 2019). As such, gene transfer of
ATGS5 to p73-knockout mice mitigated the accumulation of lipid
droplets in the mouse livers (He et al., 2013). As with p53 and p63,
P73p can upregulate LIMIA to increase cholesterol absorption (Y.
Y. Zhang et al., 2018). These data suggest that p73 prevents lipid
accumulation through a mechanism that is quite different from
how p53 and p63 regulate this process.

IRON METABOLISM

Iron is an essential element for all living entities and plays
an important role in many cellular processes, such as oxygen

transport and cell proliferation (Kim and Nemeth, 2015;
Wallace, 2019). Additionally, iron is a critical cofactor that is
required for various metabolic activities, such as DNA synthesis
(Puig et al., 2017). An organism’s main source of iron is through
dietary intake (Waldvogel-Abramowski et al., 2014). In the
gastrointestinal tract, iron exists as non-heme- or heme-iron
(Waldvogel-Abramowski et al., 2014); heme is a porphyrin that
contains iron (Fiorito et al, 2020). At physiological pH, non-
heme iron is present in the ferric (Fe*t) state, but cells can only
absorb it in the ferrous (FeT) state (Wallace, 2019). Duodenal
cytochrome B (Dcytb) reduces Fe’t to Fe’' in the lumen
and ferrous iron is absorbed by enterocytes through divalent
metal cation transporter 1 (DMCT1) (Wallace, 2019). On the
other hand, heme-iron is directly imported by haem carrier
protein 1 (HCP1). Once in enterocytes, iron is exported by
ferroportin 1 (FPN1), whose function is inhibited by hepcidin
(Waldvogel-Abramowski et al., 2014). In the plasma, Felt is
converted back to Fe** by ceruloplasmin and binds to transferrin
for transport through the circulation (Attiech et al, 1999).
A summary schematic of this process is shown in Figure 3.
Once iron has entered the target cell, it binds ferritin until it
is needed (Waldvogel-Abramowski et al., 2014). Regulation of
iron metabolism is exceedingly important because iron overload,
like in hemochromatosis (Bacon et al., 2011), can lead to heart
disease and liver cirrhosis, while deficiency can result in anemia
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and developmental impairments (Abbaspour et al,, 2014). The
p53 family has been implicated in mediating iron metabolism to
prevent iron dysregulation.

p53

Iron metabolism exerts regulatory functions over p53 and in
turn, p53 can regulate iron metabolism. Excess iron leads to
decreased p53 expression (Shen et al, 2014), whereas iron
depletion leads to p53 accumulation (Liang and Richardson,
2003; Kim et al., 2007). Additionally, direct binding of heme
to p53 protein inhibits p53 transcriptional activity and possibly
promotes p53 degradation (Shen et al., 2014). As such, a feedback
loop between iron and p53 exists wherein iron overload inhibits
P53 activity and p53 inhibits iron accumulation. At the systemic

TABLE 1 | Targets of the p53 family that are associated with lipid metabolism.

Gene/protein Function Regulation by p53

target family member

SREBP-2 Upregulates mevalonate pathway Down by p53 via
genes ABCA(

CAV1 Promotes cellular cholesterol efflux Up by p53

DHRS3 Promotes lipid droplet formation Up by p53 and p63

SOAT1 Promotes cholesterol storage Down by p53

Cyp19 Prevents cholesterol accumulation Up by p&3

LIMA1 Promotes cholesterol absorption in Gl Up by p53/p63/p73
tract

HMGCR, MVK,  Promote mevalonate pathway Up and Down by

FDPS, FDFT1 p53

CroT Transports byproducts of peroxisomal Up by p53
FAQ to mitochondria

Acad11 Catalyzes first step of FAQ Up by p53

MLYCD Converts malonyl-CoA to acetyl-CoA Up by p53

PANKT Catalyzes rate-limiting step of CoA Up by p53
production

SIRT1 Modulates histones and transcription Up by p53 and p63
factors to promote FAO

LPINT Upregulates FAO-associated genes Up by po3

CPTIC Transfers acyl group from long-chain Up by p53
fatty acyl to carnitine

ADRB3 Promotes lipolysis Up by p53

OPN Inhibits lipogenesis Up by p53

PGC1A/APLNR  Inhibits FAO in cardiomyocytes Up by p53

SREBP-1c Promotes triglyceride synthesis and Down by p53
FAS

ME1/ME2 Converts malate to pyruvate, which Down by p53
praduces NADPH

G6PD Catalyzes first step of PPP, which Down by p53 via
produces NADPH protein-protein

interaction

TIGAR Promotes PPP activation Up by p53

PFKFB3 Inhibits PPP activation Down by p53

LKB1/AMPK Pathway represses conversion of Pathway activated
acetyl-CoA to malonyl-CoA by p63

CCDC3 Inhibits FAS by binding hepatocyte Up by p63
receptors

ATG5 Promotes lipid droplet degradation Up by p73

level, p53 upregulates HAMP (encoding hepcidin) to inhibit
iron efflux from enterocytes (Weizer-Stern et al, 2007) and
thus, prevents iron from entering the circulation when it is not
needed. To prevent iron overload at the cellular level, p53 directly
transactivates several targets, including FXN (frataxin) (Shimizu
et al., 2014), FDXR (ferredoxin reductase) (Hwang et al., 2001;
Liu and Chen, 2002), and ISCU (iron-sulfur cluster assembly
enzyme) (Funauchi et al,, 2015). Frataxin is an iron binding
protein that regulates mitochondrial iron homeostasis to prevent
iron overload (Cavadini et al., 2000) and thus, p53 upregulates
frataxin to inhibit mitochondrial iron overload. Additionally,
frataxin is necessary for iron-sulfur cluster (ISC) biogenesis
(Shimizu et al.,, 2014) and ISCs are critical for mitochondrial
function (Shimizu et al., 2014). In addition to aiding in electron
transport during redox reactions (Johnson et al., 2005), ISCs
serve as a co-factor for many essential enzymes (Baranovskiy
et al., 2012). We also showed that p53 regulates mitochondrial
iron metabolism through a FDXR-p53 loop (Liu and Chen, 2002;
Zhang et al., 2017). FDXR plays a critical role in ISC biogenesis
and steroid hormone synthesis by transferring electrons from
NADPH to ferredoxin 1 and 2 (FDX1 and 2) (Brandt and
Vickery, 1992; Sheftel et al., 2010). p53 drives the FDXR-p53 loop
to upregulate FDXR, which then transfers electrons to FDX2,
ultimately preventing iron overload at the cellular level (Zhang
etal., 2017). Furthermore, p53 upregulates ISCU, which increases
translation of ferritin heavy chain mRNA (FTHI) and destabilizes
transferrin receptor mRNA (TFRC) (Funauchi et al, 2015),
therefore increasing cellular iron storage and decreasing cellular
iron import. p53 can also regulate iron metabolism through
post-transcriptional modifications of Iron Regulatory Protein 1
and 2 (IRP1 and IRP2) (Zhang et al, 2008). IRP1/2 alter the
expression of proteins associated with iron transport and storage
by binding to conserved iron-regulatory elements (IRE) in
target mRNAs (Volz, 2008). Interestingly, the binding of IRP1/2
to a target mRNA has context-dependent outcomes, wherein
binding can promote both mRNA degradation and mRNA
translation (Volz, 2008). Studies showed that overexpression of
p53 led to reduced IRP1 and 2 activity, resulting in increased
translation of ferritin mRNA and decreased stability of transferrin
receptor mRNA (Zhang et al.,, 2008). This regulation ultimately
leads to an increase in cellular iron stores and a decrease in
cellular iron import.

Ferroptosis is a specific form of iron-mediated cell death in
which oxidative stress from reactive oxygen species (ROS) leads
to the formation of lipid peroxides and accumulation of lipid
peroxides triggers the ferroptotic response (Dixon et al., 2012; Lu
etal,, 2018). Iron has a critical role in promoting ROS formation
through several mechanisms. First, iron functions as a co-factor
for enzymes that catalyze the formation of ROS (Dixon and
Stockwell, 2014). In addition, Fe?* reacts with hydrogen peroxide
through the Fenton reaction, resulting in the production of free
radicals, a potent form of ROS (Wardman and Candeias, 1996).
ROS can then promote lipid peroxidation of cellular membranes,
which leads to compromised membrane integrity and cellular
damage (Yin et al., 2011). However, several intracellular reducing
pathways have been found to block ROS and subsequent
accumulation of lipid peroxides (Lu et al, 2018). Import of



cystine into the cell via system x.~ (encoded by SCL7AIl)
ultimately results in the synthesis of glutathione, a strong
antioxidant (Lu et al., 2018; Sato et al., 2018). GPX4, a member
of the glutathione peroxidase family, uses glutathione as a co-
activator to reduce lipid peroxides, thus preventing ferroptosis
(Lu et al., 2018). Ferroptosis has been implicated in a variety of
diseases, such as cell death during ischemia (Gao et al., 2015)
and neurodegeneration in Alzheimer’s disease (Masaldan et al.,
2019). Interestingly, p53 can promote and inhibit ferroptosis in
a context-dependent manner (Liu et al., 2020). For example, p53
is able to inhibit ferroptosis through p21, a primary p53 target
that inhibits glutathione degradation (Tarangelo and Dixon,
2018). As such, upregulation of p21 by p53 inhibits glutathione
degradation and promotes GPX4 activity (Tarangelo and Dixon,
2018). p53 was also shown to prevent ferroptosis by promoting
the nuclear, but inhibiting the plasma membrane, accumulation
of dipeptidyl-peptidase 4 (DPP4) (Xie et al, 2017). DPP4 in
the nucleus upregulates SLC7A11, leading to increased GPX4
function and subsequent inhibition of ferroptosis (Xie et al,
2017). Interestingly, p53 can promote ferroptosis by directly
inhibiting SLC7A11 expression (Jiang et al., 2015). Additionally,
p53 promotes ferroptosis through upregulation of SATI, which
facilitates the production of lipid peroxides (Ou et al., 2016).
A recent study showed that Mdm2 and Mdm4 can induce
ferroptosis (Venkatesh et al., 2020). Since Mdm?2 is a target of p53,
it is possible that p53 can act through Mdm2/4 to modulate the
induction of ferroptosis. The role of both wild-type and mutant
p53 in ferroptosis was discussed comprehensively in a recent
review (Liu et al., 2020).

p63 and p73

Recent evidence suggests an important role for p63 and p73 in
iron metabolism. Like p53, p63, and p73 can be destabilized by an
excess of heme (Shen et al.,, 2014). Conversely, iron depletion was
found to stabilize p73, and possibly p63, to promote apoptosis
and cell cycle arrest in a p53-independent manner (Calabrese
et al, 2020). These data suggest that iron overload inhibits,
whereas iron depletion promotes, p63 and p73 activity, which
is similar to the effect of iron overload and depletion on p53.
Recent studies in our lab revealed a potential mechanism through
which iron overload can influence p63/p73 mRNA stability and
protein expression. We showed that TAp63 expression can be
repressed by IRP2 and likewise, IRP2 deficiency lead to increased
expression of TAp63 (Zhang et al, 2020). Additionally, we
showed that IRP2 binds to the IRE in p63 mRNA to regulates
its stability (Zhang et al., 2020). Similarly, we found that FDXR
regulates p73 mRNA stability through IRP2 (Zhang et al., 2020).
These observations represent an important step in understanding
how iron metabolism regulates p63 and p73.

Several lines of evidence suggest a role for p63 and p73 in
mediating ferroptosis. For example, ferroptosis has been shown
to promote liver steatosis and inflammation (Tsurusaki et al.,
2019). We and others found that p63-deficient mice were prone
to liver steatosis (Jiang et al., 2018). Additionally, both p63- and
p73-deficient mice exhibited a high degree of liver inflammation
(Jiang et al., 2018; Zhang et al, 2020). Moreover, before the

term ferroptosis was coined, we found that p63 inhibited cell
death caused by oxidative stress through GPX2 (Yan and Chen,
2006), a member of the same phospholipid peroxidase family
as GPX4 (Chu, 1994). Aforementioned, ferroptosis ensues when
the cell is unable to overcome oxidative stress. Another study
revealed that ANp63 promoted glutathione metabolism, thus
permitting GPX4 function and inhibiting the ferroptotic pathway
(G. X. Wang et al, 2017). These findings suggest that p63
regulates ferroptosis through multiple glutathione peroxidase
family members. As previously mentioned, p63 activates the
LKB1/AMPK pathway and a group recently showed that this
pathway inhibits ferroptosis (Li et al., 2020). While the role of
p73 in ferroptosis is less studied, one report showed that TAp73-
knockout mouse embryonic fibroblasts were particularly prone
to oxidative stress (Agostini et al., 2016). Another study showed
that TAp73 is able to mitigate the effect of oxidative stress on
mitochondrial integrity (Marini et al., 2018). These data suggest a
role for TAp73 in suppressing ferroptosis.

FUTURE DIRECTIONS

There is growing evidence that, in addition to mediating tumor
suppression, the p53 family plays an important role in lipid and
iron metabolism. However, there is a need for more research on
these critical topics. It would be of interest to further explore
how p53 is involved in regulating bioactive lipids. Additionally,
it would be worthwhile to delve into the mechanisms by which
p63/p73 regulate lipid and iron metabolism. While there is
evidence that aberrant iron metabolism affects lipid metabolism
and ferroptosis, how p53 engages lipid and iron metabolism
in ferroptosis needs to be further explored. Moreover, several
fundamental questions remain unanswered: Can p63 and p73
function independently of p53 in both lipid and iron metabolism?
How does regulation of lipid and iron metabolism differ between
the N- and C-terminal isoforms of each protein? Does regulation
of lipid and iron metabolism by the p53 family contribute
to common diseases associated with these processes, such
as diabetes or anemia? Finally, can the p53 family proteins
themselves, or the pathways regulated by the p53 family, be
manipulated to ameliorate the effect of lipid or iron dysregulation
on pathogenesis of diabetes and other diseases? A comprehensive
understanding of how the p53 family mediates lipid and iron
metabolism will likely provide an insight into the pathways that
drive various human diseases.
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P73, a p53 family member, undergoes alternative splicing at the 3’ end to produce mul-
tiple isoforms, but their expression and activity are largely unknown. Thus, CRISPR
was used to knock out exon 12 (E12) in human cancer cell lines and mice, leading to
isoform switch from p73a to isoform p73al. We found that p73atl is naturally
expressed and induced by DNA damage. We also found that knockout of EZ2 sup-
presses cell growth and migration in H1299 and MIA PaCa-2 cells and promotes cellu-
lar senescence in mouse embryonic fibroblasts. Similarly, ectopic expression of p73al
suppresses cell proliferation, whereas knockdown of p73a1 restores the cell proliferative
and migratory capacities of E12”"" cells. Consistently, we found that E127"" mice are
not prone to spontancous tumors. Instead, £72*"" mice are prone to systemic inflam-
mation and exhibit elevated TNFa expression in inflamed tissues. Moreover, we found
that Notch1, a master regulator of the inflammatory response, is regulated by p73al
and highly expressed in E12"" cells and inflamed 12" mouse tissues. Furthermore,
through knockdown of p73al and/or Notchl in E127" cells, we found that Notchl
is necessary for p73a1-mediated growth suppression. Together, these data suggest that
p73al plays a critical role in tumor suppression and the inflammatory response via
Notchl.

p53 family | p73 | p73 C-terminal isoforms | Notch1 pathway | tumor suppressor

p53 is a master transcriptional regulator and plays an integral role in tumor suppression.
This feat is achieved through the ability of p53 to tightly regulate a multitude of activities,
such as the cell cycle and apoptosis, in response to various genomic stressors (1). Over
two decades ago, two homologs of 753 were discovered, and termed 7P63 (2-4) and
TP73 (5, 6). These three proteins, better known as the p53 family, exhibit significant
homology in their transactivation domain (TAD), DNA-binding domain (DBD), and
oligomerization domain (OD). The discovery of p73 fueled efforts to determine whether
this protein has similar functions to that of p53. Total p73-knockout (p73-KO) mice
were not prone to spontaneous tumors but rather had major developmental abnormalities
(7). p73-KO mice exhibited reproductive impairments due to pheromone-sensing defects
(7) and profound neurological malformations due to abrogated p73 signaling in
Cajal-Retzius cells (7-9). These mice also displayed signs of chronic inflammation and
infection in the respiratory tract, which were later explained by the indispensable role for
p73 in regulating muldiciliogenesis of airway epithelia (10, 11).

