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TAp63γ is the primary isoform of TP63 for tumor suppression
but not development
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TP63 is expressed as TAp63 and ΔNp63 from the P1 and P2 promoters, respectively. While TAp63 and ΔNp63 are expressed as three
TAp63α/β/γ and ΔNp63α/β/γ due to alternative splicing, only p63α (TA and ΔN) and p63γ (TA and ΔN) proteins are found to be
detectable and likely to be responsible for p63-dependent activity. Previous studies implied and/or demonstrated that TAp63α,
which contains an N-terminal activation domain conserved in p53, functions as a tumor suppressor by regulating an array of genes
for growth suppression. By contrast, ΔNp63α, which also contains an N-terminal activation domain but is different from that in
TAp63, regulates a unique set of genes and functions as a master regulator for development of epidermis and other stratified
epithelial tissues. However, the biological function of p63γ is largely unexplored. To explore this, we generated a mouse model in
that exon 10’, a coding exon specific for p63γ, was deleted by CRISPR-cas9. We showed that mice deficient in p63γ are viable and
futile, which is different from mice deficient in total TP63 or p63α. Like TAp63-deficient mice, p63γ-deficient mice have a short
lifespan and are prone to spontanenous tumors. Additionally, loss of p63γ shortens the lifespan of tumor-free mice potentially via
increased cellular senescence. Moreover, mice deficient in p63γ are prone to chronic inflammation in multiple organs and liver
steatosis potentially via altered lipid metabolism. Single-cell RNA-seq revealed that loss of p63γ increases the expression of SCD1, a
rate-limiting enzyme for synthesis of monounsaturated fatty acids, leading to altered lipid homeostasis. Together, our data indicate
that TP63γ is the primary isoform of TP63 for tumor suppression but not development by maintaining normal inflammatory
response and lipid homeostasis.
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INTRODUCTION
The p63 gene is expressed as TAp63 from the P1 promoter and
as ΔNp63 from the P2 promoter (Fig. 1A). Through alternative
splicing and transcriptional termination, at least three TA and
three ΔN isoforms (α−γ are expressed and can be detected by
RT-PCR in some tissues [1–3]. TAp63 contains an N-terminal
activation domain conserved in p53 (Fig. 1B) and functions as a
tumor suppressor by regulating an array of genes for growth
suppression [4–6]. ΔNp63 also contains an N-terminal activation
domain, which is different from the activation domain in TAp63,
regulates a unique set of genes and functions as a master
regulator for development of epidermis and other stratified
epithelial tissues [7–9]. Among the C-terminal isoforms, TAp63α
and TAp63γ share identical activation domain (AD), proline-rich
domain (PRD), DNA-binding domain (DBD), and tetramerization
domain (TD) (Fig. 1B). However, TAp63α has 231 unique amino
acids in its C-terminus, which contains the C-terminal inhibitory
domain, including the sterile alpha motif (Fig. 1B). TAp63γ has
38 unique amino acids with unknown activities (Fig. 1B). Studies
showed that these unique C-terminal sequences can confer
activities specific to TAp63α and TAp63γ by regulating a
different set of targets [10–13].

Lipids represent a complex group of biomolecules, including
cholesterol and cholesterol esters (CEs), triglycerides (TAGs)
and phospholipids (such as phosphatidylcholine (PC), phos-
phatidylethanolamine (PE) and phosphatidylserine (PS)). Lipids
are required for the maintenance of cellular structures, energy
supply, and diverse aspects of signal transduction. Studies
have shown that cancer cells exhibit specific alterations in lipid
homeostasis, such as increase in lipogenesis and lipid uptake
and storage [14, 15]. These alterations are largely due to
elevated expression or activities of lipogenic transcription
factors, especially the Sterol Regulatory Element-Binding
Proteins (SREBPs). SREBPs are ER-bound transcription factors
and expressed as three isoforms: SREBP-1a and -1c, which are
produced from the SREBF1 gene through utilization of
alternative promoters, and SREBP-2, which is encoded by the
SREBF2 gene. SREBP-2 preferentially regulates genes respon-
sible for cholesterol synthetic pathway. SREBP-1c is primarily
control genes involved in synthesis of fatty acids (FAs) and
TAGs. SREBP-1a have overlapping functions with both SREBP-
1c and SREBP-2. Notably, elevated expression of SREBPs is
associated with tumor progression and poor prognosis in many
cancers [16].
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Previous studies implied and/or demonstrated that TAp63α
functions as a tumor suppressor whereas ΔNp63α functions as a
master regulator for development of epidermis and other
stratified epithelial tissues. However, the biological function of
p63γ is largely unexplored. Here, we showed that mice deficient in
p63γ are viable and fertile but prone to spontanenous tumors with
a short lifespan. Additionally, loss of p63γ shortens the lifespan of
tumor-free mice potentially via increased cellular senescence.
Moreover, mice deficient in p63γ are prone to chronic inflamma-
tion and liver steatosis potentially via altered lipid metabolism.
Furthermore, loss of p63γ increases the expression of SCD1, a rate-
limiting enzyme for synthesis of monounsaturated fatty acids,
leading to altered lipid homeostasis. Together, our data indicate
that TP63γ is the primary isoform of TP63 for tumor suppression
but not development by maintaining normal inflammatory
response and lipid homeostasis, which can be explored as a
therapeutic strategy to kill p63γ-deficient tumors.

