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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 p73α to p73α1, the latter of which has strong tumor suppressive activity. In this
study, comprehensive untargeted metabolomics was performed to determine whether p73α1 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 p73α1. 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 p73α1 inhibits cancer cell viability through direct transcriptional suppression of
Stearoyl-CoA Desaturase-1 (SCD1), which converts saturated FAs to MUFAs. Finally, we showed that
p73α1-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 ∆Np73 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]. p73α 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 p73α to a novel isoform that we
termed p73α1 [37]. We found that p73α1 was endogenously expressed in multiple cancer
cell lines, as well as normal and cancerous human prostate tissues [37]. Additionally, we
found that p73α1 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 p73α1,
we wanted to explore whether p73α1 regulates lipid metabolism.

In the present study, we investigated the effect of p73α1 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 p73α1 directly inhibits Stearoyl-CoA Desaturase-1 (SCD1) expression, which converts
saturated FAs to MUFAs. Finally, we found that p73α1-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. E12−/− 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 BbsI. All primer
sequences used to generate the corresponding expression vectors were listed in Table S1.

2.3. RNA Isolation and qPCR

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# FERSO123),
random hexamer primer (Thermo Scientific; Waltham, MA, USA; Cat# SO142), dNTP
(Cat# FERR0181), 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 qPCR
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 1× SDS lysis buffer [62.5 mM Tris-HCl 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-HCl 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# 6931S), 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×modified RIPA buffer [0.1 M Tris-HCl, 2% NP-40 (USB;
Waltham, MA, USA; Cat# 19628), 0.5% deoxycholic acid (Fisher Bioreagents; Waltham,
MA, USA; Cat# 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# NI01-100 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# FEREP0713). 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 5×
siRNA Buffer (Thermo Scientific; Waltham, MA, USA; Cat# B-002000-UB-100) to a final
concentration of 20 mM. 2 × 105 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-p73α1 (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 × 103 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 µL 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 µL MTBE was added to the samples, vortex briefly, and then
mixed on an orbital shaker for 5 min at 4 ◦C. Next, 188 µL water was added to the tubes,
vortexed, and then centrifuged for 3 min at 16k RPM. The top organic layer was collected
(two, 180 µL fractions) for lipidomics analysis, and the bottom polar fraction (two, 150 µL
fractions) was collected for metabolomics. All fractions were dried under vacuum using a
rotovap. Lipidomics analysis was performed by resuspending dried fractions in 100 µL
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 × 2.1 mm,
1.7 µm 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 µLs 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 t-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 p73α to p73α1 Alters the Metabolome in H1299 Cells

To determine the role of p73α1 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 p73α and a small amount of p73α1, and E12-KO cells express p73α1 and no p73α
(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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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 li-
braries (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 (li-
pids)” or “Other (primary metabolites)”. (C). Principal component analysis (PCA) of isogenic con-
trol, E12−/− H1299 cells and pooled quality control samples. (D). Volcano plot of isogenic control 

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)”



Cells 2022, 11, 2516 7 of 20

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−/− 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 × 1045), 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 × 108) 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 H1299 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,
**** p < 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. ∆ indicates number of lipids altered
in a cluster; ↑ indicates number of increased lipids in E12−/− compared to isogenic control H1299
cells; ↓ indicates number of decreased lipids in E12−/− compared to isogenic control H1299 cells;
FDR indicates false discovery rate; ∆/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 lysophosphatidylethanolamines
(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. CCTα (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 SLC44A1), 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 3J). 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,
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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. (I,J). Relative abundance of (I) diacylglycerols, fatty acids, and triacylglycerols, and
(E) choline and ethanolamine in isogenic control and E12−/− H1299 cells. Statistical significance was
determined using Student’s t-test. For B-C and E-J. Data presented as mean± 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. p73α1 suppresses cell viability by directly inhibiting SCD1 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). 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; 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