TP73 is expressed as two N-terminal isoforms through the use of two promoters. Pro-
moter 1 gives rise to the TA (transactivation) isoforms that contain the conventional
TAD (12), and Promoter 2 produces the N-terminally truncated AN isoforms (7). While
ANp73 was originally thought to be transcriptionally inactive, it was later found to con-
tain a group of amino acids in the N terminus that function as a unique TAD (13).
Specific TAp73- or ANp73-KO mouse models revealed that the N terminus of p73 is
important for regulating tumor suppression and oncogenesis. Like p53-KO mice,
TAp73-KO mice were prone to spontaneous tumors (14), indicating that TAp73 func-
tions as a tumor suppressor. As such, TAp73 was found to induce cell cycle arrest and
apoptosis through p21 (15) and PUMA (16), two common p53 targets. Moreover,
TAp73 was shown to maintain genome stability through the Bub family proteins (17).
On the other hand, ANp73-KO mice exhibited neurological defects but were not prone
to spontaneous tumors (18). Later studies demonstrated that ANp73 functions as an
oncogene by forming hetero-oligomers with TAp73 and wild-type (WT) p53 to inhibit
their transactivation function (19). Furthermore, ANp73 was shown to promote metasta-
sis and invasion (20) and is up-regulated in a variety of cancers (19, 21, 22).

While the p73 N-terminal isoforms are well studied, the C-terminal isoforms remain
largely unexplored. Alternative pre-messenger RNA (mRNA) splicing of exons 11
through 13 gives rise to seven known C-terminal isoforms (o, B, v, 8, €, {, n) (7, 23,
24). Notably, the TAD, DBD, and OD are not conrained in exons 11, 12, or 13, but
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Significance

p73is expressed as multiple
C-terminal isoforms, but their
expression and activity are largely
unknown. Here, we identified
p73a1 as a p73 C-terminal isoform
that results from exon 12 (E72)
exclusion. We showed that £712
deficiency in mice leads to
systemic inflammation but not
spontaneous tumors. We also
showed that Notch1 is regulated
by p73a1 and plays a critical role
in p73-dependent tumor
suppression and systemic
inflammation.
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Fig. 1. Isoform switch from p73a to p73al inhibits cell growth and migra-

tion in H1299 cells. (A) Schematic representation of TP73 F12 exclusion that
leads to isoform switch from p73a to p73al. (B) The level of p73a, p73al,
and HPRT1 transcripts was measured in isogenic control and £72°/~ H1299
cells. (C) The level of TAp73«, TAp73a1, and actin proteins was measured in
isogenic control and £127~ H1299 cells treated with (+) or without (—)
0.25 pM DOX. (D) The level of p73al and HPRTI transcripts was measured
in H1299, HCT116, MCF7, and RKO cells treated with (+) or without (-)
0.25 pM DOX. (£) The level of p73a, p73al, and HPRTT transcripts was mea-
sured in normal human and tumor prostate tissues. (F) Colony formation
assay was performed with isogenic control, TAp73~/~, ANp73~~, and
F1277~ H1299 cells. (G) Quantification of colony formation assay shown in F
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overexpression analyses showed that the C terminus modulates
p73 transcriptional activity (25). Studies suggest the differential
transactivation strengths are attributed to the presence of the
sterile alpha motif (SAM) (26-28) and C-inhibitory domain
(TID) (29) in exons 12 through 14. These domains are present
only in full-length p73a, although a few shorter isoforms con-
tain truncated versions of the SAM and/or TID. In normal tis-
sues, p73a and p73P are ubiquitously expressed, but p73a is
the predominant isoform (26, 27). The other isoforms appear
to have a more tissue-specific expression pattern (26, 27).
Recently, it was discovered that p73a is necessary for proper
hippocampal development in mice, and a loss of p73a produces
a neurodegenerative phenotype that is highly similar to the one
observed in p73-KO mice (28). On the other hand, the same
group showed that an isoform switch from p73a to p73p did not
impair mu]ticiliogcncsis in airway epithcl.ia (30), suggesting that
some C-terminal isoforms have overlapping functions. While p73
is rarely mutated in cancer, overexpression is common (31-34).
Interestingly, cancers with p73 overexpression exhibit a shift in
isoform expression, from p73a to the less abundant isoforms
(35). However, the function of these C-terminal isoforms in
tumor suppression or oncogenesis remains uncertain.

To explore the implication of the p73 C-terminal isoforms
in cancer, we generated exon 12 knockout (E12-KO) cancer
cell lines and an E12-deficient mouse model. Loss of E12 leads
to the expression of two isoforms, namely, p73ual and p73p1,
from p73a and p73p, respectively. Because p73a is overwhelm-
ingly the major isoform, we focused on characterizing the func-
ton of p73al. We found that p73al is expressed in multiple
cancer cell lines and normal human and tumor prostate tissue.
We also found that E12-KO leads to decreased cell prolifera-
tion and migration in H1299 and MIA PaCa-2 cells but
increased cellular senescence in E/2-deficient mouse embryonic
fibroblasts (MEFs) and mouse tissues. Moreover, we found that
Exon 12~ (E12Z*") mice were prone to systemic inflamma-
tion but not spontaneous tumors. Furthermore, we found that
Notchl is highly expressed in E12-KO cells and inflamed
E127 mouse tissues, regulated by p73al, and plays an impor-
tant role in p73a1-mediated growth suppression. Collectively, we
identify p73al as a naturally occurring isoform that plays a criti-
cal role in tumor suppression and the inflammatory response via
Notchl.

Results

Knockout of E12 Leads to Isoform Switch from p73a to p73a1,
Decreased Colony Formation and Cell Migration, and Increased
Cellular Senescence. To determine the biological function of
the p73 C-terminal isoforms, CRISPR was used to generate
multiple E12-KO H1299 and MIA PaCa-2 cell lines (Fig. 14
and SI Appendix, Fig. S1 A and B). Two E12-KO clones from
each cell line were chosen for subsequent experiments. DNA
sequencing (DNA-seq) showed a 105-nucleotide (nt) deletion
in intron 11 and 45-nt deletion in E12 in H1299 E12-KO
#15, and 105-nt deletion in intron 11 and 48-nt deletion in

using relative colony area. The relative colony area in isogenic control cells
was arbitrarily set as 1.0, Data are presented as the mean + SEM of three
independent experiments. One-way ANOVA was used to calculate P values.
*P < 0.05; ***P < 0.001; ****P < 0.0001. (H) Isogenic control, TAp73”’,
ANp73~/-, and E127/~ H1299 cells were used for scratch assays. Micro-
scopic images were taken immediately after scratch (0 h) and 24 h later to
monitor cell migration. Wound closure percentages were quantified and
presented below. Ctrl, control; Rel., relative.



EI2 in H1299 E12-KO #83. Thus, £12 would be excluded
due to the lack of the £12 splice acceptor site. RT-PCR showed
that p73a and a low level of p73al were detected in isogenic
control H1299 cells (Fig. 1B8). In contrast, p73a1, but not
P73, was detected in E12-KO H1299 cells (Fig. 15), suggest-
ing that the isoform switch from p73a to p73al was initiated
through the deletion of the splice acceptor site. Similarly,
knockout of E£72 in MIA PaCa-2 cells led to a p73a-to-p73al
isoform switch (SI Appendix, Fig. S2A). DNA-seq showed a
105-nt deletion in intron 11 and 45-nt deletion in £72 in both
E12-KO MIA PaCa-2 #47 and #61. To detect p73al protein
expression, isogenic control and E12-KO HI1299 cells were
treated with doxorubicin (DOX), which is known to enhance
p73 protein stability for easy detection (36). p73a was detected
in isogenic control cells and stabilized by DOX (Fig. 10).
However, p73al, but not p73a, was detected and stabilized by
DOX in E12-KO cells (Fig. 10).

Because aberrant splicing is a hallmark of cancer, we specu-
lated that p730t] would be expressed in tumors. To test this,
RT-PCR was used to specifically amplify p73al, which con-
tains a unique DNA sequence at the junction of E/7 and EI3
(SI Appendix, Fig. S2B). We found that various levels of p73a 1
were expressed in nine different tumor cell lines, including
H1299 and MIA PaCa-2 cells (Fig. 1D and SI Appendix, Fig.
$20). Additionally, we found that p73a! expression was
increased following DOX treatment in H1299, HCTI116,
MCEF7, and RKO cells (Fig. 1D), consistent with previous
studies in which p73 transcription was induced by DNA dam-
age (37, 38). Moreover, DNA-seq showed that the amplified
complementary DNA (¢cDNA) was indeed p73al. To confirm
these findings, H1299 and MCF?7 cells were treated with small
interfering RNA (siRNA) against p73a/ to specifically knock
down the p73al transcript (SI Appendix, Fig. S2E, Lef). We
found that upon treatment with si-p73al, the p73al transcript
was markedly decreased in these cells (87 Appendix, Fig. S2F).
These data indicate that the isoform p73cl is naturally
expressed in multiple cancer cell lines.

We then wanted to determine whether p73al is expressed in
normal human and tumor tissues. First, we analyzed p73a1
expression in normal and tumor prostate samples. We found
that p73a]l was present in both normal and tumor samples
(Fig. 1E and SI Appendix, Fig. S2D). Next, GTEx Portal was
used to analyze RNA sequencing (RNA-seq) data mapping to
TP73 in 54 different normal human tissues. Interestingly, it
appeared that £72 was not transcribed in amygdala tissue, sug-
gesting that TAp73al and/or ANp73al are highly expressed
in normal tissues in a tissue-dependent manner.

Given that p73al was detected in cancer cell lines, normal
tissues, and prostate tumors, we wanted to explore why a p73a-
to-p73al isoform switch might occur. First, RNA-seq was
performed to compare the gene expression pattern between iso-
genic control and E12-KO H1299 cells. We found that the
loss of £12]ed to down-regulation of numerous heterogeneous
nuclear ribonucleoprotein (hnRNP) genes, which are important
splicing factors (39) (87 Appendix, Fig. S3A). Second, we cross
interrogated our RNA-seq data with that of prostate cancer in
the The Cancer Genome Atlas (TCGA) database. We found
that SNRNP200, HNRNPL, and HNRNPAB were signifi-
cantly up-regulated in prostate tumors compared to normal
prostate tissue (S/ Appendix, Fig. S3B). SNRNP200 is associ-
ated with increased prostate cancer severity and metastasis (40),
and HNRNPL is critical for prostate cancer cell growth (41).
Third, the acceptor site at the junction of intron 11 and E12
for p73a expression was compared to the one at intron 12 and
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El3 for p73al expression. We found that the nucleotide
sequence in the beginning of £12 (GCCCCG) was completely
different from the one in the beginning of E13 (TTTTTT),
although the consensus AG nucleotides were conserved in introns
11 and 12 (87 Appendix, Fig. S3C). Fourth, we found that the
number and composition of intronic splicing enhancer motifs in
introns 11 and 12 were quite different. Enhancer motifs are
bound by splicing factors and dictate the outcome of alterative
splicing (42). Since some splicing factors are up- or down-
regulated in tumors, a p73a-to-p73al isoform switch is likely
induced by preferential usage of one acceptor site over the other.

To determine whether the p73a-to-p73al isoform switch
has an effect on growth suppression, colony formation and
wound healing assays were performed with E12-KO H1299
and MIA PaCa-2 cells along with the respective isogenic con-
trols, namely, TAp73-KO and ANp73-KO cells. We showed
that TAp73-KO promorted, whereas ANp73-KO inhibired, cell
growth and migration (Fig. 1 F=H and SI Appendix, Fig. S4
A-Q), consistent with previous observations that TAp73 is a
tumor suppressor and ANp73 is necessary for cell survival (14,
22). Interestingly, we found that E12-KO suppressed cell pro-
liferation and migration in both H1299 and MIA PaCa-2 cells
(Fig. 1 F~H and S Appendix, Fig. S4 A-C), suggesting that
p73a1 not only compensates for the loss of p73c but also may
have stronger growth-suppressive effects than p73a. To directly
demonstrate the growth-suppressive activity of p73al, we gen-
erated multiple H1299 cell lines that inducibly express
TAp73al under the control of a tetracycline-inducible pro-
moter (S/ Appendix, Fig. S4D). We showed that upon induc-
tion of TAp73al, cell proliferation was markedly decreased (87
Appendix, Fig. S4E).

To determine whether the loss of £12 in murine 77p73 leads
to a p73a-to-p73al isoform switch and subsequently inhibits cell
growth, CRISPR was used to generate an EI2-deficient mouse
model (S/ Appendix, Fig. S5 A and B and Table $3). By inter-
crossing E12Y" mice, a cohort of WT, E12%", and E12”" MEFs
were produced. We found that deletion of E12 led to an isoform
switch from p73a to p73al in mice (Fig. 24). We also found
that E12-deficicency in MEFs increased cellular senescence evi-
denced by an elevated expression of senescence-associated (SA)-
B-galactosidase and senescent markers (PML, p130, and p21)
(Fig. 2 Band ). Moreover, we showed that E12-KO suppressed
MEEF cell proliferation (Fig. 2D). We then examined the effect of
E12 deficiency on cellular senescence in vivo and found that the
loss of E12 led to an increased expression of senescent markers
p21 and p16 in liver and kidney tissues and increased SA-B-galac-
tosidase staining in kidney tissue as compared to age- and sex-
matched WT tissues (Fig. 2 E-G). These results indicate that the
p73a-to-p73al isoform switch and the accompanying growth-
suppressive effects are conserved between human and mouse.

p73a1 Is Responsible for Growth Suppression in E12-KO Cells.
To demonstrate whether the growth-suppressive effects by E12-
KO are due to p73al activity, si-p73al was designed and used
to specifically knock down p73al, whereas si-E11 #1 and #2
were designed and used to knock down both p73a and p73al
(SI Appendix, Fig. S2E). As expected, treatment with si-E11 #2,
but not si-p73al, led to a decreased expression of p73x in iso-
genic control H1299 cells (Fig. 3 A and B, Lefi column). Con-
sistently, cell viability and migration were increased in isogenic
control H1299 cells treated with si-E11 #2, but not si-p73al
(Fig. 3 C-H, Left column). We would like to note that the low
level of p73al in isogenic control H1299 cells was further
decreased by treatment with si-E11 #2 (Fig. 3B). We also
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Fig. 2. The loss of E12 in MEFs and mouse tissues leads to increased cellular
senescence. (A) The level of Trp73a, Trp73al, and Actb transcripts was mea-
sured in WT and £72*" MEFs. (B) SA-p-galactosidase staining was performed
with WT, £12*/, and E12~/~ MEFs. The percentage of SA-p-gal-positive cells was
shown in each panel. (C) The level of PML, p130, p21, and actin proteins was
measured in WT, E12*", and E12"/ MEFs. (D) Growth curves were performed
with WT and E12~/~ MEFs over 7 d. (E) The level of Trp73a, Trp73al, and Actb
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showed that p73a 1 was knocked down in E12-KO H1299 cells
upon treatment with either si-E11 #2 or si-p73al (Fig. 3 A
and B, Central and Right columns). Consistently, cell viability
and migration were restored in E12-KO H1299 cells upon
knockdown of p73a 1 (Fig. 3 C-H, Central and Right columns),
suggesting that p73al is responsible for the growth-suppressive
effect in E12-KO cells.

E12*/~ Mice Are Prone to Systemic Inflammation But Not
Spontaneous Tumors. To determine how the isoform switch
from })730( to [p73(xl alters p73 biological activity, a cohort of
E12Y~ EI2™", and Trp73+”7 mice were generated and moni-
tored throughout their lifespan. To reduce the number of
animals used, 55 WT and 26 Trp73+ " mice, which were gen-
erated and used for our earlier studies (S7 Appendix, Tables S1
and S2) (43, 44), were used as controls. All previously gener-
ated mice were of the same genetic background and housed in
the same facility as £12%"~ mice. Initial observations revealed
that £12°"" mice were runty and had a substantially shortened
lifespan (SI Appendix, Fig. S50). As such, E1Z""~ mice were
characterized to determine p73al activity.