RESULTS
Mice deficient in p63γ have a short lifespan and are prone to
spontanenous tumors
To generation of a p63γ isoform-specific knockout mouse model,
p63γ-specific exon 10’ was deleted by CRISPR-cas9 with one
sgRNA targeting intron 10 and the other targeting exon 10’ (Fig.
1C). Three founder mice were generated by CRISPR-Cas9 and
genotyped by sequencing. Founder #18 has a 161-nt deletion
spanning the intron 10 and exon 10’, including the splice acceptor
site (AG) (Fig. 1C). Due to lack of the splicing acceptor site (AG) and
the coding sequence in exon 10’, Founder #18 mouse would be
deficient in p63γ. Using Founder #18, we generated a cohort of
WT, p63γ-het and p63γ-null MEFs, which had predicted wild-type
and KO alleles of p63γ (Fig. 1D).
Since CRISPR knockout may have an off-target deletion,

Founder #18 mice were crossed with C57BL/6 mice to breed out
any potential off-target deletion as long as the off-target deletion

Fig. 1 Mice deficient in p63γ have a short lifespan and are prone to spontaneous tumors. A The TP63 gene locus, the P1 promoter for
TAp63, and the P2 promoter for ΔNp63. B The structure and functional domains of TAp63α, ΔNp63, and TAp63γ proteins. AD: activation
domain. PRD: proline-rich domain. DBD: DNA-binding domain. TD: tetramerization domain. SAM: sterile alpha motif. C The strategy to knock
out p63γ-specific exon 10’. The location and sequence of the two sgRNAs and the location of p63γ-F/R primers are indicated. The predicted
double-strand breaks near the PAM motifs (in red) are indicated by double blue arrow. Founder #18 has a deletion of 161 nucleotides
spanning from intron 10 to exon 10’, including the splice acceptor site (AG). D Genotyping of wild-type and p63g-null alleles of Wild-type,
p63γ+/−, and p63γ−/− MEFs. E Kaplan–Meier survival curves of WT (n= 56), TAp63+/− (n= 21), p63γ+/− (n= 20), and p63γ−/− (n= 33) mice.
F Representative images of H.E.-stained lung adenocarcinoma in p63γ-null mouse #74 and hepatocellular carcinoma in p63γ-null mouse #128.
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is not located on the same chromosome as the p63 gene
(chromosome 16). Next, p63γ+/− mice were intercrossed to
generate a cohort of p63γ+/− and p63γ−/− mice, which were
monitored throughout their lifespan. Previous studies showed that
Trp63−/−, p63α−/− and ΔNp63−/− mice were not viable and/or
died soon after birth whereas TAp63−/− mice are viable [7, 17–19].
Here, we found that p63γ−/− mice were viable and fertile,
suggesting that both TAp63γ and ΔNp63γ are not required for
embryonic development and reproduction. We also found that
simiar to TAp63+/− mice, both p63γ+/− and p63γ−/− mice had a
short lifespan as compared to wild-type mice (Fig. 1E and
Supplementary table S1–4). The mean lifespan was 101 weeks
for p63γ+/− mice and 103 weeks for p63γ−/− mice, which were
significantly shorter than 117 weeks for wild-type mice (p < 0.01
by logRank test (WT vs p63γ+/−; WT vs p63γ−/−). Moreover, we
found that like TAp63+/− mice, both p63γ+/− and p63γ−/− mice
were prone to spontaneous tumors (Table 1; Fig. 1F). The tumor
spectra were very similar in TAp63+/−, p63γ+/− and p63γ−/− mice,
with lymphomas and sarcomas as the most common types
(Fig. 1F). We also noticed that both p63γ+/− and p63γ−/− mice
developed hepatocellular carcinoma (HCC) whereas TAp63+/−

mice did not (Fig. 1F, G).