http://gepia.cancer-pku.cn/index.html
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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 p73α1 in E12−/− H1299 cells treated with scramble siRNA (Scr) or si-p73α1 for 48 h. All
values were normalized to HPRT1 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-p73α1 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 HPRT1 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-p73α1
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-p73α1 was presented as
relative to isogenic control Scr-treated cells. Cell viability for E12−/− #1 cells treated with si-p73α1
was presented as relative to E12−/− #1 Scr-treated cells. Cell viability for E12−/− #2 cells treated
with si-p73α1 was presented as relative to E12−/− #2 Scr-treated cells. Statistical significance was
determined using multiple Student’s t-tests comparing Scr to si-p73α1 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-p73α1, si-SCD1, or si-p73α1 and si-SCD1 for 48
h. Cell viability for isogenic control cells treated with si-p73α1, si-SCD1, or si-p73α1 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-p73α1, si-SCD1, or si-p73α1 and si-SCD1 for 48 h. Cell viability for E12−/−

cells treated with si-p73α1, si-SCD1, or si-p73α1 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,E,F,H,I,K,L). Data are presented as mean ± SEM. n = 3 independent experiments. * p < 0.05,
** p < 0.01, *** p < 0.001, **** p < 0.0001.

3.5. p73α1 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 (∆5, ∆6 and ∆9) that are responsible for the formation of MUFAs,
DUFAs, and PUFAs [50,51]. The rate-limiting step is the conversion of saturated FAs to
MUFAs, which is catalyzed by ∆9 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 p73α1
directly inhibits SCD1 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, p73α1-specific siRNA was used to determine whether p73α1 was responsible for the
observed decrease in SCD1 mRNA and protein levels (Figure 4E). Indeed, the data revealed
that knockdown of p73α1 in both isogenic control and E12-KO cells led to a significant
increase in SCD1 mRNA levels, and a consistent increase at the protein level (Figure 4F,G).
We then wanted to determine whether p73α1-mediated suppression of SCD1 expression
was contributing to the previously described tumor suppressive effects of p73α1. First, it
was reiterated that loss of E12 leads to decreased cell viability (Figure 4H), and that p73α1
was responsible for the growth-suppressive effects (Figure 4I). Next, siRNA targeting p73α1
and SCD1 (Figure 4J) was used to determine whether p73α1-mediated suppression of SCD1
inhibits cancer cell proliferation. In both isogenic control and E12-KO cells, knockdown
of SCD1, alone or with p73α1, led to a significant decrease in cell viability compared to
knockdown of only p73α1 (Figure 4K,L). Moreover, knockdown of p73α1 and SCD1 did
not elicit a significant difference in cell viability compared to knockdown of SCD1 alone
(Figure 4K,L), confirming that p73α1-mediated suppression of SCD1 contributes to the
decreased cell viability in E12-KO cells.

To determine whether p73α1 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 p73α1 and show that p73α1-mediated suppression
of SCD1 expression contributes to the tumor suppressive effects of p73α1.

3.6. p73α1-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 p73α1 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 p73α1-mediated suppression of SCD1 expression leads to an increased
ratio of saturated FAs to MUFAs, lipidomic analysis was performed following knockdown
of p73α1 or p73α1 and SCD1. The ratio of stearic acid to oleic acid was significantly
decreased after knockdown of p73α1, 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 p73α1 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 p73α1 as a transcriptional repressor of SCD1, which leads to
an increased ratio of stearic to oleic acid.
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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 E12−/− (dark blue) 
H1299 cells. Statistical significance was determined using multiple Student’s T-tests comparing iso-
genic 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 E12−/− H1299 cells following treatment 
with Scr, si-SCD1, or si-SCD1 and si-p73α1 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, sip73α1, or sip73α1 and siSCD1 for 48 h. Sta-
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Figure 5. p73α1-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 E12−/− (dark blue) H1299 cells.
Statistical significance was determined using multiple Student’s t-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 E12−/− H1299 cells following treatment with
Scr, si-SCD1, or si-SCD1 and si-p73α1 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, sip73α1, or sip73α1 and siSCD1 for 48 h. Statistical
significance was determined using one-way ANOVA. For B-G. Data are presented as mean ± SEM.
n = 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 SCD1 expression via p73α1 leads to decreased cancer cell viability in
E12-KO cells. In the present study, we found that p73α1-knockdown decreased the ratio of
stearic acid to oleic acid, while knockdown of both p73α1 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 ∆6 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
p73α1 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 p73α1 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.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cells11162516/s1, Figure S1: Loss of E12 alters the lipidome
in H1299 cells; Figure S2: Metabolites involved in PC synthesis are altered upon loss of E12;
Figure S3: SCD1 transcript counts are increased in certain cancer types; Table S1: Primers used
to generate expression vectors; Table S2: Primers used for qPCR and ChIP.
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