We showed that like Trp73+ "~ mice, E1Z"" mice had a
shorter lifespan than WT mice (Fig. 44). However, unlike
Trp73"" mice, EIZ*"" mice were not prone to spontancous
tumors (Fig. 48). These findings were likely due in part to
increased p21 and pl6 expression and increased cellular senes-
cence in F12"" mice (Fig. 2 F and G). Previous studies have
found that a loss of 77p73 leads to systemic inflammation (7),
and our data yielded similar results wherein 779737 mice
exhibited inflammation in three or more organs as compared to
WT mice (SI Appendix, Fig. S6 A and B). Interestingly, E12"
mice had widespread systemic inflammation, as evidenced by a
majority of mice displaying inflammation in five or more organs
(Fig. 4 Cand D and ST Appmdix, Fig. S6C). Due to the preva-
lence of widespread systemic inflammation in the EIZ*~ cohort,
TNFa, a common proinflammatory cytokine, was measured and
compared in age- and sex-matched WT and E72* * liver and sal-
ivary gland tssues. We found that TNFo was significantdy
increased in F12%/ tissues compared to both WT and 7rp73" =
liver tissues (Fig. 4E and SI Appendix, Fig. S6F). Consistently,
TNFa expression was significantly increased in E12-KO H1299
cells (Fig. 4F). Additional abnormalities observed in £12° “~ mice
included splenic hyperplasia and extramedullary hematopoiesis
(EMH) (ST Appendix, Fig. S6 D and F). These data demonstrate
that a loss of one E12 allele in vivo leads to increased systemic
inflammation but decreased tumor formation, the latter of which
is consistent with the observation that E12-KO leads to growth
suppression (Figs. 1 and 2).

Notch1 Is a Target of p73a1 and Plays a Critical Role in p73a1-
Dependent Growth Suppression and Inflammation. To iden-
tify potential targets of p73al responsible for tumor suppression
and inflammation in E12-deficient mice, RNA-seq data were ana-
lyzed to compare the differential gene expression profiles between
isogenic control and E12-KO H1299 cells. Knockout of E12
was found to modulate multiple genes involved in cell growth

transcripts was measured in liver and kidney tissues from age- and sex-
matched WT and £72*~ mice (100 wk; Female). (F) gPCR was used to analyze
relative Cdkn1a (p21) and Cdkn2a (p16) expression in liver and kidney tissues
from age- and sex-matched WT and E12*~ mice (100 wk; Female). One-way
ANOVA was used to calculate P values. *P < 0.05; **P < 0.01; ****P < 0.0001.
(G) SA-p-galactosidase staining was performed with kidney tissues from age-
and sex-matched WT and £72*~ mice (100 wk; Female).
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Fig. 3. p73al inhibits cell growth and migration in 5124 ~ H1299 cells. (A and B) The level of p73a, p73a1, and HPRT1 transcripts was measured in isogenic
control and E712~/~ H1299 cells transiently transfected with (A and B) scrambled siRNA (Scr), (A) si-p73al, or (B) si-E11#2 for 3 d. (C and D) Cells were treated
asin A and used to perform a three-dimensional spheroid assay, followed by (C) microscopic images of spheroids and (D) measurement of cell viability using
CellTiter-Glo 2.0 kit. The relative cell viability in isogenic control cells was arbitrarily set as 1.0. Data are presented as the mean + SEM of three independent
experiments. One-way ANOVA was used to calculate P values, ***P < 0,001; ****P < (0,0001. (F and F) The experiments were performed the same as in
C and D except that si-E11#2 was used. One-way ANOVA was used to calculate P values, **P < 0.01. (G) Isogenic control and £12~ H1299 cells were tran-
siently transfected with Scr or si-p73a1 for 3 d and used for scratch assays. Microscopic images were taken immediately after scratch (0 h) and 18 h later to
monitor cell migration. Wound closure percentages were calculated and shown to the right. (H) The experiments were performed same as in G except that

si-E11#2 was used.
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Fig. 4. E12" mice are prone to systemic inflammation, but not spontaneous tumors. (4) Kaplan-Meier survival curves of WT (n = 56), Trp73™" (n = 27),
and E12*~ (n = 33) mice. Median survival time was 117 wk for WT mice, 86 wk for Trp73""’ mice, and 93.5 wk for E12*"~ mice. The log-rank test was used to
calculate P values. (8) Tumor spectra in WT, Trp73*/~, and E12*~ mice. The asterisk (*) indicates that found dead/hydrocephalus mice were excluded.
Fisher's exact test was used to calculate P values. DLBCL, diffuse large B cell lymphoma; T-LBL, T-lymphoblastic lymphoma; LM, lymphoma. (€) Representa-
tive images of hematoxylin and eosin-stained kidney, lung, and pancreas tissues from sex-matched WT and E72*~ mice. Arrows indicate the inflammation
site. (D) Proportion of WT, Trp73*, and E12*/~ mice with chronic inflammation in five or more organs. Fisher’s exact test was used to calculate P values. *P
< 0.05; ***P < 0.001. (E) qPCR was used to analyze relative Tnf (TNFa) expression in liver tissue from age- and sex-matched WT, Trp73+’", and E12* mice
(100 wk; Female). One-way ANOVA was used to calculate P values. **P < 0.01; ***P < 0.001; ****P < 0.0001. (F) gPCR was used to analyze relative
TNF (TNFa) expression in isogenic control, TAp?B”’, ANp73”‘, and F1277~ H1299 cell lines. One-way ANOVA was used to calculate P values. ***P < 0.001;
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(CDKNIA, PERP, MAP2K], and ERK) (SI Appendix, Fig. S7A)
and the inflammatory response (NF«xB2, ILIRI, SOCS3, and
NFKRIB) (SI Appendix, Fig. S7B). Notably, we found that E12-
KO led to up-regulaton of NOTCHI, along with its ligands
(JAGI and JAG2) and targets (HESI and HEYI) (SI Appendix,
Fig. S7 A and B). Since Notchl is known to mediate both cell
growth (45) and inflammation (46), the genes associated with the
Notchl pathway were chosen for further investigation.

Notchl, a transmembrane receptor, is cleaved at both the
extracellular and intracellular regions when bound to a ligand
(47). The Notchl Intracellular Domain (NICD) is then trans-
located to the nucleus where it cooperates with transcription
factor CSL to regulate gene expression (47). To confirm the
RNA-seq data, NOTCHI and HESI mRNAs were measured
and shown to be highly induced in E12-KO H1299 and MIA
PaCa-2 cells compared to TAp73-KO cells and, to a lesser
extent, isogenic control cells (Fig. 54 and ST Appendix, Fig.
S8A). This suggests that Notchl can be induced by TAp73al,
and to a lesser extent by TAp73a (SI Appendix, Fig. S8C). We
would like to note that NOTCH! and HESI mRNAs were
slightly induced in ANp73-KO cells (Fig. 54 and SI Appendix,
Fig. S8A). Since ANp73 is known to suppress TAp73 activity
through hetero-oligomerization (19), a loss of ANp73 would
increase TAp73 transcriptional activity, leading to an increased
expression of NOTCHI and HES!. Similarly, we found that
Notchl NTM (transmembrane/intracellular region), NICD,
and Hesl proteins were increased in E12-KO H1299 and MIA
PaCa-2 cells (Fig. 5B and ST Appendix, Fig. S8B). To validate
that p73al was responsible for Notchl induction, NOTCHI
and HESI mRNAs were measured in EI127" cells wherein
p73al was knocked down by siRNA. We found that knock-
down of p73al led to a decreased expression of NOTCH1 and
HES! (Fig. 50).

Previous studies showed that the NOTCHI promoter contains
a putative p53-response element (p53-RE) (48, 49). Since p73 is
known to bind p53-RE to regulate its target gene expression, a
chromatin immunoprecipitation (ChIP) assay was performed and
showed that the NOTCHI promoter DNA fragment was detected
in anti-TAp73 immunoprecipitates from both isogenic control
and E12-KO H1299 cells (Fig. 5D). These results suggest that
like p53, both TAp73a and TAp73al are capable of binding to
the Notchl promoter to regulate its expression. To determine
whether the induction of Notch1 is correlated with inflammation
in E1Z7~ mouse tissues, the levels of Notchl and Hes] mRNAs
were measured and found to be significantly up-regulated in
inflamed E12"" liver, salivary gland, and spleen tissues compared
to age- and sex-matched WT counterparts (Fig. 5 £~G and S/
Appendix, Fig. S8D). These findings suggest that the isoform
switch from p730 to p73cl leads to an increased expression of
Notchl, thus contributing to the widespread systemic inflamma-
tion in E72" mice.

In addition to promoting the inflammatory response,
Notchl is a context-dependent tumor suppressor (45). Thus,
p73al might activate Notchl to induce growth suppression,
making EIZ7 mice less tamor prone. To test this, colony for-
mation and wound healing assays were performed with isogenic
control and E12-KO HI1299 cells in which Notchl was
knocked down by siRNA (Fig. 6A4). As expected, knockdown
of Notchl had litde if any effect on cell proliferation and
migration in isogenic control cells (Fig. 68 and S/ Appmdix,
Fig. §9), suggesting that knockdown of a low basal level of
NICD would not have a measurable effect on cell growth.
In contrast, we found that knockdown of Notchl restored
cell proliferation and migration in E12-KO cells (Fig. 68 and
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SI Appendix, Fig. §9). To confirm that Notchl is necessary for
p73al-mediated tumor suppression, p73al was knocked down
alone or together with Notch1 in E12-KO cells (Fig. 6 C and
D). We showed that knockdown of p73al or Notchl led to
increased cell proliferation, which was not significantly further
increased by a combined knockdown of p73al and Notchl in
E12-KO H1299 cells (Fig. 6E). Taken together, these data pro-
vide evidence that Notchl plays a role in p73al-dependent
tumor suppression.

Discussion

p73a is the most abundant p73 isoform in human/mouse tis-
sues and primarily responsible for p73-associated phenotypes.
TAp73a is widely recognized as a tumor suppressor, as demon-
strated by p73- and TAp73-KO mouse models. The complete
and partial loss of p73 in mice is associated with increased
tumor formation (44, 50-52). Consistently, TAp73-KO, but
not ANp73-KO, mice are prone to genomic instability and
spontaneous tumors (14, 18). Moreover, a loss of p73 is associ-
ated with tumor dissemination and transformation in multiple
types of cancer (53-57). A recent study showed that isoform
switch from p73a to p73f leads to profound neurological
defects, but its effect on tumorigenesis was not analyzed (28).
In the present study, we showed that isoform switch from
p73a to p73al does not increase tumor formation, suggesting
that TAp73al compensates for the loss of TAp73a and there-
fore functions as a tumor suppressor. Moreover, we speculate
that p73al has a stronger transactivation activity than p73a
due to differences at the extreme C terminus. p73a has a rela-
tively low transactivation potential (25) and is the only isoform
that contains both inhibitory domains SAM (58-60) and TID
(29). SAM and TID can block the binding of coactivators
p300/CBP to p73 TAD, therefore attenuating the transactiva-
tion potential of p73at (29). These data indicate that despite its
relatively low abundance, TAp73al has a strong transactivation
potential and plays an important role in p73-dependent tumor
suppression.

It is well defined that p73a regulates tumor suppression
through both common and distinct p53 family targets, such as
p21, PUMA, and HIE-la (15, 61, 62). Similarly, RNA-seq
analysis showed that p73al regulates several p53 family targets,
such as CDKNIA and PERP, suggesting that p73al has a simi-
lar mode of tumor suppression as other p53 family members.
However, since E12-deficient mice are prone to inflammation
but not spontaneous tumors, we speculated that a p73 rarget
may have a dual function in growth suppression and inflamma-
tion. Indeed, we found that Notchl, a master regulator of
inflammatory response, is induced by p73al in E12-KO cells
and E12-deficient mice (Fig. 5). Our data indicate that the
induction of Notch1/p21/p16 and cellular senescence by
p73al plays a role in mitigating the susceptibility of E72*"
mice to spontaneous tumors. This observation is consistent
with published studies that Notchl functions as a tumor sup-
pressor in a p53-dependent manner (48, 49, 63) by suppressing
oncogenic kinases (ROCK1/2 and MRCKa) (48) or Wnt signal-
ing (64, 65). Additionally, studies showed that normal levels of
Notchl are necessary for maintaining malignant tumor growth,
whereas overexpression of Notchl inhibits tumor progression
(66, 67). Moreover, Notchl is decreased in late-stage cervical
tumors, suggesting thar excessive Notch1 signaling impairs tumor
invasion and metastasis (68).

Mice deficient in total p73 or TAp73 are prone to chronic
inflammation (7, 44, 50-52). Whether or not mice deficient in
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Fig. 5. Notch1 is a direct target of p73a1 and highly expressed in inflamed £72*'~ mouse tissues. (4) The level of NOTCH1, HES1, and HPRT1 transcripts was
measured in isogenic control, TAp73™~, ANp73~/~, and E12~ H1299 cells. (Right) gPCR was used to analyze relative NOTCHT and HEST expression. One-way
ANOVA was used to calculate P values. **P < 0.01; ****P < 0.0001. (B) The level of TAp73«, Notch1 NTM, NICD, Hes1, and vinculin proteins was measured in
isogenic control, TAp73~~, ANp73~"", and E12~"~ H1299 cells. (C) The level of p73a, p73al, NOTCH1, HES1, and HPRT1 transcripts was measured in isogenic
control and E727/~ H1299 cells transiently transfected with Scr or si-E11#1 for 3 d. (Right) qPCR was used to analyze relative NOTCHT and HEST expression.
One-way ANOVA was used to calculate P values. ***P < 0.001; ****P < 0.0001. (D) ChIP analysis was performed with isogenic control and E72~ H1299 cells.
Cell lysates were immunoprecipitated with control IgG or anti-TAp73 overnight to bring down the DNA-protein immunocomplex, and the DNA fragments
were visualized by PCR with primers for NOTCH1, CDKN1A, and GAPDH promoters. (E) The levels of Notch1, Hes1, and Actb transcripts were measured in liver
tissue from age- and sex-matched WT and E72*~ mice (100 wk; Female). (Right) qPCR was used to analyze relative Notch1 and Hes1 expression. One-way
ANOVA was used to calculate P values. **P < 0.01; ***P < 0.001; ****P < 0,0001. (F) The level of Trp73a, Notch1, Hes1, and Actb transcripts was measured in
salivary gland tissue from age- and sex-matched WT and E72%~ mice (100 wk; Female). (Right) qPCR was used to analyze relative Notch1 and Hes1 expres-
sion. **P < 0.01; ***P < 0.001; ****P < 0.0001. One-way ANOVA was used to calculate P values. (G) The level of Trp73a, Trp73al, Notch1, Hes1, and Actb tran-
scripts was measured in spleen tissue from age- and sex-matched WT and E12* mice (100 wk; Male). (Right) qPCR was used to analyze relative Notch? and
Hes1 expression. One-way ANOVA was used to calculate P values. *P < 0.05; ***P < 0.001.
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Fig. 6. Notch1 is necessary for p73al-mediated growth suppression in H1299 cells. (4) The level of Notch1 NTM, NICD, and vinculin proteins was measured
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tion assay. (Right) Quantification of colony formation assay using relative colony area. The relative colony area in isogenic control cells treated with Scr was
arbitrarily set as 1.0. Data are presented as the mean + SEM of three independent experiments. One-way ANOVA was used to calculate P values. *P < 0.05;
**P < 0.01; ****P < 0.0001. (C) qPCR was used to analyze relative NOTCH1 expression in E12 /= H1299 cells transiently transfected with Scr, si-Notch1, or
si-p73a’1 and si-Notch1 for 3 d. One-way ANOVA was used to calculate P values. ****P < 0.0001. (D) The level of p73aT and HPRT1 transcripts was measured
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The relative colony area in E72~/~ cells treated with Scr was arbitrarily set as 1.0. Data are presented as the mean + SEM of three independent experiments.
One-way ANOVA was used to calculate P values. ***P < 0.001; ****P < 0.0001.

ANp73 or E13 (p73a to p73P isoform switch) are susceptible
to chronic inflammation has not been reported (18, 28, 30).
Here, we found that mice deficient in E12 are prone to multi-
organ inflammation along with an increased expression of
TNFo in inflamed tissues. Mechanistically, our studies revealed
three possible pathways by which p73al promotes systemic
inflammation. First, the RNA-seq analysis showed that E12-
KO leads to an induction of NOTCH1, its ligands (JAG! and
JAG2), and its targets (HESI! and HEYI). Previous studies
showed that JAGI and JAG2 are regulated by the p53 family
proteins (69, 70). Thus, induction of NOTCH! and its ligands
by p73al would amplify the potency of Notchl to promote
proinflammatory cytokine production (71), leading to systemic
inflammation. Second, we showed that MEFs and mouse tis-
sues deficient in E12 are prone to cellular senescence. Despite
their growth-arrested state, senescent cells are metabolically
active and secrete an array of proteins that constitute the
senescence-associated  secretory  phenotype  (SASP).  SASP
includes growth factors and cytokines, such as IL-1p, IL-6, and
IFN-y. Thus, increased cytokine production by senescent cells
may contribute to p73al-mediated inflammation. Third, our
RNA-seq analysis showed that E12-KO modulates several pro-
and anti-inflammatory pathways, including NF-kB and SOCS3
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(72, 73). While much work is needed to validate these RNA-
seq dara, it is likely that some of these alterations may directly,
or together with Notchl and SASP, promote p73al-dependent
systemic inflammation.