Loss of p63γ shortens the lifespan of tumor-free mice
potentially via increased cellular senescence
Since ~50% of p63γ+/− mice (9 of 20) and p63γ−/− mice (17 of 31)
did not have tumors, their lifespans were compared to tumor-free
TAp63+/− and wild-type mice. We found that like tumor-free
TAp63+/− mice, tumor-free p63γ+/− and p63γ−/− mice had much
shorter lifespan than tumor-free wild-type mice (Fig. 2A). In
addition to tumors, infectious diseases are often the main culprit
for early death. However, these mice were housed in the specific
pathogen-free environment. Thus, we speculated that premature
aging may play a role. To test this, kidney tissues from tumor-free
wild-type, p63γ-het and p63γ-null mice were stained for SA-β-gal,
an indicative of premature cellular senescence. We found that
both p63γ-het and p63γ-null mice showed enhanced SA-β-gal
staining (Fig. 2B). To verify this, we generated a set of wild-type,
p63γ-het and p63γ-null MEFs from the same litter (Fig. 2C), which
were then used for senescence assay. We found that the extent of
SA-β-gal-positive MEFs was much higher from p63γ-het and p63γ--
null embryos than that from wild-type embryos (Fig. 2D).
Moreover, we found that p130 and PML, both of which are used
as well-defined senescent markers, were highly expressed in p63γ-
het and p63γ-null MEFs as compared to that in wild-type MEFs
(Fig. 2E). These data suggest that loss of p63γ promotes cellular
senescence, which shortens the lifespan of tumor-free p63γ-het
and p63γ-null mice.

Mice deficient in p63γ are prone to chronic inflammation in
multiple organs
Histological analysis showed that like TAp63+/−, both p63γ+/−and
p63γ−/− mice exhibited profound chronic inflammation in

multiple organs, including liver, lung, pancreas, and kidney (Fig.
3A). Indeed, 18 out of 20 p63γ+/− mice and 24 out of 31 p63γ−/−

mice whereas none of wild-type mice developed inflammation in
three or more organs (Fig. 3B). Statistical analyses indicated that
the percentage of chronic inflammation was significantly higher in
both p63γ+/− and p63γ−/− mice than that of wild-type mice (Fig.
3B). To determine which inflammatory pathway(s) were altered by
p63, we generated p63γ-KO C2C12 cells using CRISPR-Cas9
method, which were then used for RNA-seq analysis along with
isogenic control C2C12 cells. KEGG analyses showed that several
inflammatory signaling pathways, including IL-17 and TNF
signaling pathways, were significantly increased upon loss of
p63γ (Fig. 3C). To verify this, RT-PCR was performed with isogenic
control and p63γ-KO C2C12 cells. We found that levels of several
cytokine transcripts, including IL17α, TNFα, IL-1β and IL18, were
markedly increased by loss of p63γ (Fig. 3D). Furthermore, we
found that the levels of transcripts for IL17α, TNFα, IL-1β and IL18
were also increased in the liver and spleen tissues from p63γ-KO
mice as compared to the ones from wild-type mice (Fig. 3E, F).
Together, these data indicated that p63γ plays a critical in
inflammatory response by suppressing pro-inflammatory cytokine
production.

Loss of p63γ promotes liver steatosis and alters lipid
metabolism
Previously, we and others showed that TAp63-deficient mice are
prone to liver steatosis (Fig. 4A, B) [20, 21]. Thus, we examined
whether p63γ deficiency would make mice prone to liver steatosis.
Indeed, we found that like TAp63-deficient mice, both p63γ+/− and
p63γ−/− mice were susceptible to liver steatosis as compared to
wild-type mice (Fig. 4A, B). 8 out of 20 p63γ+/− and 10 out of 31
p63γ−/− mice developed liver steatosis, which were significantly
higher than that of wild-type mice (Fig. 4B). Liver steatosis is a
disorder of excess accumulation of lipids, such as triglycerides
(TAGs). We thus generated a set of age- and gender-matched
mice: three male mice each with the genotype of wild-type,
TAp63+/−, p63γ+/−, and p63γ−/− as well as three wild-type and
p63γ−/− female mice. At 16 weeks of age, sera were collected from
these mice and used to measure the level of TAGs. We found that
like in TAp63+/− male mice, TAGs were markedly increased in
p63γ+/− and p63γ−/− male mice as compared to wild-type mice
(Fig. 4C). Similarly, we found that TAGs were elevated in p63γ−/−

female mice as compared to that in wild-type female mice (Fig.
4D). To further test this, Mia-PaCa2 cells, which predominantly
express TAp63α/γ [22], were used to generate p63α-KO and p63γ-
KO cells by CRISPR-Cas9. Next, oil red staining was performed to
measure the accumulation of lipid droplets in p63α-KO and p63γ-
KO Mia-PaCa2 cells along with isogenic control cells. We found
that that the number and size of neutral lipid droplets, which are
primarily composed of TAGs and cholesterol esters (CEs), were
markedly increased by loss of p63α or p63γ as compared to
isogenic control MIA-PaCa-2 cells (Fig. 4E). To further verify this,
the levels of intracellular TAGs and CEs were measured by

Table 1. Tumor spectra for WT, TAp63+/−, p63γ+/−, and p63γ−/− mice.