In summary, we identified p73al as a naturally expressed
C-terminal isoform. Despite its relatively low abundance,
p73al has a strong transactivation potential due to a lack of
C-terminal inhibitory domains and can compensate for the loss
of TAp73a in tumor suppression. We also revealed that p73al
regulates tumor suppression and the inflammatory response in
part through Notchl. Considering that the function of multi-
ple p73 C-terminal isoforms is unclear, exon exclusion by
CRISPR to induce isoform switch should be further explored
to determine how p73 exerts its activity in tumor suppression.

Materials and Methods

Reagents. Anti-Actin (catalog number [Cat#] sc-47778, 1:2,000), anti-p130
(Caté# s¢-374521, 1:3,000), anti-p21 (Cat# sc-53870, 1:3,000), anti-p130 (Caté
5¢-374521, 1:3,000), and anti-PML (Cat# s¢-377390, 1:3,000) were purchased
from Santa Cruz Biotechnology. Anti-TAp73 (Cat# A300-126A, 1:1,000) was pur-
chased from Bethyl Laboratories, Inc. Anti-HA (Cat# 901513, 1:2,000) was pur-
chased from BioLegend. Anti-Cleaved Notch1 (Caté 4741, 1:1,000), anti-Notch1



(Cat# 43807, 1:1,000), and anti-Hes1 (Cat# 11988S, 1:800) were purchased
from Cell Signaling Technology. WestemBright ECL HRP substrate (Cat# K-
12043-D20) was purchased from Advansta. Scrambled siRNA (5'-GGC CGA UUG
UCA AAU AAU U-3'), sip73a1 siRNA (5-ACC UGG GGC CCG UGG UUU-3'), siE11
siRNA#1 (5'-GCA CAG UUC GGC AGC UAC A-3'), siE11 siRNA#2 (5"-UCC UCU CGC
CCA UGA ACA A-3'), and siNotch1 siRNA (5'-ACA AAG AUA UGC AGA ACA A-3')
were purchased from Horizon Discovery Biosciences Limited. RNAMax (Cat#
13778150, Invitrogen), Protease Inhibitor Mixture (Cat# 78438), Magnetic Pro-
tein A/G beads (Cath 78609), RevertAid RT Reverse Transcription Kit (Caté
K1691), and DreamTaq DNA Polymerase (Cat# EP0702) were all purchased from
ThermoFisher. All reagents were used according to the manufacturer's protocol.

Plasmid Generation. The pSpCas9(BB)2A-Puro expression vector was gener-
ated by the Zhang Lab (74) and purchased from Addgene. To generate a vector
expressing a single guide RNA (sgRNA) that targets TAp73, ANp73, or £72, two
25-nt oligos were annealed and cloned into the pSpCas9(BB)-2A-Puro expression
vector via Bbsl. To generate the pcDNA4 vector expressing HA-tagged TAp73w1, a
620-bp <DNA fragment was amplified from H1299 12/~ cells and then used
to replace the C terminus of the previously generated HA-TAp7 3« vector (29) via
EcoRl and Xhol. All primer sequences were listed in SI Appendix, Table S4.

Cell Culture and Cell Line Generation. H1299 cells and their derivatives,
HCT116 cells, MCF7 cells, and RKO cells were cultured in Dulbecco's Modified
Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) (Gibco,
Catt A4766801). H1299, HCT116, MCF7, and RKO cell lines were purchased
from ATCG;tested negative for mycoplasma; and used at passage 20 or lower. We
did not authenticate the cell lines used in this study because ATCC has thoroughly
authenticated these cell lines. To generate TAp73~"~, ANp73 ", and F12~/~
cell lines using CRISPR/Cas9, H1299 cells were transfected with a pSpCas9(BB)-
2A-Puro vector expressing a sgRNA, and subsequently selected with puromycin
(0.66 uM) for 2 to 3 wk. Individual dones were picked ,and the appropriate
knockout cell lines were confirmed via Sanger DNA sequencing and/or Western
blot analysis. HATAp73ar inducible H1299 cell lines were generated previously
(75). To generate HA-TAp7 3o inducible H1299 cell lines, H1299 cells expressing
a tetracycline repressor were transfected with a pcDNA4-HA-TAp7 31 vector. Cells
were selected with zeocin (33 pM) for 2 to 3 wk, and individual clones were
picked and confirmed via Western blot analysis. To induce TAp73a or TAp73al
expression, 1 pM tetracydine was added to the media for 24 h.

Mouse Model Generation. WT and Tip73*'~ mice were generated as
described previously (53). The E12-KO strategy was outlined in SI Appendix, Fig.
S4A. E12-KO mice were generated by the Mouse Biology Program at University
of California Davis. All animals and use protocols were approved by University of
California Davis Institutional Animal Care and Use Committee. All genotyping
primers were listed in S/ Appendix, Table S5.

MEF Isolation. To generate WT, 12/, and E12~/~ MEFs, £12*/~ mice were
crosshred and MEFs were isolated from mouse embryos that were 12.5 to 13.5
d postcoitum, as described previously (76). MEFs were cultured in DMEM sup-
plemented with 10% FBS, 55puM p-mercaptoethanol, and 1x non-essential
amino acids (Gibco, Cat# 11140050).

Histological Analysis. Mouse tissue was fixed in 10% (wtivol) neutral buffered
formalin, processed, and embedded in paraffin blocks. Tissues blocks were
sectioned at 6 pm and stained with Modified Meyer's Hematoxylin (Richard Allan
Scientific, Cat# 22-110-639) and Eosin-Y (Richard Allan Scientific, Cat# 22-110-637).

RNA Isolation, RT-PCR, and qPCR. Total RNA was isolated with the TRIzol
reagent according to the manufacturer's manual, followed by (DNA synthesis
using RevertAid Reverse Transcriptase. The PCR program used for amplification
was 1) 94 °C for 5 min, 2) 94°C for 305, 3) 60 to 63°C for 30 s, 4) 72 °C for
30 s, and 5) 72°C for 10 min. Steps 2 to 4 were repeated for 25 cycles to
amplify ATCB, HPRT1, and GAPDH or 28 to 35 times to amplify other genes of
interest. For gPCR, PowerUp Syber Green Master Mix (Applied Biosystems, Cati
A25742) was used according to the manufacturer's protocol. All primers used for
RT-PCR and gPCR were listed in S/ Appendix, Table S5.

Western Blot Analysis. Western blot analysis was performed as previously
described (77). Briefly, the whole-cell lysate was harvested with 1x sodium
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dodecyl-sulfate (SDS) lysis buffer. Proteins were separated in a 8 to 10% SDS
polyacrylamide gel, transferred to a nitrocellulose membrane, and probed with
the indicated primary and secondary antibodies. The proteins were visualized by
enhanced chemiluminescence using VisionWorksLS software.

ChiP Assay. The ChiP assay was performed as previously described (78). Briefly,
chromatin was cross-linked in 1% formaldehyde in phosphate-buffered saline
(PBS). Chromatin lysates were sonicated to yield ~200- to 1,000-base pair DNA
fragments and immunoprecipitated with 1 pg of control IgG or anti-TAp73 anti-
body at 4 °C overnight. The protein-DNA immunocomplex was reverse cross-
linked and purified using ChIP DNA Clean & Concentrator (Cat# 50-44-363) from
Zymo Research. PCR was used to amplify the DNA fragments. Primers used for
ChIP assays were listed in SI Appendix, Table S5.

Colony Formation Assay. A total of 10° cells was seeded per well in a six-well
plate and cultured for 15 d. At the end point, cells were fixed by methanol/gla-
cial acetic acid (7:1, volivol) and then stained with 0.1% crystal violet solution.
Relative colony area was quantified using ColonyArea from ImageJ (79).

Spheroid Assay. Cells were resuspended in MammoCult (Cat# 05620) (Stem-
Cell) and mixed with Matrigel (Caté# 354234) (Corning) in a 3:4 ratio. A total
of 15 pl of cell/Matrigel mixture was plated in a ring-like shape in a well of
96-well plate and incubated at 37 °C for 20 min followed by the addition of
100 pl of MammoCult to the each well. At 72 h, cells were washed with PBS
and treated with 50 pL of Dispase (5 mg/mL) (Coming, Cat# 354235) at 37 °C
for 1.5 h. Cell viability was measured using the CellTiter-Glo 2.0 Cell Viability
Assay kit (Cat# G9241) (Promega) according to the manufacturer's protocol. The
assay was performed in triplicates to ensure proper statistical analyses.

Wound Healing Assay. Cells were seeded at a density of 4 x 10° in a b-well
plate and allowed to grow into monolayers. The monolayered cells were scraped
with a P2 micropipette tip and washed two times with PBS. Microscopic images
were taken at the indicated time points with phase contrast microscopy. Wound clo-
sure percentage was quantified using the ImageJ plugin MRI Wound Healing Tool.

Senescence Assay. The senescence assay was performed as described previ-
ously (80). Briefly, 5 x 10" primary MEFs at passage five were seeded in one
well of a 6-well plate for 24 h. Cells were washed with PBS, fixed with a solution
of 2% formaldehyde/0.2% glutaraldehyde for 15 min at room temperature, and
then incubated with an SA--galactosidase staining solution (1 mg/mL 5-bromo-
4-chloro-3-indolyl-B-d-galactopyranoside, 40 mm citric acid/sodium phosphate
[pH 6.0], 5 mm potassium ferrocyanide, 5 mm potassium ferricyanide, 150 mm
NaCl, and 2 mm MgCl,) at 37 °C overnight. The percentage of senescent cells
was calculated by dividing the number of SA--galactosidase-positive cells by the
total number of cells counted. For SA-B-galactosidase staining on tissue, fresh-
frozen tissue was embedded in Tissue Plus O.CT. (optimal cutting temperature)
Compound (Fisher Healthcare, Catt 23-730-571), cryo-sectioned at 10 pm,
stained according to the protocol mentioned above, and counter stained with
Nuclear Fast Red Solution (RICCA, Cat# R5463200-500A).

Growth Rate Determination. To determine the rate of cell growth, 5x10°
WT, F12*, and E12” MEFs were seeded in 60 mm diameter plates. At the time
points indicated, two plates were rinsed two times with PBS to remove dead cells
and debris. Live cells on the plates were trypsinized and collected separately.
Cells from each plate were counted four times with the Coulter cell counter. The
average number of cells from the plates was used to determine growth rate.

Statistical Analysis. The Log-rank test was used for Kaplan-Meier survival analy-
sis. Fisher's exact test was used to determine statistical significance for the propor-
tion of mice with inflammation, splenic hyperplasia, and EMH. One-way ANOVA
was used to determine statistical significance in colony formation and tumor sphere
assays and qPCR analysis. P < 0.05 was considered as statistically significant.

Data Availability. All study data are included in the article and/or SI Appendix.
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Fig. S1. p73 functional domains and gene structure.

(A) p73 functional domains. TAD1: Transactivation Domain 1.
TAD2: Transactivation Domain 2. PXXP: Proline-rich Domain.
DBD: DNA-Binding Domain. NLS: Nuclear Localization Signal.
OD: Oligomerization Domain. SAM: Sterile Alpha Motif. CID: C-
terminal Inhibitory Domain.

(B) Schematic representation of sgRNA #1 and #2 used to

generate £127~ cell lines.
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Fig. S2. Endogenous expression of p73al.
(A) The level of p73a, p73al, GAPDH, and HPRT] transcripts was measured in isogenic control and E127- MIA PaCa-2

cells.

(B) Schematic diagram of the reverse primer that specifically amplifies p73at1, but not p73c.

(C) The level of p73a transcript was measured in MIA PaCa-2, SK-N-AS, T98G, U373, H12975, and H1299 E127 cells.

(D) The level of p73a, p73a i, and HPRTI transcripts was measured in normal human and tumor prostate tissues.

(E) Diagram of the locations targeted by si-p73atl and si-E11 #1 and 2 and the effect on each p73 isoform. + : knockdown;

- 2 no effect.

(F) The level of p73 a7 and HPRT! transcripts was measured in H1299 and MCF7 cells transiently transfected with
Scrambled siRNA (Scr) or si-p73al for 3 days.
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Fig. S3. E12-KO differentially regulates splicing-associated genes.

(A) Heatmap of splicing-associated genes and their differential expression in isogenic control and E/ 27~ H1299 cells.

(B) RSEM values of SNRNP200, HNRNPL, and HNRNPAB in normal human and prostate cancer samples from GTEx and
TCGA databases, respectively. Data was analyzed using UCSC Xena Browser (TCGA Target GTEX).

(C) Diagram showing donor splice site (red) in intron 11 and the splice acceptor sites (purple) in introns 11 and 12.
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Fig. S4. p73al inhibits cell growth and migration.
(A) Colony formation assay was performed in isogenic control, 74p73, ANp73, and E127- MIA PaCa-2 cells.

(B) Quantification of colony formation assay shown in (A) using relative colony area. The relative colony area in isogenic
control cells was arbitrarily set as 1.0. Data are presented as the mean = SEM of three independent experiments. One-way
ANOVA was used to calculate p-values. * p < 0.05; ** p < 0.01; **** p < (.0001.

(C) Isogenic control, T4p73~~, ANp737, and E127 MIA PaCa-2 cells were used for scratch assays. Microscopic images were
taken immediately after scratch (0 hr) and 24 hr later to monitor cell migration. Wound closure percentages were calculated
and presented to the right.

(D) The level of TAp73al and actin proteins was examined in H1299 cells that were uninduced (UI) or induced (I) to express
TAp73al for 24 hr.

(E) Colony formation assay was performed with H1299 cells that were uninduced (UI) or induced (I) to express TAp73a.l for
24 hr. (Right) Quantification of colony formation assay by using relative colony area. The relative colony area in Ul cells was
arbitrarily set as 1.0. Data are presented as the mean + SEM of three independent experiments. Student’s t-test was used to
calculate p-values. * p <0.03.
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Fig. S5. Generation of E12-deficient mice.

(A) Schematic representation of 7rp73 gene structure and the
locations of sgRNA #1 and #2 used to generate £/2-deficient
mice.

(B) Genotype of WT and E12"/ mice.

(C) Image of WT and E127" littermates at 13 weeks of age.
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Fig. S6. E12" mice exhibit widespread systemic inflammation.
(A) Proportion of Trp73*" and E12" with inflammation in the indicated organs. Fisher’s exact
test was used to calculate p-values. ** p <0.01; *** p <0.001.

(B) Proportion of WT, Trp73"", and E12"" with inflammation in three or more organs. Fisher’s
exact test was used to calculate p-values. *** p < 0.001.

(C) Proportion of WT, T#p73*~, and E12%" with inflammation in four or more organs. Fisher’s
exact test was used to calculate p-values. * p <0.05; *** p < 0.001.

(D) Proportion of WT, Trp73*, and E12*" with splenic hyperplasia. Fisher’s exact test was
used to calculate p-values. *** p < 0.001.

(E) Proportion of WT, Trp73*~, and E12" with EMH. Fisher’s exact test was used to calculate
p-values. * p < 0.05; ** p<0.01; *** p <0.001.

(F) gPCR was used to quantify relative Trf expression in salivary gland tissue from age- and sex-
matched WT and E/2" mice (100 wks; F). One-way ANOVA was used to calculate p-values.
#Ep < 0.001.
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Fig. S7. E12-KO differentially regulates cancer- and
inflammation-associated genes.
(A) Heatmap of cancer-associated genes and their differential

expression in isogenic control and £ 127/ H1299 cells.

(B) Heatmap of inflammation-associated genes and their
differential expression in isogenic control and E127/- H1299 cells.
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Fig. S8. p73al regulates the Notchl pathway.

(A) The level of NOTCH1, HES1, and HPRT transcripts were
measured in isogenic control, TAp737, ANp737-, and E127- MIA
PaCa-2 cells.

(B) The level of TAp73, Notchl transmembrane/intracellular
region (NTM), Notchl intracellular domain (NICD), and actin
proteins was measured in isogenic control, TAp73”, ANp73”-, and
E127- MIA PaCa-2 cells.

(C) H1299 cells were transfected with HA-TAp73a or TAp73al
plasmids and then subjected to Western blot analysis to detect HA-
tagged p73, Notchl intracellular domain (NICD), and vinculin
proteins.

(D) The level of Notchl and Actb transcripts was measured in liver
and salivary gland tissue from age- and sex-matched WT and
E12% mice (78 wks; F).
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Fig. S9. p73al mediates Notch1 to inhibit cell migration in H1299 cells.

Isogenic control and E727- H1299 cells were transiently transfected with Scrambled siRNA (Scr) or
si-Notch1 for 3 days and used for scratch assays. Microscopic images were taken immediately after
scratch (0 hr) and 18 hr later to monitor cell migration. Wound closure percentages were quantified

and presented below.
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Table S1. Wild type (WT) mice (n=56) survival time, tumor spectrum, inflammation, and other abnormalities

ID Gender Survival (wks) Tumor [nflammation Other abnormalities
5 F 134 - - -

7 F 117 - - -

16 F 100 - - -

22 F 109 - - -

25 F 109 - - -

44 2 90 - - -

55 B 104 T-LBL - -

64 F 120 - - -

2 M 127 - - -

3 M 117 - Liver -

12 M 127 - - -

13 M 127 - - -

20 M 122 - - -

23 M 122 - - -

26 M 127 - Liver/Salivary gland -

34 M 124 DLBCL - -

37 M 134 - - -

62 M 128 - - -

45 M 133 - - -

49 M 117 - - -

50 M 113 T-LBL/ DLBCL - -

56 M 117 DLBCL - -

59 M 119 DLBCL - -

65 M 106 - - -

69 M 102 DLBCL - Spleenic hyperplasia
70 M 103 - - Thymic hyperplasia
71 M 90 - - -

1-24-2 M 83 - - Steatosis
2-15-2 E 140 Lymphoma - EMH in liver
2-19-6 M 132 - Pancreas EMH in Spleen
2-19-2 F 143 - - EMH in Spleen
3-11-3 M 129 - - -

3-28-5 F 85 - - EMH in spleen/Steatosis
3-9-7 M 129 - - -

5-12-3 F 99 Lymphoma - EMH in Spleen
7-9-9 F 116 - - -

8-2-6 M 120 - - -

10-24-7 F 130 - Pancreas EMH in spleen
10-26-6 F 129 Histiocytic sarcoma - EMH in spleen/liver
11-10-7 M 121 - - -

11-7-3 F 121 - - -

11-29-2 F 144 - - EMH in spleen/Steatosis
12-2-4 F 113 - - -

12-20-7 F 115 - - EMH in Spleen
11-9-6 F 96 DLBCL Skin -

1-19-1 F 86 - Skin -
11-10-15 F 105 - Skin/Pancreas -

12-25-6 M 111 - - Hepatocirrhosis
1-19-5 F 109 Lymphoma - -

7-22-4 M 86 - - -

7-22-7 M 126 - Kidney -

11 M 111 N/A Found dead

42 M 111 N/A Found dead

43 M 107 N/A Found dead

46 M 117 N/A Found dead

52 M 101 N/A Found dead

These mice were from published studies (Yang et al, 2017, PNAS, 114 (43) 11500-11505; Zhang et al, 2017, Genes & Dev, 31:1243-56)
T-LBL: Thymic lymphoblastic lymphoma; DLBCL: Diffuse large B-cell lymphoma; N/A: not applicable; EMH: Extramedullary hematopoiesis
5-14-1 (F, 105 wks), 11-29-6 (M, 110 wks), 12-10-1 (F, 80 wks)
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Table S2. Trp73“" mice (n=32) survival time, tumor spectrum, steatosis, inflammation, and other abnormalities

ID#  Gender SF\;'Vvli\s/';xl Tumor Steatosis Inflammation Other abnormalities
1-30-11 F 82 . - Liver/Salivary gland/Kidney/Pancreas SWPH/EMH
6-7-14 M 43 - - Liver/Lung/Kidney/Salivary gland/Skin SWPH/EMH/TH
9-23-1 F 77 Hepatoma - Liver/Pancreas/Kidney SWPH
12-14-3 F 46 - - Skin/Lung/Kidney/Liver/Salivary gland SWPH/EMH
5-27-14 M 65 - - Liver/Salivary gland SWPH/EMH
9-13-11 F 69 - - Liver/Salivary gland/Lung/Kidney SWPH/EMH
11-6-1 F 55 TLBCL = Liver/Kidney/Salivary gland/Pancreas/Lung ~ SWPH/EMH
5-3-5 F 105 - Y Kidney/Liver/Pancreas/Salivary gland SWPH/EMH/TH
11-6-5 F 88 DLBCL/Hemangioma Y Liver/Salivary gland SWPH/EMH/TH
5-13-2 M 117 - Y Liver/Salivary gland/Kidney SWPH/EMH/TH
11-13-1/5 M 99 - = Liver/Salivary gland -

10-13-12  F 89 Lymphoma a - -

11-5-7 F 102 DLBCL/Lymphoma = Kidney/Liver/Cecum SWPH

6-11-6 M 108 Lymphoma - Liver SWPH

10-3-11 F 99 = = Liver/Salivary gland/Lung SWPH/TH
10-22-4 F 86 Histiocytic sarcoma - Kidney/Salivary gland =

5-28-16 F 120 Lymphoma - = -

11-13-4 F 74 Lymphoma - - -

12-14-1 F 103 - - Liver/Pancreas/Salivary gland SWPH

1-25-4 F 94 DLBCL - - -

1-15-8 F 69 - - Liver/Kidney/Salivary gland SWPH
10-31-4 F 88 Lymphoma = Liver/Kidney/Lung/Salivary gland SRPH/EMH
11-6-4 F 62 Gastric Adenoma = Lung/Salivary gland/Liver/Kidney SRPH/EMH
9-165  F 76 - - Kidney/Liver/Salivary gland L - SN
6-22-4 F 80 - - Kidney/Lung/liver E&Z?I{E\l{il}local necrosis
4-19-1 F 102 = - Liver/Heart SWPH/FH
10-31-5 F 99 DLBCL Y Kidney/Lung/Salivary Gland -

1-2-5 M 7 - - Hydrocephalus
11-13-2 M 11 - - Hydrocephalus
10-9-2 M 101 N/A Found dead
2-10-3 M 57 N/A Found dead
3-10-3 M 108 N/A Found dead

These mice were from published studies (Zhang et al., 2019, PNAS, 116 (48) 24259-24267)

DLBCL: Diffuse large B-cell lymphoma; EMH: Extramedullary hematopoiesis; SWPH: Spleen white pulp hyperplasia; SRPH: Spleen red
pulp hyperplasia; TH: Thymic hyperplasia; LBCL: Large B-cell lymphoma; FH: Follicular hyperplasia
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Table S3. E]ZH' mice (n=33) survival time, tumor spectrum, steatosis, inflammation, and other abnormalities.

ID Sex SF“FE:;] Tumor  Steatosis Inflammation Abnc?rg::ities
9-.16-12 M 43.57 - = Salivary gland SWPH/EMH
4-14-1 F 78.86 - = Kidney/Lung/Liver/Stomach/Gl/Fat/Salivary gland EMH/SWPH
6-21-1 F 91.57 - " Liver EMH/SWPH/FH
9.18-3 F 80.14 DLBCL - Kidney/Salivary gland -

9.13-7 F 89.43 - - Kidney/Lung/Pancreas/Liver/Stomach/GI/Fat/Salivary gland EMH/FH
10-6-1 M 91.00 DLBCL - Salivary gland EMH/TH
9-13-6 F 95.86 AC - Kidney/Pancreas/Liver/Gl/Fat/Salivary gland EMH/SWPH
9-13-3 M 95.86 DLBCL . - EMH

4-7-9 F 67.43 DLBCL - - EMH

11-22-1 M 87.71 HCC - Kidney/Lung/Liver/Gl/Fat/Salivary gland -

10-17-6 M 95.86 - - Kidney/Lung/Pancreas/Liver/Gl/Fat/Salivary gland EMH/SWPH
4-14-4 F 126.71 - - Kidney/Lung/Pancreas/Gl/Fat/Salivary gland SWPH
11-22-5 M 95.00 - - Kidney/Lung/Pancreas/Liver/Stomach/Gl/Fat/Salivary gland EMH/SWPH
10-6-4 M 101.71 - - Kidney/Lung/Pancreas/Liver/Stomach/GI/Fat/Salivary gland EMH/SWPH
1-8-1 M 88.29 DLBCL = Kidney/Pancreas/Liver/Gl/Salivary gland EMH/SWPH
10-6-3 M 101.71 DLBCL & Kidney/Pancreas/Liver -

11-82 F - . Kidney/Lung/Pancreas/Liver/GI/Fat/Salivary gland EMH/SWPH/TH
4-7-8 M 131.57 - - Lung/Pancreas/Liver/Stomach/Gl/Fat/Salivary gland SWPH
9-13-5 F 108.86 - - Kidney/Lung/Pancreas/Liver/Gl/Salivary gland EMH/SWPH
8-25-2 F 123.57 DLBCL . Stomach/GI -

8-25-3 F 123.57 DLBCL - Kidney/Liver/Fat -

5-11-12 F 92.57 DLBCL - Kidney/Pancreas/Gl EMH
3.15-11 F 102.57  DLBCL . - EMH
3-15-7 M 110.71 - - Kidney/Lung/Pancreas/Liver/Stomach/GI/Fat/Salivary gland EMH/SWPH
353 F 40.86 - = Lung/Pancreas/Liver/Stomach/Gl/Fat/Salivary gland EMH/SWPH
15 F 57.57 - - Kidney/Lung/Pancreas/Liver/Gl/Salivary gland EMH/SWPH
1 46.86 = - Kidney/Salivary gland EMH/TH
7.283 F 94.43 - & Kidney/Heart/Lung/Pancreas/Liver/Fat/Salivary gland EMH/SWPH
7.28-5 F 94.71 = - Kidney/Heart/Lung/Pancreas/Liver/Salivary gland EMH/SWPH
7.28-8 F 94.43 - Y Kidney/Heart/Lung/Pancreas/Liver/Fat/Salivary gland EMH/SWPH
12-20-1 F 78 - Y Kidney/Heart/Lung/Pancreas/Liver/Fat/Salivary gland EMH/SWPH/TH
12-20-2 F 78 = = Kidney/Heart/Lung/Pancreas/Liver/Fat/Salivary gland EMH/SWPH
12-20-3 F 78 - - Kidney/Fat/Salivary gland EMH/SWPH

DLBCL: Diffuse large B-cell lym?homa; AC:
SWPH: Spleen white pulp hyperp
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Table S4. Primers used to generate expression vectors

Name Oligonucleotide Sequence
TAp73-sgRNA-1 Sense 5'-ACCGCTTCCCCACGCCGGCCTCCG-3
Antisense 5'-AAACCGGAGGCCGGCGTGGGGAAGC-3
TAp73-sgRNA-2 Sense 5'-CACCGTCAAACGTGGTGCCCCCATC-3
Antisense 5'-AAACGATGGGGGCACCACGTTTGAC-3
ANp73-sgRNA-1 Sense 5'-CACCGTACAGCATGGTAGGCGCCG-3
Antisense 5'-AAACCGGCGCCTACCATGCTGTAC-3
ANp73-sgRNA-2 Sense 5'-CACCGCGTCACACCTACCGTGGCG-3"
Antisense 5'-AAACCGCCACGGTAGGTGTGACGC-3'
p73-E12-gRNA-1 Sense 5'-CACCGCGTCACATCGCCAGGCCTT-3
Antisense 5'-AAACAAGGCCTGGCGATGTGACGC-3
p73-E12-gRNA-2 Sense 5'-CACCGCTGCTGCTCATCTCGCCGT-3
Antisense 5'-AAACACGGCGAGATGAGCAGCAGC-3"
HA-TAp73al Sense 5'-ACGGAATTCACCACCATCCTG-3
Antisense 5'-CTCGAGTTAAAAAACCACGGGCCCCAG-3
HA-TAp73p1 Sense 5'-ACGGAATTCACCACCATCCTG-3
Antisense 5'-CTCGAGCTAGAGCGGAGCAGCTGCTG-3'
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Table SS. Primers used for RT-PCR, qPCR, and ChIP

Name Oligonucleotide Sequence
TP73-all-isoforms Sense 5°-ACCGCTTCCCCACGCCGGCCTCCG-3’
(R Antisense 5"-AAACCGGAGGCCGGCGTGGGGAAGC-3'
TP73al (human) Sense 5'-CACCGTCAAACGTGGTGCCCCCATC-3
Antisense 5'-AAACGATGGGGGCACCACGTTTGAC-3

NOTCH] (human) Sense 5'-CACCGTACAGCATGGTAGGCGCCG-3'
Antisense 5'-AAACCGGCGCCTACCATGCTGTAC-3

HES] (human) Sense 5'-CACCGCGTCACACCTACCGTGGCG-3
Antisense 5'-AAACCGCCACGGTAGGTGTGACGC-3"

TNF (human) Sense 5'-ACCACCACTTCGAAACCTGG-3"
Antisense 5'-GGCCTAAGGTCCACTTGTGT-3

HPRTI (human) Sense 5" -CACCGCGTCACATCGCCAGGCCTT-3
Antisense 5’-AAACAAGGCCTGGCGATGTGACGC-3

GAPDH (human) Sense 5'-CACCGCTGCTGCTCATCTCGCCGT-3"
Antisense 5'-AAACACGGCGAGATGAGCAGCAGC-3

Tnf (mouse) Sense 5'-TGGCCTCCCTCTCATCAGTT-3"
Antisense 5'-ACAAGGTACAACCCATCGGC-3'

Cdknla (mouse) Sense 5'-CCCGTGGACAGTGAGCAGT-3"
Antisense 5 -CAGCAGGGCAGAGGAAGTA-3

Cdkn2a (mouse) Sense 5'-AGGTTCTTGGTCACTGTGAGG-3'
Antisense 5'-ACAACATGTTCACGAAAGCCAG-3

Actb (mouse) Sense 5-TCCATCATGAAGTGTGACGT-3
Antisense 5 -TGATCCACATCTGCTGGAAG-3

Notchl (mouse) Sense 5'-CAATCAGGGCACCTGTGAGCCCACAT-3"
Antisense 5'-TAGAGCGCTTGATTGGGTGCTTGCGC-3"

Notchl (mouse qPCR) Sense 5'-TGTGGCTTCCTTCTACTGCG-3'
Antisense 5 -CTTTGCCGTTGACAGGGTTG-3'

Trp730/ccl (mouse) Sense 5'-GTCAACAAACTGCCCTCCGTC-3'
Antisense 5'-CCTTGGGAAGTGAAGCACTCG-3

Hesl (mouse) Sense 5'-GAAGAGGCGAAGGGCAAGAATAAATG-3
Antisense 5'-CAGGAAGCGGGTCACCTCGTTC-3'

NOTCH-ChIP (human) | Sense 5'-TGACCGAGGAGCGTGTCGA-3*
Antisense 5'-AGAGTGGCCTAGCCGTGTGT-3

CDKNI1A-ChIP (human) | Sense 5'-GGTCTGCTACTGTGTCCTCC-3'
Antisense 5'-CATCTGAACAGAAATCCCAC-3

GAPDH-ChIP (human) | Sense 5'-AAAAGCGGGGAGAAAGTAGG-3
Antisense 5'-AAGAAGATGCGGCTGACTGT-3'
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Abstract: Altered lipid metabolism is a hallmark of cancer. p73, a p53 family member, regulates
cellular processes and is expressed as multiple isoforms. However, the role of p73 in regulating lipid
metabolism is not well-characterized. Previously, we found that loss of p73 exon 12 (E12) leads to an
isoform switch from p73« to p73«l, the latter of which has strong tumor suppressive activity. In this
study, comprehensive untargeted metabolomics was performed to determine whether p73«1 alters
lipid metabolism in non-small cell lung carcinoma cells. RNA-seq and molecular biology approaches
were combined to identify lipid metabolism genes altered upon loss of E12 and identify a direct target
of p73x1. We found that loss of E12 leads to decreased levels of phosphatidylcholines, and this was due
to decreased expression of genes involved in phosphatidylcholine synthesis. Additionally, we found
that E12-knockout cells had increased levels of phosphatidylcholines containing saturated fatty acids
(FAs) and decreased levels of phosphatidylcholines containing monounsaturated fatty acids (MUFAs).
We then found that p73a1 inhibits cancer cell viability through direct transcriptional suppression of
Stearoyl-CoA Desaturase-1 (SCD1), which converts saturated FAs to MUFAs. Finally, we showed that
p73al-mediated suppression of SCD1 leads to increased ratios of saturated FAs to MUFAs.