Tumor type WT (n= 51) TAp63+/− (n= 21) p63γ+/− (n= 20) p63γ−/− (n= 31)

Lymphoma 11 5 6 11

Sarcoma 1 8 1 2

HCC 0 0 1 2

Adenocarcinoma 0 0 1 1

Adenoma 0 0 1 0

Hemangioma 0 1 0 0

Infarcted hematoma 0 1 1 0

Tumor penetrance 11/51 12/21 11/20 14/31
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bioluminescent assays [23] in isogenic control, p63α-KO and p63γ-
KO Mia-Paca2 cells. We found that TAGs, free cholesterol and CEs
were significantly increased by loss of p63α or p63γ as compared
to that in isogenic control cells (Fig. 4F–H). Together, these data
suggest that both p63α and p63γ play a critical role in lipid
metabolism.

Single-cell RNA-seq (scRNA-seq) reveals that loss of p63γ
increases the population of some immune cells and SCD1
expression
scRNA-seq is a powerful tool to dissect transcriptomic changes in a
given cell type from an organ [24]. To understand how p63
regulates transcriptional program associated with lipid metabo-
lism, the 10×Genomics scRNA-seq platform was used to analyze
10-week-old WT and p63γ−/− mouse kidney cells. 10,864 WT cells
and 6967 p63γ−/− cells were characterized and then segregated
into 13 clusters of cells on a Uniform Manifold Approximation and

Projection (UMAP) plot [25] (Fig. 5A; Table 2). We noticed that the
percentages of T and B cells were doubled in p63γ−/− kidney
(Table 2), which may contribute to the increased inflammation in
p63γ−/− mice (Fig. 3). Most importantly, we found that in some cell
types, loss of p63γ led to increased expression of several genes
associated with lipid metabolism, especially Stearoyl-CoA desatur-
ase 1 (SCD1). SCD1 converts palmitate (16:0) to palmitoleate (16:1)
as well as stearate (18:0) to oleate (18:1), a rate-limiting step in the
synthesis of monounsaturated fatty acids (MUFAs) [26, 27] (Fig.
5B). MUFAs are the major fatty acids of TAGs, cholesteryl esters,
and membrane phospholipids. Indeed, scRNA-seq showed that
SCD1 was induced by loss of p63γ in 3 clusters of kidney cells (Fig.
5C). To examine whether SCD1 is regulated by p63, RT-PCR was
performed with isogenic control, p63α-KO, and p63γ-KO Mia-
PaCa2 cells. We found that the level of SCD1 transcript was
increased by loss of p63α or p63γ in Mia-PaCa2 cells (Fig. 5D).
Next, ChIP assay was performed and showed that p63α or p63γ

Fig. 2 Loss of p63γ shortens the lifespan of tumor-free mice and promotes cellular senescence. A Kaplan–Meier survival curves of tumor-
free WT (n= 40), TAp63+/− (n= 9), p63γ+/− (n= 9) and p63γ−/− (n= 17) mice. B SA-β-gal assay was performed with kidney tissues from WT,
p63γ+/− and p63g−/− mice. C RT-PCR was performed to measure the levels of p63g and GAPDH transcripts in WT, p63γ+/− and p63γ−/− MEFs
isolated from 13.5-day-old embryos from the same litter. D SA-b-gal assay was performed to measure the percentage of senescence cells from
WT, p63γ+/− and p63γ−/− MEFs. * indicated p < 0.05 by Student’s t test. E Western blot analysis was performed to measure the levels of p130,
PML and actin in WT, p63γ+/− and p63γ−/− MEFs used in (C). The relative fold change of protein was shown below each lane.
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bound to the SCD1 promoter in isogenic control cells, which was
markedly decreased in p63α−/− cells (Fig. 5E, compare lane 7 with
8) and to a less extent in p63γ−/− cells (Fig. 5E, compare lane 7
with 9). We speculated that the relative mild reduction of p63
protein bound to the SCD1 promoter in p63γ−/− cells is likely due
to the relative high abundance of TAp63α in Mia-PaCa-2 cells. To
determine whether SCD1 plays a role in p63-dependent lipid
metabolism, we measured the level of TAGs and CEs in isogenic
control, p63α−/− and p63γ−/− Mia-PaCa-2 cells transfected with a
scrambled siRNA or an siRNA against SCD1. We showed that upon
transfection of a scrambled siRNA, the levels of TAGs and CEs
remained elevated in p63α−/− and p63γ−/− cells as compared to
isogenic control cells (Fig. 5F, G). However, the levels of TAGs and
CEs in p63α−/− and p63γ−/− cells were markedly decreased upon
knockdown of SCD1 as compared to that upon transfection of a
scrambled siRNA (Fig. 5F, G). Moreover, upon knockdown of SCD1,
there were no significant differences in the levels of TAGs and CEs
among the isogenic control, p63α−/− and p63γ−/− cells (Fig. 5F, G).
These data suggest that increased expression of SCD1 is required
for the accumulation of TAG and CEs in p63α−/− and p63γ−/− cells.