Keywords: p73 isoforms; the p53 family; Stearoyl-CoA Desaturase; lipid metabolism; Kennedy pathway

1. Introduction

Lipids are key building blocks in cells that are essential for membrane formation,
energy storage, and cell signaling. In particular, glycerophospholipids are the primary
component of cell membranes and are composed of a phosphate head group attached to a
diacylglycerol (DG) backbone and two fatty acids (FAs) [1]. There are multiple classes of
glycerophospholipids, but phosphatidylcholines (PCs) are the most abundant class within
eukaryotic cell membranes, contributing up to 50% of the total phospholipid content [2].
PC biosynthesis occurs through the Kennedy pathway (consisting of the CDP-choline and
CDP-ethanolamine branches), the Lands Cycle, or the phosphatidylethanolamine methyl-
transferase (PEMT) pathway [3-5]. The Kennedy pathway is initiated by intracellular
choline import via choline transporters (CTLs and CHTs), where choline is quickly con-
verted to phosphocholine (P-choline) by choline kinases in the cytosol [6]. P-choline is then
converted to CDP-choline by CDP-choline synthetase in the nucleus or cytosol. Finally, the
choline head group is linked to a DG backbone by choline /ethanolamine phosphotrans-
ferase to form PCs [3]. In the Lands Cycle, phospholipases cleave PCs to form lysophos-
phatidylcholines (LPCs) and FAs [7]. LPCs can then be converted back to PCs through
lysophospholipid acyltransferases. The PEMT pathway, occurring in the liver, methylates
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phosphatidylethanolamines (PEs), through the methyl donor S-adenosylmethionine, to
form PCs [8]. Various PC metabolites exist due to differences in fatty acyl chain length and
saturation [9].

Traditionally thought of as membrane lipids, the role of PCs in energy metabolism,
cell signaling, and lipoprotein transport is becoming more apparent [10].

Altered lipid metabolism has become a consequential hallmark of tumorigenesis [11].
Carcinogenic cells can increase lipid synthesis and/or uptake to sustain their rapidly divid-
ing state [12]. Evidence shows that increased levels of PCs and other choline-containing
metabolites are associated with oncogenesis [13]. Cancer cells maintain high levels of PC
synthesis through increased choline import and the formation of PC intermediates [14-16].
An abundance of PCs and choline-containing metabolites confers cancer cell survival in
metabolically demanding conditions [17]. PCs can also be modified to form signaling
lipids, such as arachidonic acid, phosphatidic acid, and DGs. These signaling lipids ac-
tivate a myriad of oncogenic pathways to promote tumorigenesis [18,19]. For example,
phosphatidic acid activates the mTOR pathway to inhibit apoptosis and promote cancer
cell survival [20]. Similarly, arachidonic acid and its derivatives have been shown to pro-
mote angiogenesis, and tumor cell proliferation and invasion [21]. As such, altered PC
metabolism is undoubtedly critical for driving tumorigenesis.

p73, a member of the p53 family of tumor suppressors, is a transcription factor and
regulates many cellular processes [22,23]. The p73 gene structure affords the formation
of multiple isoforms with varying functions. The N-terminal isoforms arise from two
promoters, denoted P1 and P2, located upstream of exon 1 and in intron 3, respectively [24].
Transcription initiation from the P1 promoter leads to the expression of TAp73 isoforms [24],
which have a tumor suppressive function similar to that of p53 [25-28]. Conversely, the
P2 promoter produces ANp73 isoforms [29] that promote cell survival and can function as
oncoproteins [30-32]. At the 3’ end, alternative splicing of exons 11, 12 and 13 gives rise to
several known C-terminal isoforms [29,33,34]. p73e is the major isoform expressed in most
human and mouse tissues and the most well-studied [35,36]. Previously, we found that
exclusion of exon 12 (E12) leads to an isoform switch from p73« to a novel isoform that we
termed p73«1 [37]. We found that p73«1 was endogenously expressed in multiple cancer
cell lines, as well as normal and cancerous human prostate tissues [37]. Additionally, we
found that p73«1 inhibits cancer cell viability in vitro, and mice deficient in E12 are not
prone to spontaneous tumors [37]. To further investigate the biological function of p73«1,
we wanted to explore whether p73«1 regulates lipid metabolism.

In the present study, we investigated the effect of p73al expression on the lipidome
in non-small cell lung carcinoma (H1299) cells, which do not express p53. We found that
loss of E12 leads to decreased levels of PCs, PEs, and their derivatives. RNA-seq analysis
showed that E12-knockout (E12-KO) cells had decreased expression of several enzymes
involved in PC and PE synthesis, but choline import appeared unchanged. Furthermore,
we found that loss of E12 led to increased levels of PCs containing saturated FAs and
decreased levels of PCs containing mono-unsaturated FAs (MUFAs). We then discovered
that p73«cl directly inhibits Stearoyl-CoA Desaturase-1 (SCD1) expression, which converts
saturated FAs to MUFAs. Finally, we found that p73al-mediated suppression of SCD1
inhibits cancer cell viability and leads to an increased ratio of saturated FAs to MUFAs.

2. Materials and Methods
2.1. Cell Culture and Cell Line Generation

H1299 cells (non-small cell lung carcinoma, ATCC; Manassas, VA, USA; Cat#
CRL-5803) were cultured in DMEM (Gibco; Waltham, MA, USA; Cat# 12100-61) sup-
plemented with 10% FBS (Gibco; Waltham, MA, USA; Cat# A4766801) and Antibiotic-
Antimycotic solution (Gibco; Waltham, MA, USA; Cat# 15240-062). H1299 cell lines tested
negative for mycoplasma and were used at passage 20 or lower. E 12/~ H1299 cell lines
were generated as described previously [37].
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2.2. Plasmid Generation

pSpCas9(BB)-2A-Puro expression vector was generated by the Zhang Lab [38] and
purchased from Addgene (Watertown, MA, USA; Cat# 48139). A vector expressing a single
guide RNA (sgRNA) that targeted E12 was generated by annealing two 25-nt oligos and
cloning the product into the pSpCas9(BB)-2A-Puro expression vector via Bbsl. All primer
sequences used to generate the corresponding expression vectors were listed in Table S1.

2.3. RNA Isolation and gPCR

Quick-RNA MiniPrep Kit (Zymo Research; Irvine, CA, USA; Cat# 11-327) was used to
isolate RNA according to the manufacturer’s protocol. RNA was then used for cDNA syn-
thesis using oligo dT (18) primer (Thermo Scientific; Waltham, MA, USA; Cat# FERS0123),
random hexamer primer (Thermo Scientific; Waltham, MA, USA; Cat# 50142), dNTP
(Cat# FERRO0181), RiboLock RNase Inhibitor (Thermo Scientific; Waltham, MA, USA; Cat#
EO0381), and RevertAid Reverse Transcriptase (Thermo Scientific; Waltham, MA, USA;
Cat# EP0441) according to the manufacturer’s protocol. The cDNA was used for gPCR
with PowerUp Sybr Green Master Mix (Applied Biosystems, Waltham, MA, USA; Cat#
A25742) according to the manufacturer’s protocol. All primers used for qPCR were listed
in Table S2.

2.4. Western Blot Analysis

Western blot analysis was performed as previously described [39]. Briefly, whole cell
lysates were harvested with 1x SDS lysis buffer [62.5 mM Tris-HCI pH 6.5, 10% glycerol
(Sigma; St. Louis, MO, USA; Cat# G5516-4L), 2% SDS, 0.71 M 2-mercaptoethanol (Acros
Organics; Waltham, MA, USA; Cat# 125470010), and 0.15 mm bromophenol blue (Fisher
Bioreagents; Waltham, MA, USA; Cat# BP115-25)] and boiled at 95 °C for 6 min. Proteins
were separated on polyacrylamide gel [10% acrylamide/bis-acrylamide (Sigma; St. Louis,
MO, USA; Cat# A3574-5L), 0.37 M Tris-HCI pH 8.8, 0.035% ammonium persulfate (VWR;
Radnor, PA, USA; Cat# 0486-100G), and 4.6 M TEMED (Acros Organics; Waltham, MA,
USA Cat# 138455000)], then transferred to 0.45 mM nitrocellulose membrane (Cytiva;
Marlborough, MA, USA; Cat# 10600002). Membranes were probed overnight at 4 °C
with the indicated primary antibodies: anti-CD92 (Santa Cruz Biotechnology; Dallas, TX,
USA; Cat# 517098), anti-GAPDH (Cell Signaling Technology; Danvers, MA, USA; Cat#
14C10), anti-Vinculin (Cell Signaling Technology; Danvers, MA, USA; Cat# E1E9V), anti-
CCTa (Cell Signaling Technology; Danvers, MA, USA; Cat# 69315), anti-SMPD4 (Novus
Biologicals; Littleton, CO, USA; Cat# NBP2-93253), anti-CEPT1 (Invitrogen; Waltham, MA,
USA; Cat# PA5-23876) anti-SCD1 (Abcam; Cambridge, United Kingdom; Cat# ab236868).
Membranes were then incubated at room temperature for 3 h with either anti-mouse
(Bio Rad; Hercules, CA, USA; Cat# 1705047) or anti-rabbit (Bio Rad; Hercules, CA, USA;
Cat# 1705046) HRP conjugated secondary antibodies. The proteins were visualized with
WesternBright ECL. HRP substrate (Advansta; San Jose, CA, USA; Cat# K-12043-D20).
VisionWorks®LS software was used to analyze the images.

2.5. ChIP Assay

ChIP assay was performed as previously described [40]. Briefly, chromatin was cross-
linked with 1% formaldehyde in phosphate-buffered saline (PBS) and added directly to
the media. Cells were lysed in 2 x modified RIPA buffer [0.1 M Tris-HCI, 2% NP-40 (USB;
Waltham, MA, USA; Cat# 19628), 0.5% deoxycholic acid (Fisher Bioreagents; Waltham,
MA, USA; Cat#f BP349-100), 2 mm EDTA (Fisher Bioreagents; Waltham, MA, USA; Cat#
BP120-1) with protease inhibitor cocktail (Thermo Scientific; Waltham, MA, USA; Cat#
78438). Chromatin lysates were sonicated to yield ~200-1000 base pair DNA fragments
and immunoprecipitated with 1 mg of control anti-IgG normal rabbit (EMD Millipore;
Burlington, MA, USA; Cat# NI101-100 mg) or anti-TAp73 (Bethyl Laboratories; Waltham,
MA, USA; Cat# A300-126A) and captured with protein A/G magnetic agarose beads
{Thermo Scientific; Waltham, MA, USA; Cat# 78609) at 4 °C overnight. The DNA-protein
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immunocomplexes were reverse cross-linked and purified using ChIP DNA Clean and
Concentrator (Zymo Research; Irvine, CA, USA; Cat# 50-44-363). The DNA fragments were
amplified with PCR using DreamTaq DNA polymerase (Thermo Scientific; Waltham, MA,
USA; Cat# FEREP(0713). The PCR program used for amplification was (1) 94 °C for 5 min,
(2) 94 °C for 30 s, (3) 60 °C for 30 s, (4) 72 °C for 30 s, and (5) 72 °C for 10 min. Steps 2—4
were repeated for 32 cycles to amplify GAPDH, 36 cycles to amplify SCD1, or 38 cycles to
amplify CDKN1A. Primers used for ChIP assay were listed in Table S2.

2.6. siRNA Knockdown

siRNA was purchased from Horizon Discovery Biosciences and resuspended in 5x
siRNA Buffer (Thermo Scientific; Waltham, MA, USA; Cat# B-002000-UB-100) to a final
concentration of 20 mM. 2 x 10° cells were plated in a 6-well plate. After 24 h, cells were
transfected using RNAi Max (Invitrogen; Waltham, MA, USA; Cat# 13778150) according to
the manufacturer’s protocol with the appropriate siRNA at the indicated concentrations:
scrambled siRNA (Scr) (5’-GGC CGA UUG UCA AAU AAU U-3') (90 nM), si-p73al (5'-
ACC UGG GGC CCG UGG UUU-3) (70 nM), or si-SCD1 (5-GAG AUA AGU UGG AGA
CGA UdTdT-'3) (20 nM). After 48 h, cells were trypsinized (VWR; Radnor, PA, USA; Cat#
0458-250G) and either seeded for RNA or protein collection, or for cell viability assay.

2.7. Cell Viability Assay

5 x 107 cells were plated in a 96-well plate. After 96 h, cell viability was measured
using CellTiter-Glo 2.0 Cell Viability Assay kit (Promega; Madison, WI, USA; Cat# G9241)
according to the manufacturer’s protocol. The assay was performed in triplicates to ensure
proper statistical analyses.

2.8. Metabolomics and Lipidomics

Lipidomics and metabolomics analysis was performed at the UC Davis West Coast
Metabolomics Center. Three million cells were collected into 2 mL Eppendorf tubes (Ep-
pendorf; Hamburg, Germany; Cat# 4036-3352). Samples were randomized and extracted
alongside one method blank and one bioreclamation sample per every 10 biological samples.
Samples were extracted using the modified Matyash Extraction [41]. 225 pL of ice-cold
methanol, with Avanti SPLASHone internal standards (Avanti Polar Lipids; Alabaster,
AL, USA; Cat# 330707) was added to each sample. Cells were homogenized for 90 s in
methanol with 2 mm stainless steel beads using an SPEX Geno/Grinder (SPEX SamplePrep;
Metuchen, NJ, USA). 750 uL. MTBE was added to the samples, vortex briefly, and then
mixed on an orbital shaker for 5 min at 4 °C. Next, 188 ul. water was added to the tubes,
vortexed, and then centrifuged for 3 min at 16k RPM. The top organic layer was collected
(two, 180 pL fractions) for lipidomics analysis, and the bottom polar fraction (two, 150 uL
fractions) was collected for metabolomics. All fractions were dried under vacuum using a
rotovap. Lipidomics analysis was performed by resuspending dried fractions in 100 pL
Methanol: Toluene (9:1) and analyzed using liquid chromatography (LC) high-resolution
mass spectrometry (Q Exactive HF MS/MS). LC conditions were carried out using a Van-
quish Focused UHPLC, Waters Acquity UPLC CSH C18 columns (100 mm x 2.1 mm,
1.7 um particle size) with mobile phase A consisting of 6:4 acetonitrile: water and mobile
phase B consisting of 9:1 isopropanol: water, both containing 10 mM ammonium formate
and 0.1% formic acid for positive ionization mode, and 10 mM ammonium formate for
negative ionization mode analysis. 3 and 5 puLs of pooled samples were injected for positive
and negative modes to equilibrate the column prior to analysis. Mobile phase gradient and
mass spectrometry parameters were identical, as described previously [42]. Metabolomics
was performed by GC-MS as previously described [43] and by high-resolution LC-MS/MS
as described previously [44].
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2.9. Statistical Analysis

Data are presented as mean + SEM. Significant difference between two groups was
assessed by one-tailed, unpaired Student’s f-test and comparisons between two or more
groups were assessed by one-way ANOVA with Benjamini and Hochberg FDR post-test
for multiple comparisons, when appropriate. Statistical analysis was performed with
GraphPad Prism 9. Statistical parameters can be found in the figure legends. ChemRICH
analysis was performed as previously described [45].

3. Results
3.1. Isoform Switch from p73x to p73a1 Alters the Metabolome in H1299 Cells

To determine the role of p73x1 in regulating lipid metabolism, untargeted metabolomic
and lipidomic analyses were performed in isogenic control and E12-KO clone #1 (E12~/~
#1) H1299 cell lines (Figure 1A). It is important to note that isogenic control cells express
mostly p73« and a small amount of p73x1, and E12-KO cells express p73al and no p73«
(Figure S1A) [37]. 734 lipids and 163 primary metabolites were identified through LC-
MS/MS and GC-MS analysis, respectively. Triacylglycerols (TGs), PCs, ether-linked PCs,
and PEs were among the classes with the highest lipid counts, and carbohydrates, amino
acids, and peptides had the highest primary metabolite counts (Figure 1B). Principal Com-
ponent Analysis showed the cell lines scattered in the first two principal components, with
tight clustering of the pooled quality control samples, indicating excellent analytical preci-
sion. The first principal component explains 51% of the total observed biological variance,
with the second principal component accounting for nearly 34% of the variance (Figure 1C).
Total lipid content was found to be significantly lower in E12-KO cells compared to isogenic
control cells (Figure S1B). Consistent with this, the volcano plot displayed a general trend of
metabolites and lipids being downregulated in E12-KO cells compared to isogenic control
cells (Figure 1D).

To identify class-level lipid changes associated with loss of E12, a chemical similarity
enrichment analysis (ChemRICH) plot was generated. Using general class-level classifica-
tions, the analysis showed that PCs and TGs were the two most significantly altered classes;
PCs were decreased, but TGs were increased in E12-KO cells, with a slightly mixed effect
for both. The mixed effect for PCs indicated that many of these lipids were decreased in
E12-KO cells, while some were increased, compared to isogenic control cells. Conversely,
the mixed effect in TGs indicated that most TG lipids were increased in E12-KO cells,
while some were decreased, compared to isogenic control cells (Figure 1E). To expand on
the broad class-level analysis, a heat map detailing all annotated lipids was generated
(Figure 1F). Loss of E12 led to a considerable decrease in overall FAs compared to isogenic
control cells (Figure 1F). Additionally, E12-KO cells exhibited decreased levels of PCs,
LPCs, and PEs compared to isogenic control cells (Figure 1F). On the other hand, E12-KO
cells elicited a substantial increase in TGs compared to isogenic control cells (Figure 1F).
Carnitines and bis(monoacylglycerol)phosphates were significantly decreased in E12-KO
cells compared to isogenic control cells, while ether-linked TGs exhibited the opposite
trend (Figure S1C). Phosphatidylglycerols, cardiolipins, sphingomyelins, ceramides, and
cholesterol esters were not altered between isogenic control and E12-KO cells (Figure S1D).
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Figure 1. Lipidome overview in isogenic control and E12-KO H1299 cells. (A). Schematic of lipidomic
and metabolomic analysis workflow in isogenic control and E12~/~ H1299 cells. (B). Class-level
overview of metabolites annotated by LC-MS/MS and GC-MS analysis in isogenic control and
E12 -/~ H1299 cells. 897 individual metabolites were identified using accurate mass and in-silico
libraries (top). Number of metabolites in each class are indicated in the parentheses (bottom). Classes
with less than 10 identified lipids or metabolites were grouped together and denoted “Other (lipids)”
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or “Other (primary metabolites)”. (C). Principal component analysis (PCA) of isogenic control,
E12-/~ H1299 cells and pooled quality control samples. (D). Volcano plot of isogenic control com-
pared to E12 7/~ H1299 cells. Up indicates lipids and metabolites higher in isogenic control cells.
(E). Chemical similar enrichment analysis (ChemRICH) of all lipids identified in isogenic control and
E12-/~ H1299 cells. Y-axis represents statistical significance assessed by Kolmogorov-Smirnov test
and node size represents total number of lipids per cluster. Classes with less than 10 identified lipids
were grouped together and denoted “Other”. TG: triacylglycerols; PC: phosphatidylcholines; CER: ce-
ramides; CL: cardiolipins; FA: fatty acids; DG: diacylglycerols; LPE: lysophosphatidylethanolamines;
LPC: lysophosphatidylcholines; PE: phosphatidylethanolamines; PI: phosphatidylinositols; PG: phos-
phatidylglycerols; PS: phosphatidylserines; SM: sphingomyelins. (F). Heatmap of all annotated
lipids clustered by class in isogenic control and E12~/~ H1299 cells. Color intensity indicates z-
score values of peak heights. CER: ceramides; CL: cardiolipins; DG: diacylglycerols; FA: fatty acids;
LPC: lysophosphatidylcholines; LPE: lysophosphatidylethanolamines; PC: phosphatidylcholines;
PE: phosphatidylethanolamines; PG: phosphatidylglycerols; PI: phosphatidylinositols; PS: phos-
phatidylserines; SM: sphingomyelins; TG: triacylglycerols.

3.2. Loss of E12 Leads to Specific Lipidome Changes in H1299 Cells

Lipidome changes between isogenic control and E12-KO cells were further investi-
gated. The top six upregulated (Figure 2A) and downregulated (Figure 2B) compounds
were analyzed to determine whether specific lipid classes or pathways were affected by the
loss of E12. The top six downregulated metabolites were all FAs; three MUFAs (FA 18:1,
FA 20:1, FA 26:1) all with fold changes of 0.10, two saturated FAs (FA 16:0, FA 24:0) with
fold changes of 0.20 and 0.25, and one poly-unsaturated FA (PUFA) (FA 24:4) with a fold
change of 0.14 (Figure 2A). TG species made up four of the top six upregulated metabolites,
consisting of three ether-linked TGs (TG-O 48:2, TG-O 54:1, TG-O 46:0) with fold changes
of 5, 5 and 10, respectively, and TG 42:0, with a fold change of 10 (Figure 2B). Two po-
lar metabolites, glycerol 3-phosphate and inosine-5-monophosphate with fold changes
of 14 and 10, were the other most upregulated metabolites. We hypothesized that the
accumulation of glycerol 3-phosphate in E12-KO cells was a result of decreased glyc-
erophospholipid levels, as shown in Figure 1F. Overall, these data indicate that loss of E12
alters the abundance of certain lipid classes and precursors.

To better understand lipid metabolism alterations in E12-KO cells, the general class-
level ChemRICH plot (Figure 1E) was delineated by saturation level (Figure 2C,D). Inter-
estingly, the mixed effect seen in PCs and TGs in Figure 1E was not observed when the
broad classes were stratified by saturation status. PCs containing PUFAs were significantly
dysregulated (FDR = 3.4 x 10%), where 70% of all PCs containing PUFAs were altered
(67 downregulated and 8 upregulated in E12-KO cells) (Figure 2D). On the other hand, PCs
containing MUFAs had a slightly mixed effect, with 9 out of 13 being lower in E12-KO
cells, and four out of 13 being higher in the E12-KO cells (Figure 2D). Interestingly, PCs
containing saturated FAs were significantly upregulated (FDR = 2.5 x 10%) in E12-KO cells,
with 90% being increased in E12-KO cells (Figure 2C,D). Overall, TGs of all saturation
levels were increased in E12-KO cells compared to isogenic control cells (Figure 2C). All TG
species containing saturated FAs and MUFAs were increased in E12-KO cells (Figure 2D).
While over 90% of TGs containing di-unsaturated fatty acids (DUFAs) and PUFAs were
increased in E12-KO cells, there were 4 individual species that were decreased in E12-KO
cells (Figure 2D). Similar trends were seen for other lipid classes; however, several classes—
ceramides, cardiolipins, sphingomyelins, and ether-linked PEs—-showed a mixed effect
(Figure 2D).
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Figure 2. Loss of E12 leads to lipidome changes in H1299 cells. A-B. (A) Top six downregulated
and (B) upregulated metabolites in E12 /~ compared to isogenic control 11299 cells. TG-O indi-
cates triacylglycerols with an ether bond. Statistical significance was determined using Student’s
t-test. Data are presented as mean + SEM. n = 3 independent experiments. * p < 0.05, ** p < 0.01,
#% 1 < 0,0001. (C). ChemRICH of all lipids identified in isogenic control and E12~/~ H1299 cells. Y-
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axis represents statistical significance assessed by Kolmogorov-Smirnov test and node size represents
total number of lipids per cluster. MUFA: mono-unsaturated fatty acids; DUFA: di-unsaturated
fatty acids; PUFA: poly-unsaturated fatty acids; Sat: saturated. (D). Lipid clusters with significant
alterations due to loss of E12 determined by ChemRICH analysis. A indicates number of lipids altered
in a cluster; 1 indicates number of increased lipids in E12~/~ compared to isogenic control H1299
cells; | indicates number of decreased lipids in E 12=/- compared to isogenic control H1299 cells;
FDR indicates false discovery rate; A/size shows the proportion of significantly altered lipids within
each class.

3.3. Kennedy Pathway Metabolites Are Altered upon Loss of E12 in H1299 Cells

As previously discussed, PCs are formed through the Kennedy pathway, the Lands
Cycle, or the PEMT pathway (Figure 3A). ChemRICH analyses indicated that the Kennedy
pathway was altered, so levels of PCs, LPCs, PEs, and lysophosphatidylethanclamines
(LPEs) were further analyzed. Loss of E12 led to a significant decrease in the four PC
synthesis lipids compared to isogenic control cells (Figure 3B,C). Levels of the PEMT
pathway methyl donor S-adenosylmethionine were more significantly increased in E12-KO
cells, compared to the product of this reaction, S-adenosylhomocysteine (Figure S2A). These
data suggest that the PEMT pathway might be inhibited by loss of E12, therefore leading to
decreased PC production. We then postulated that loss of E12 was altering the expression
of genes involved in PC synthesis, thus explaining the observed lipid changes. To test
this, previously generated RNA-seq data was analyzed and showed that several key genes
involved in PC synthesis were differentially expressed in E12-KO cells compared to isogenic
control cells (Figure 3D). mRNA and protein levels of several of these targets were then
confirmed via qPCR and Western blot analysis. CCT« (encoded by PCYT1A) and CEPT1,
two enzymes directly involved in PC synthesis, were significantly downregulated at the
mRNA level and markedly decreased at the protein level in E12-KO cells compared to
isogenic control cells (Figure 3E,F). Furthermore, SMPD4, which hydrolyzes sphingomyelin
to ceramide and P-choline (Figure 3A), exhibited the same trend at both the mRNA and
protein levels (Figure 3G). These data suggest that decreased PC levels in E12-KO cells are
partly attributed to decreased expression of enzymes involved in PC synthesis.

DGs are necessary for the final step of PC synthesis and are also converted to TGs through
the addition of acyl-CoA, which is catalyzed by diacylglycerol transferases (DGAT) [46]
(Figure 3A). Levels of DGs and FAs were found to be significantly decreased in E12-KO
cells, but TGs were significantly increased compared to isogenic control cells (Figure 3I).
FAs are stored primarily as TGs [47], so increased TGs in E12-KO cells might explain why
FAs are lower than in isogenic control cells. Moreover, the RNA-seq data showed that
DGAT1 and DGAT2 were upregulated in E12-KO cells (Figure 3D), suggesting that DGs
were shuttled more towards TG formation, rather than PC synthesis.

As previously mentioned, increased choline import is essential for tumor cells to
maintain high levels of PCs. Due to this, it was determined whether decreased choline
import was contributing to decreased PC levels in E12-KO cells. mRNA and protein levels
of a major choline importer, CTL1 (encoded by SL.C44A1), were analyzed and found to
be unchanged in E12-KO cells compared to isogenic control cells (Figure 3H). Next, LC-
MS/MS metabolomics was conducted to investigate intracellular choline and ethanolamine
levels, and both were found to be significantly increased in E12-KO cells compared to
isogenic control cells (Figure 3]). We hypothesize that the accumulation of choline and
ethanolamine in E12-KO cells resulted from the decreased flux of these metabolites through
the Kennedy pathway due to decreased expression of downstream genes, as discussed
above. Altogether, these findings indicate that loss of E12 leads to decreased PC levels due
to decreased expression of enzymes directly or indirectly involved in PC/PE synthesis, and
not due to decreased choline import.
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Figure 3. Kennedy pathway metabolites are altered upon knockout of E12 in H1299 cells. (A). Schematic
overview of the Kennedy pathway. CDP-DAG: CDP-diacylglycerol; PI: phosphatidylinositol; PG:
phosphatidylglycerol; CL: cardiolipin; PS: phosphatidylserine; Cho: choline; P-cho: phosphocholine,
(CDP-cho: cytidine diphosphate-choline; Etn: ethanolamine, P-Etn: phosphoethanolamine; CDP-Etn:
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cytidine diphosphate-ethanolamine; SM: sphingomyelin; CER: ceramide; DAG: diacylglycerol; TAG:
triacylglycerol; FA: fatty acid; CTL1: choline transporter-like protein 1. B,C). Relative abundance of
(B) phosphatidylcholines and lysophosphatidylcholines and (C) phosphatidylethanolamines and
lysophosphatidylethanolamines in isogenic control and E12~/~ H1299 cells. Statistical significance
was determined using Student’s t-test. (D). Heat map of differentially expressed genes identified
by RNA-seq analysis in isogenic control and E12-/~ H1299 cell lines. Color density indicating
z-score values was displayed below. (E-H). (Left) qPCR was used to quantify relative mRNA levels
of PCYT1A, CEPT1, SMPD4, and SLC44A1 in isogenic control and E12~/= H1299 cell lines. All
values were normalized to HPRT1 and are presented as relative to isogenic control (light green).
Statistical significance was determined using Student’s t-test. (Right) Western blot analysis was used
to determine CCTa, CEPT1, SMPD4, CTL1, and GAPDH protein levels in isogenic control and E12 /
H1299 cell lines. (L]J). Relative abundance of (I) diacylglycerols, fatty acids, and triacylglycerols, and
(E) choline and ethanolamine in isogenic control and E 12—/~ H1299 cells. Statistical significance was
determined using Student’s t-test. For B-C and E-J. Data presented as mean 4= SEM. n = 3 independent
experiments. * p < 0.05, ** p < 0.01, ** p < 0.001, **** p < 0.0001.

3.4. Loss of E12 Alters PC Chain Length and Saturation in H1299 Cells

Multiple studies show that increased FA chain length and desaturation are associated
with malignancy and tumorigenesis [48,49]. In this study, loss of E12 did not alter levels
of long-chain fatty acids (LCFAs), but levels of very long-chain fatty acids (VLCFAs) were
significantly decreased compared to isogenic control cells (Figure S2B). Consistent with
the data in Figure 2D, a deeper analysis of PC saturation showed that, when compared
to isogenic control cells, E12-KO cells had significantly higher levels of PCs containing
saturated FAs and lower levels of PCs containing MUFAs, DUFAs, and PUFAs (Figure 4A).
These findings suggest that loss of E12 leads to dysregulation of PC chain length and
saturation.
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Figure 4. p73al suppresses cell viability by directly inhibiting SCDI expression. (A). Relative
abundance of PC saturation level in isogenic control and E12~/~ H1299 cells. Statistical significance
was determined using Student’s t-test. (B). SCDI transcript counts in the indicated tumors (data
from TCGA) and the matched normal tissues (data from TCGA and GTEx) were analyzed via Gene
Expression Profiling Interactive Analysis (GEPIA; http://gepia.cancer-pku.cn /index.html; accessed
on 6 May 2022). T: tumor; N: matched normal tissue. (C). qPCR was used to quantify relative mRNA
levels of SCD1 in isogenic control and E12~/~ H1299 cell lines. All values were normalized to HPRT1
and are presented as relative to isogenic control (light green). Statistical significance was determined
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using one-way ANOVA. (D). Western blot analysis was used to determine SCD1 and GAPDH protein
levels in isogenic control and E12~/~ H1299 cell lines. (E). qPCR was used to quantify relative mRNA
levels of p73x1 in E12~/~ H1299 cells treated with scramble siRNA (Scr) or si-p73«1 for 48 h. All
values were normalized to HPRTT and are presented as relative to each Scr-treated cell line. Statistical
significance was determined using multiple Student’s f-tests comparing Scr to si-p73x1 treatment for
each cell line. (F). Cells were treated as in (C) and qPCR was used to quantify relative mRNA levels of
SCD1. All values were normalized to HPRTI and are presented as relative to each Scr-treated cell line.
Statistical significance was determined using multiple Student’s t-tests comparing Scr to si-p73al
treatment for each cell line. (G). Cells were treated as in (C) and Western blot analysis was used to
determine SCD1 and Vinculin protein levels. (H). Cells were treated as in (C) and cell viability of the
Scr-treated cell lines was determined using CellTiter-GLO. Cell viability for E12~/~ #1 and #2 (dark
purple) were presented as relative to isogenic control cells (light purple). Statistical significance was
determined using one-way ANOVA. (I). Cells were treated as in (C) and cell viability was determined
using CellTiter-GLO. Cell viability for isogenic control cells treated with si-p73c1 was presented as
relative to isogenic control Scr-treated cells. Cell viability for E12/~ #1 cells treated with si-p73acl
was presented as relative to E12~/~ #1 Scr-treated cells. Cell viability for E12—/~ #2 cells treated
with si-p73a1 was presented as relative to E12~/~ #2 Scr-treated cells. Statistical significance was
determined using multiple Student’s ¢-tests comparing Scr to si-p73«1 treatment for each cell line.
(J). Western blot analysis of SCD1 and Vinculin proteins in isogenic control and E12~/~ H1299 cell
lines treated with Scr or si-SCD1 for 48 h. (K). Cell viability was determined using CellTiter-GLO in
the isogenic control H1299 cell line treated with Scr, si-p731, si-SCD1, or si-p73x1 and si-SCD1 for 48
h. Cell viability for isogenic control cells treated with si-p73«1, si-SCD1, or si-p73x1 and si-SCD1 was
presented as relative to isogenic control Scr-treated cells. Statistical significance was determined using
one-way ANOVA. (L). Cell viability was determined using CellTiter-GLO in the E12/~ H1299 cell
line treated with Scr, si-p73x1, si-SCD1, or si-p73«l and si-SCD1 for 48 h. Cell viability for E12~/~
cells treated with si-p73al, si-SCD1, or si-p73«1 and si-SCD1 was presented as relative to E12~/—
Scr-treated cells. Statistical significance was determined using one-way ANOVA. (M). Diagram
of the putative p53-Response Elements (p53-RE) (orange) in the promoter of CDKN1A and SCD1.
Locations of the primers used to amplify the p53-RE in the promoters of CDKN1A and SCD1 are
indicated by the black arrows. Green arrows indicate transcription start site; E1 indicates exon 1.
(N). ChIP analysis was performed with isogenic control and E12~/~ H1299 cells. Cell lysates were
immunoprecipitated with anti-rabbit IgG or anti-TAp73 to bring down the DNA-protein complex.
DNA fragments were visualized by PCR with primers for SCD1, CDKN1A, and GAPDH promoters.
For (A,C,EFH,IKL). Data are presented as mean + SEM. n = 3 independent experiments. * p < 0.05,
*pi<0,01, #*p < 0,001, ** 5 < 0.0001.