DISCUSSION
In this study, we identified TP63γ as the primary isoform of TP63
for tumor suppression but not development by maintaining
normal inflammatory response and lipid homeostasis based on
the following evidence: (1) p63γ-deficeint mice are viable and
fertile; (2) p63γ-deficeint mice are prone to spontanenous tumors
and have a short lifespan; (3) loss of p63γ shortens the lifespan of
tumor-free mice potentially via increased cellular senescence; (4)
p63γ-deficeint mice are prone to chronic inflammation; (5) p63γ-
deficeint mice are prone to liver steatosis and accumulation of
serum TAGs and CEs; (6) loss of p63γ alters lipid metabolism at
least in part via increased expression of SCD1, which promotes the
rate-limiting synthesis of monounsaturated fatty acids. Therefore,

altered lipid metabolism by elevated expression of SCD1 can be
explored as a therapeutic strategy to kill p63γ-deficient tumors
and chronic inflammation.
It is now evident that TP63 is not a classic tumor suppressor as

TP53. Indeed, TP63 has a more complex and multifaceted role,
primarily involving developmental processes, maintaining epithe-
lial integrity, and ensuring genetic quality in germ cells,
particularly oocytes. In addition, studies form various p63-
deficient mouse models have indicated that the tumor suppres-
sive role of TP63 depends on specific contexts and isoforms, such
as TAp63. It should be noted that although TAp63 is suggested to
be a tumor suppressor [5], the specific isoform primarily
responsible remains unclear. It has been shown that TAp63α
isoform plays a crucial role in maintaining genetic integrity and
quality control in germ cells, particularly in oocytes [28]. TAp63α is
believed to be involved in protecting against DNA damage,
preventing the transmission of defective genetic material, and
ensuring the proper development of gametes. In line with this, our
previous study indicated that among the three TAp63 isoforms,
TAp63α is the most abundantly expressed but a relative weaker
transcription factor in tumor suppression whereas TAp63β is very
active but highly unstable [6], making TAp63γ the most likely
candidate for a tumor suppressive role. In support of this, we
showed that mice deificient in p63γ are prone to spontaneous
tumors, suggesting that TAp63γ acts as a tumor suppressor.
Nevertheless, further studies are needed to further elucidate the
role of TAp63γ in tumor suppression.
Both altered lipid metabolism and inflammation are hallmarks

of cancer. We showed that in p63γ-deficeint mice, altered lipid
signaling and inflammation are intertwined (Figs. 3–5), which
potentially amplifies each other in a pathological setting. Indeed,
p63γ-deficeint mice are prone to liver steatosis, which would lead
to a robust recruitment of immune cells into the liver that in turn
produce inflammatory cytokines to propagate the inflammatory
response [29]. Mechanistically, we found that loss of p63γ

Fig. 3 Mice deficient in p63 are prone to chronic inflammation in multiple organs. A The percentage of WT, TAp63+/−, p63γ+/−, and p63γ−/−

mice with chronic inflammation in 3 or more organs. B Representative images of H&E-stained liver, lung, pancreas, and kidney tissues from WT,
TAp63+/−, p63γ+/−, and p63γ−/− mice. C Fold induction of four inflammatory pathways in p63γ-KO C2C12 cells as compared to isogenic control
cells analyzed by KEGG analyses. D–F Levels of p63γ, IL17α, TNFα, IL-1β, IL-18, and actin transcripts in isogenic control vs. p63γ-KO C2C12 cells
(D), WT vs. p63γ-KO liver (E), or WT vs. p63γ-KO spleen (F).
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promotes SCD1 expression, which would increase the synthesis of
monosaturated fatty acids and subsequently polyunsaturated fatty
acids (PUFAs), leading to elevation of leukotrienes and prosta-
glandins that enhance innate and adaptive immune activity
implicated in numerous inflammatory disorders [30, 31]. On the
other hand, inflammatory signaling can significantly alter lipid
metabolism in the liver and adipose tissue in the context of
infection and diabetes. For example, TNFα is found to interfere
with lipid homeostasis and activates proatherogenic processes
through the SREBP signaling pathway [32]. Importantly, in the
tumor microenvironment, cancer cells, infiltrating immune cells
and surrounding stromal cells form a well-orchestrated interaction
to acquire lipids and produce inflammatory cytokines that
promote cell growth and survival [33–35].
We showed that loss of p63γ promotes cellular senescence (Fig.