3.5. p73a1 Suppresses Cancer Cell Viability by Directly Inhibiting SCD1 Expression
in H1299 Cells

The finding that loss of E12 led to increased saturated FAs and decreased MUFAs was
further explored given the importance of MUFAs in tumorigenesis. There are three human
desaturase enzymes (A5, A6 and A9) that are responsible for the formation of MUFAs,
DUEFAs, and PUFAs [50,51]. The rate-limiting step is the conversion of saturated FAs to
MUFAs, which is catalyzed by A9 desaturase, or SCD1 [52]. SCD1 primarily catalyzes
the formation of palmitoleic acid (FA 16:1) and oleic acid (FA 18:1) from palmitic acid
(FA 16:0) and stearic acid (18:0), respectively [53]. Oleic acid and palmitoleic acid are
the most abundant intracellular MUFAs and are necessary for the production of many
lipids [54]. Interestingly, increased SCD1 expression is highly implicated in a variety of
cancer types because of the tumorigenic properties of MUFAs [55-57]. Analysis of The
Cancer Genome Atlas and the Genotype-Tissue Expression databases showed that SCD1
transcript levels were significantly increased in 17 out of 31 tumor types compared to the
matched normal tissues (Figure 4B; Figure S3A,B). Previously, p53 was identified as a direct
suppressor of SCD1 expression [58], and it is known that p73 can bind to p53-response
elements to regulate target gene expression [59]. Given this, we hypothesized that p73ccl
directly inhibits SCDI expression, therefore suppressing cancer cell proliferation.
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To test this, SCD1 mRNA and protein levels were analyzed in isogenic control and E12-
KO H1299 cell lines. mRNA levels were significantly decreased, and protein levels were
considerably decreased in E12-KO cells compared to isogenic control cells (Figure 4C,D).
Next, p73a1-specific siRNA was used to determine whether p73a1 was responsible for the
observed decrease in SCD1 mRNA and protein levels (Figure 4E). Indeed, the data revealed
that knockdown of p73«1 in both isogenic control and E12-KO cells led to a significant
increase in SCDT mRNA levels, and a consistent increase at the protein level (Figure 4FG).
We then wanted to determine whether p73a1-mediated suppression of SCD1 expression
was contributing to the previously described tumor suppressive effects of p73wl. First, it
was reiterated that loss of E12 leads to decreased cell viability (Figure 4H), and that p73 a1
was responsible for the growth-suppressive effects (Figure 4I). Next, siRNA targeting p73«1
and SCD1 (Figure 4]) was used to determine whether p73«x1-mediated suppression of SCD1
inhibits cancer cell proliferation. In both isogenic control and E12-KO cells, knockdown
of SCD1, alone or with p73«1, led to a significant decrease in cell viability compared to
knockdown of only p73«1 (Figure 4K,L). Moreover, knockdown of p73«1 and SCD1 did
not elicit a significant difference in cell viability compared to knockdown of SCD1 alone
(Figure 4K,L), confirming that p73al-mediated suppression of SCD1 contributes to the
decreased cell viability in E12-KO cells.

To determine whether p73«1 was directly inhibiting SCD1 expression, a chromatin
immunoprecipitation (ChIP) assay was performed in isogenic control and E12-KO cell lines
(Figure 4M). The data showed that DNA fragments containing the putative p53-response
element in the SCD1 promoter were detected following immunoprecipitation with TAp73
antibody in both isogenic control and E12-KO cell lines (Figure 4N). Taken together, these
data identify SCD1 as a direct target of p73«1 and show that p73cl-mediated suppression
of SCD1 expression contributes to the tumor suppressive effects of p73«xl.

3.6. p73u1-Mediated Suppression of SCD1 Leads to an Increased Ratio of Stearic Acid to Oleic
Acid in H1299 Cells

As previously mentioned, palmitic acid and stearic acid are the major substrates for
SCD1, leading to the formation of palmitoleic acid and oleic acid, respectively (Figure 5A).
Due to the findings that p73«l directly suppresses SCD1 expression, it was determined
whether this affected the levels of these four lipids. E12-KO cells had significantly decreased
levels of these four FAs compared to isogenic control cells (Figure 5B,C). Next, the ratios
of saturated FAs to MUFAs were analyzed because a change in SCD1 expression and /or
activity would alter these ratios. Indeed, the data showed that the ratios of palmitic acid to
palmitoleic acid and stearic acid to oleic acid were significantly increased in E12-KO cells
compared to isogenic control cells (Figure 5D). Additionally, the ratios of saturated FAs to
MUFAs of varying chain lengths were analyzed, and 8 out of 9 were significantly increased
in E12-KO cells compared to isogenic control cells (Figure 5E).

To confirm that p73«1-mediated suppression of SCD1 expression leads to an increased
ratio of saturated FAs to MUFAs, lipidomic analysis was performed following knockdown
of p73«l or p73xl and SCD1. The ratio of stearic acid to oleic acid was significantly
decreased after knockdown of p73al, with a similar, albeit not significant, trend seen in the
ratio of palmitic acid to palmitoleic acid in E12-KO cells (Figure 5F). Following knockdown
of both p73«1 and SCD1 in E12-KO cells, there was a significant increase in the ratio of
stearic acid to oleic acid, but not in the ratio of palmitic acid to palmitoleic acid (Figure 5F).
A similar trend for both ratios was found in the isogenic control cells (Figure 5G). Taken
together, these data identify p73«1 as a transcriptional repressor of SCD1, which leads to
an increased ratio of stearic to oleic acid.
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Figure 5. p73a1-mediated suppression of SCD1 leads to an increased ratio of saturated FAs to MUFAs.
(A). Schematic representation of SCD1 enzymatic activity. (B,C). Relative abundance of (B) palmitic
acid and palmitoleic acid and (C) stearic acid and oleic acid in isogenic control and E12-/~ H1299
cells. Statistical significance was determined using Student’s t-test. (D). Ratio of (left) palmitic acid
to palmitoleic acid and (right) stearic acid to oleic acid in isogenic control and E12-/~ H1299 cells.
Statistical significance was determined using Student’s t-test. (E). Ratio of saturated FAs to MUFAs
for the indicated FA chain length in isogenic control (light blue) and E 12~/ (dark blue) H1299 cells.
Statistical significance was determined using multiple Student’s {-tests comparing isogenic control
and E12~/~ cell lines for each saturated/unsaturated FA pair. (F). Ratio of (left) palmitic acid to
palmitoleic acid and (right) stearic acid to oleic acid in 127/~ H1299 cells following treatment with
Scr, 5i-SCD1, or si-5CD1 and si-p73«1 for 48 h. Statistical significance was determined using one-way
ANOVA. (G). Ratio of (left) palmitic acid to palmitoleic acid and (right) stearic acid to oleic acid in
isogenic control H1299 cells treated with Scr, sip73«l, or sip73al and siSCD1 for 48 h. Statistical
significance was determined using one-way ANOVA. For B-G. Data are presented as mean + SEM.
1 = 3 independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001, *** p < 0.0001.
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4, Discussion

SCD1 promotes tumorigenesis through a decreased ratio of saturated FAs to MU-
FAs [55-57]. Phospholipids containing MUFAs are less susceptible to lipid peroxidation
than saturated FAs and PUFAs, therefore conferring resistance to ferroptosis [60,61]. More-
over, mass-spectrometry-based imaging showed that PCs containing MUFAs were more
abundant in cancerous tissues compared to matched normal tissues [62]. Conversely,
the accumulation of saturated FAs causes lipotoxicity, and in most cases cell death, by
promoting endoplasmic reticulum stress [63]. These findings support a mechanism for
how suppression of SCDT expression via p73x1 leads to decreased cancer cell viability in
E12-KO cells. In the present study, we found that p73a1-knockdown decreased the ratio of
stearic acid to oleic acid, while knockdown of both p73a1 and SCD1 reversed these effects.
Interestingly, the reversal following concurrent knockdown was not observed in the ratio
of palmitic acid to palmitoleic acid. One report noted that some cancer cells are able to
utilize A6 desaturase (FADS2) to produce cis-6-C16:1 (FA 16:1; sapienate) [64], which differs
from palmitoleic acid in the location of the double bond. By itself, FADS2 might be able to
compensate for the loss of SCD1, which is why the ratio of FA 16:0 to FA 16:1 is not increased
following SCD1 knockdown. However, we were unable to give detailed chemical analyses
of the possible FA 16:1-containing isomers because current metabolomics methods cannot
determine the location of double bonds in complex lipids. Such detailed analyses may
be possible in the future by adding ultraviolet photodissociation mass spectrometry [65],
chemical derivatization such as ozonolysis [66], or electron-activated dissociation mass
spectrometry [67].

Cancer cells are able to increase uptake and/or biosynthesis of FAs, allowing for
increased energy for various cellular processes, such as growth and proliferation [68].
In this study, we not only found that loss of E12 altered the ration of saturated FAs to
MUFAs, but we also showed that, overall, FA abundance was decreased upon E12-KO.
We hypothesize that decreased FA abundance in E12-KO cells could also be contributing
to the observed decrease in cell viability. Moreover, decreased abundance of FAs could
lead to decreased mitochondrial FA oxidation, which has been shown to be increased in
tumorigenic cells [68]. As such, it would be interesting to explore the relationship between
cancer cell viability and FA abundance and oxidation in E12-KO cells in future work.

In addition to the actual biochemical differences that we observed, we are also able
to interpret these changes with respect to the organelles that may be most likely involved.
The peroxisome is a key organelle involved in lipid metabolism, immunometabolism, and
cellular redox balance. It is the only organelle that catabolizes VLCFAs and branched-chain
FAs, and converts FAs and alcohols to ether-linked lipids. Our data showed that the loss
of E12 resulted in increased catabolism of VLCFAs, indicating alterations to peroxisomal
activity. Additional lines of evidence to support this notion are increased levels of ether-
linked TG lipids in E12-KO cells compared to isogenic control cells. Interestingly, phospho-
ether lipids did not show differences in abundance, in contrast with ether-linked TG
lipids. Such a phenomenon has not been reported before. Many studies have shown that
peroxisomal alterations contribute to cancer and inflammation. A link of peroxisomal
activity to cancer cell autophagy was previously shown by the impaired ability of CD8
+ T-cells to kill malignant cells that were associated with an accumulation of LCFAs and
VLCFAs within the tumor microenvironment [69]. Ether-linked lipids have also been shown
to be elevated in various tumors compared to control tissues, and show a linear relationship
with metastatic spread in breast, prostate, and lung cancers [68,70,71]. We previously
reported that E12*/~mice had increased immune cell infiltration and inflammation [37],
which may be explained by peroxisomal-derived inflammatory cytokines and metabolites
(prostaglandins, leukotrienes, thromboxanes) and immune cell activation through redox
homeostasis. Future research will examine the role of the peroxisome in relationship to
p73«1 to better understand tumor microenvironment and metabolism, and overall cancer
cell phenotypes.
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5. Conclusions

In this study, we identified a role for p73«1 in lipid metabolism through direct reg-
ulation of SCD1, which alters the ratio of saturated FAs to MUFAs and decreases cancer
cell viability. Taken together, our data indicate that p73 has a critical role in regulating
the metabolome and lipidome, which may contribute to oncogenesis, redox balance, and
immunometabolic signaling. As such, it would be of great interest to further investigate
how the various p73 isoforms alter biochemical pathways, thus influencing the tumor
microenvironment and cancer metabolism.
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Fig. S1. Loss of E12 alters the lipidome in H1299 cells.

A. TP73 diagram showing that loss of exon 12 leads to isoform switch from p73c to p73al.
Pink region indicates transactivation domain, blue region indicates DNA binding domain, and
orange region indicates oligomerization domain. P1: promoter 1; P2: promoter 2.

B. Relative abundance of total lipid content in isogenic control and £727- H1299 cells. Statistical
significance was determined using Student’s t-test.

C. Relative abundance of carnitines, bis(monoacylglycerol)phosphates, and triacylglycerol ethers
in isogenic control and £727 H1299 cells. Statistical significance was determined using
Student’s t-test.

D. Relative abundance of phosphatidylglycerols, cardiolipins, sphingomyelins, ceramides, and
cholesterol esters in isogenic control and £727- H1299 cells. Statistical significance was
determined using Student’s t-test.

For B-D. Data are presented as mean = SEM. n = 3 independent experiments. * p < 0.05, *** p <
0.001, **** p<0.0001.
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Fig. S2. Metabolites involved in PC synthesis are altered upon loss of E12.

A. Relative abundance of S-adenosylmethionine and S-adenosylhomocysteine in isogenic control
and £7277 H1299 cell lines. Statistical significance was determined using Student’s t-test.

B. Relative abundance of PCs containing (left) long-chain fatty acids (LCFAs) and (right) very
long-chain fatty acids (VLCFAs) in isogenic control and £727- H1299 cell lines. Statistical
significance was determined using Student’s t-test.

For A-B. Data presented as mean £+ SEM. n = 3 independent experiments. ** p <0.01, *** p <
0.001.
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Fig. S3. SCD1 transcript counts are increased in certain cancer types.

A-B. SCD1 transcript counts in the indicated tumors (data from TCGA) and the matched normal
tissues (data from TCGA and GTEx) were analyzed via Gene Expression Profiling Interactive
Analysis (GEPIA, http://gepia.cancer-pku.cn/index.html). *** p <0.001.
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Table S1. Primers used to generate expression vectors.

Name Oligonucleotide Sequence
p73-E12-gRNA-1- Sense 5-CACCGCGTCACATCGCCAGGCCTT-3
pRpCES(EE) Ak e Anfisense 5 _AAACAAGGCCTGGCGATGTGACGC-3'
p73-E12-gRNA-2- Sense 5-CACCGCTGCTGCTCATCTCGCCGT-3'
pEpCa(BB)-2AF g Antisense 5" AAACACGGCGAGATGAGCAGCAGC-3'
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Table S2. Primers used for qPCR and ChIP.

TP73al Sense 5'-CACCGTCAAACGTGGTGCCCCCATC-3"
Antisense | 5-AAACGATGGGGGCACCACGTTTGAC-3
SCD1 Sense 5'-CACTTGGGAGCCCTGTATGG-3"
Antisense | 5-TGAGCTCCTGCTGTTATGCC-3"
PCYTIA Sense 5-GAGTTGCAGCATGTGCCGA-3
Antisense | 5'-GCATTGACCTTGGCTGAACA-3’
CEPTI Sense 5'-GGCAGTGATTGGAGGACCAC-3"
Antisense | 5-TGCCAACACCACCTGTGAAG-3
SMPD4 Sense 5'-GACTCCCAGCCCCGGTGT-3"
Antisense | 5'-CCACTCGGAACACCATGAG-3
SLC44A1 Sense 5'-GCAGAGCTCCAAACGAGAA-3
Antisense | 5-AGCCACAAATAAATCCCATCCC-3
HPRTI Sense 5'-CACCGCGTCACATCGCCAGGCCTT-3
Antisense | 5’-AAACAAGGCCTGGCGATGTGACGC-3"
SCD1-ChIP Sense 5'-TGCAGGGGTTTTTCGGAGTTT-3"
Antisense | 5'-TGAACGCCCTATTCCAGCCTTA-3"
CDKNIA-ChIP | Sense 5-GGTCTGCTACTGTGTCCTCC-3
Antisense | 5-CATCTGAACAGAAATCCCAC-3
GAPDH-ChIP | Sense 5'-AAAAGCGGGGAGAAAGTAGG-3"
Antisense | 5'-AAGAAGATGCGGCTGACTGT-3"
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