2). It is well established that cellular senescence is a double-edge
sword on lifespan: suppress tumor formation to prolong lifespan
but also inhibit cell growth and survival to shorten lifespan.
Indeed, a set of p63γ-deficient mice are tumor-free but have a
short lifespan. We also showed that tissue senescence is observed
in tumor-free TAp63+/− mice, which is consistent with previous
reports [21]. Thus, TAp63γ may play a role in the premature aging
observed in TAp63-deficient mice [36].
It is interesting to note that p63γ-deficient mice, which do not

express both TAp63γ and ΔNp63γ, do not exhibit any phenotype
associated with ΔNp63-deficient mice [37]. One possibility is that
ΔNp63α, which is often expressed at a much higher lever than
ΔNp63γ, is sufficient to compensate for loss of ΔNp63γ. Another
posibility is that ΔNp63γ does not regulate any specific gene

necessary for embryonic development and other ΔNp63-asso-
ciated phenotypes. Nevertheless, further studies are needed to
address the underlying mechanism for this phenotype.

MATERIALS AND METHODS
Reagents
Anti-Actin (sc-47778, 1:3000), anti- p130 (sc-374521, 1:3000) and anti-
PML (sc-377390, 1:3000) were purchased from Santa Cruz Biotechnology.
The WesternBright ECL HRP substrate (Cat# K12043-D20) was purchased
from Advansta. Nile Red (Cat# N1142) and DAPI (Cat# D3571) were
purchased from ThermoFisher Scientific. Scrambled siRNA (5′- GGC CGA
UUG UCA AAU AAU U -3′), SCD1 siRNA#1 (5′-GAG AUA AGU UGG AGA
CGA U-3′), SCD1 siRNA#2 (5′-GGA GAU AAG UUG GAG ACG A-3′), were
purchased from Dharmacon (Chicago, IL). RNAiMax (Life Technologies)
was used to transfect siRNA according to the user’s manual. Proteinase
inhibitor cocktail was purchased from Sigma-Aldrich. RiboLock RNase
Inhibitor and Revert Aid First Strand cDNA Synthesis Kit were purchased
from Thermo Fisher. Magnetic Protein A/G beads were purchased from
MedChem.

Mice and MEF isolation. TAp63+/− mice were generated as described
previously [36]. p63γ+/− mice were generated by the Mouse Biology
Program at University of California at Davis. The genotyping primers for
wild-type and p63γ−/− alleles were a forward primer, 5′ GCT TTT CCG ATT
CCC TGC TC 3′ and a reverse primer, 5′ GCA TGT GCA TAT ACA CAA ACG 3′.
The PCR products were 313 bp for wild-type allele and 151 bp for p63γ−/−

allele. To isolate WT, p63γ+/−, and p63γ−/− MEFs, p63γ+/− mice were
intercrossed and mouse embryos at 12.5 to 13.5 postcoitum (p.c.) were
used to generate MEFs as described previously [38]. The medium to culture
MEFs was DMEM supplemented with 10% FBS (Life Science Technology),

Fig. 4 Loss of p63g promotes liver steatosis and alters lipid metabolism. A Representative images of H&E-stained livers from 85-week-old
WT, TAp63+/−, p63γ+/−, and p63γ−/− mice. B Percentage of WT, TAp63+/−, p63γ+/−, and p63γ−/− mice with liver steatosis. C Serum triglycerides
(TAGs) in 16-week-old male mice (3 each genotype). D Serum TAGs in 10-week-old female mice (3 each genotype). E Representative images of
isogenic control, p63α−/− and p63γ−/− Mia-PaCa-2 cells stained with DAPI and Nile Red. F–H TAGs (F), free cholesterol (G) and CEs (H) were
measured in two isogenic control, two p63α−/−, and two p63γ−/− Mia-PaCa-2 cell clones. * indicates p < 0.05 by student test.
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55 μM β-mercaptoethanol, and 1× non-essential amino acids (NEAA)
solution (Cellgro).

Cell culture and cell line generation: C2C12 and Mia-PaCa2 cells were
cultured in DMEM medium supplemented with 10% fetal bovine serum.
p63α-KO Mia-PaCa2 and p63γ-KO Mia-PaCa2 cells were generated
previously [22]. To generate p63γ-KO C2C12 cells, two sgRNA expression
vectors pSpCas9(BB)-2A-Puro-sgp63γ-1 and pSpCas9(BB)-2A-Puro-sgp63γ-
2 were transiently transfected into C2C12 cells, followed by puromycin
selection for selection. Individual clone was picked and subjected to
genotyping to verify the deletion of the p63γ gene. The genotyping
primers were a forward primer, 5′-TTT GCT TTG CCT TGC ATC TT-3′ and a
reverse primer, 5′-CGT GTT AGT GTT TCC AGC CC-3′.

SA-β-Gal assay: The SA-β-Gal assay was performed as described
previously [39]. Briefly, 5 × 104 primary MEFs at passage 3 were seeded
in a well of 6-well plate for 3 days. Cells were then fixed with fixative
solution (2% formaldehyde and 0.2% glutaraldehyde) for 15min at room

temperature, followed by staining overnight at 37 °C with SA-
β-galactosidase staining solution (1 mg/mL 5-bromo-4-chloro-3-indolyl-
β-d-galactopyranoside, 40 mm citric acid/sodium phosphate (pH 6.0),
5 mm potassium ferrocyanide, 5 mm potassium ferricyanide, 150mm NaCl,
and 2mm MgCl2). The stained cells were then stored in 70% glycerol at
4 °C. The percentage of senescent cells was calculated as SA-β-gal positive
cell divided by the total number of cells counted.

Western blot analysis: Western blot analysis was performed as
previously described [40]. Briefly, whole cell lysates were harvested by
2×SDS sample buffer and boiled at 95 °C for 6 min. Proteins were separated
in 8–10% SDS-polyacrylamide gel, transferred to a nitrocellulose mem-
brane, probed with indicated antibodies. To detect protein expression,
membrane was incubated with enhanced chemiluminescence and
visualized using VisionWorks®LS software (Analytik Jena).

RNA isolation and RT-PCR: Total RNA was isolated with Trizol reagent
according to user’s manual. cDNA was synthesized with Reverse

Fig. 5 Loss of p63g leads to the accumulation of triglycerides and cholesterol esters via SCD1. A UMAP plot of thirteen cell clusters from
WT mouse kidneys. B Schematic diagram of the functions of SCD1 to converts palmitate (16:0) and stearate (18:0) to palmitoleate (16:1) and
oleate (18:1), respectively. C SCD1 is induced by loss of p63γ in three cell clusters of mouse kidney cells. D SCD1 is induced by loss of either
p63α or p63γ in Mia-PaCa2 cells. E The level of the SCD1 promoter associated with p63α or p63γ protein was measured by ChIP assay. F, G The
levels of triglyceride (TAG) (F) and cholesterol esters (CEs) (G) were measured in isogenic control (con), p63α−/− and p63γ−/− Mia-PaCa2 cells
transfected with scramble siRNA (Scr) or si-SCD1.
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Transcriptase according to user’s manual. The PCR program used for
amplification was (i) 94 °C for 5 min, (ii) 94 °C for 45 s, (iii) 58 °C for 45 s, (iv)
72 °C for 30 s, and (v) 72 °C for 10 min. From steps 2 to 4, the cycle was
repeated 22 times for actin and GAPDH, 28–35 times depending on the
targets. The primers for mouse GAPDH were a forward primer, 5′-AAC TTT
GGC ATT GTG GAA GG-3′ and a reverse primer, 5′-ACA CAT TGG GGG TAG
GAA CA-3′. The primers for mouse p63γ were a forward primer, 5′-ATA
CAC ACG GAA TCC AGA TG-3′ and a reverse primer, 5′-TTC CTG AAG CAG
GCT G AA AG-3′. The primers for mouse IL-1β were a forward primer, 5′-
CTC GTG CTG TCG GAC CCA TAT GAG-3′ and a reverse primer, 5′-CTC TGC
TTG TGA GGT GCT GAT GTA CC-3′. The primers for mouse IL-18 were a
forward primer, 5′-TTG CGT CAA CTT CAA GGA AAT GAT G-3′ and a reverse
primer, 5′-CAC AGG CTG TCT TTT GTC AAC GAA G-3′. The primers for
mouse IL-17α were a forward primer, 5′-TCT CCA CCG CAA TGA AGA CC-3′,
and a reverse primer, 5′-CAC ACC CAC CAG CAT CTT CT-3′. The primers for
mouse TNFα were a forward primer, 5′-AGC CCA CGT CGT AGC AAA CCA
CCA A-3′ and a reverse primer, 5′-CTA TGC AGT TGA TGA AGA TGT CAA A-
3′. The primers for human SCD1 were a forward primer, 5′-TCT ACT TGG
AAG ACG ACA TTC GCC C-3′, and a reverse primer, 5′- GGT GGT CAC GAG
CCC ATT CAT AGA C-3′.

ChIP Assay: ChIP assay was performed as previously described [41, 42].
Briefly, cells were seeded at 1 × 107 per 100-mm plate overnight. Next
day, cells were fixed in 1% formaldehyde in phosphate-buffered saline
(PBS) to cross-link protein and chromatin. The cells were lysed in RIPA
buffer and then sonicated to yield 200- to 1000-bp DNA fragments and
immunoprecipitated with a control IgG or p63 antibody. After reverse
cross-linking and phenol-chloroform extraction, DNA fragments were
purified, followed by PCR to visualize the enriched DNA fragments. The
primers to amplify SCD1 promoter were a forward primer, 5′-TGC AGG
GGT TTT TCG GAG TTT-3′ and a reverse primer, 5′-TGA ACG CCC TAT TCC
AGC CTT A-3′. The primers for GAPDH promoter were a forward primer,
5′-AAA AGC GGG GAG AAA GTA GG-3′, and a reverse primer 5′-AAG AAG
ATG CGG CTG ACT GT-3′.

Hematoxylin and Eosin staining and histopathological diagnosis:
Mouse tissues were fixed in 10% (wt/vol) neutral-buffered formalin,
processed, and embedded in paraffin blocks. Tissues blocks were
sectioned (6 μm) and stained with hematoxylin and eosin (H&E). The
slides were blindly analyzed by a pathologist.

Measurement of TAGs and CEs: Cholesterol/Cholesterol Ester-Glo
Assay kit (Cat# J3190, Promega) and Triglyceride-Glo Assay kit (Cat# J3160,
Promega) from Promega were used to measure Cholesterol and TAGs
according to the user’s manual. Briefly, mouse sera or cell lysates were
incubated with cholesterol/triglycerides lysis solution at 37 °C for 30min,
and then cholesterol/triglycerides detection reagent for 1 h. The lumines-
cence was then detected using Luminometer (SpectraMAX). The lumines-
cence record of cholesterol, cholesterol Ester, and triglycerides were then
converted to abundance information based on a standard curve.

Nile Red staining
1 × 104 cells were seeded in a slide chamber and then with Nile red in the
dark for 20min at room temperature and counterstained with 4′,6-
Diamidino-2-Phenylindole, Dihydrochloride (DAPI). The lipid droplet was
then visualized in a confocal microscope (Leica TCS SP8 STED 3X).

Bulk RNA-seq
Total RNA from WT and p63γ-KO C2C12 cells were isolated and used for
bulk RNA-seq analyses. RNA-seq library preparation, sequencing, and
sequence data analysis were performed as previously described [43].

Single-cell RNA-seq
WT and p63γ−/− kidney tissues were used to prepare single cell suspension
by using gentleMACS™ Dissociator (Miltenyi Biotec). After removing dead
cells with the dead cell remove kit (Miltenyi Biotec), live cells were used for
library construction, utilizing the Chromium Next GEM Automated Single Cell
3′ Reagent Kits (10x Genomics, Pleasanton, CA, USA). The libraries were then
subjected to next-generation sequencing using an Illumina NovaSeq 6000.
Single-cell RNA sequencing (scRNA-seq) data were processed using

Seurat (v4.0.3) after alignment with the Cell Ranger pipeline (v3.1.0) and
the GRCm39 reference [44, 45]. Raw gene expression matrices from both
wild-type and p63γ−/− samples were imported using the Read10X
function. To ensure consistent cell identification across samples, cell
barcodes were modified to include sample-specific identifiers. The data
were then merged and used to create a Seurat object, retaining cells with
at least 200 detected features and genes expressed in at least 10 cells.
Mitochondrial gene content was calculated as a percentage of total gene
expression, and cell cycle phases were annotated using the cyclone
function from the scran package [46]. Data were normalized using a log
transformation, and variable features were identified across all genes.
Principal component analysis (PCA) and UMAP were performed to

reduce dimensionality and explore clustering, initially without any
covariate adjustment. Clusters were identified using a range of resolutions,
and UMAP plots were generated for each. Covariates, including UMI count,
gene count, and cell cycle phase, were then regressed out, and PCA was
rerun. Post-adjustment clustering and dimensionality reduction were
visualized using UMAP.
The final Seurat object was used for differential expression analysis

between WT and p63γ−/− samples, with UMAP and feature plots
generated to visualize key marker genes. This workflow ensures robust
analysis and reproducibility, enabling insights into gene expression
patterns and cell-type-specific differences between conditions. Data were
further explored and analyzed using Shiny app (https://github.com/
ucdavis-bioinformatics/scRNA_shiny).

Statistical analysis
The Log-Rank test was used for Kaplan–Meier survival analysis. Fisher’s
exact test or two-tailed Student’s t test was performed for the statistical
analysis as indicated. p < 0.05 was considered significant.

DATA AVAILABILITY
All study data are included within the article and supplement material.
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