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Abstract TP73, a member of the p53 family, is expressed as TAp73 and ΔNp73 along with 
multiple C- terminal isoforms (α−η). ΔNp73 is primarily expressed in neuronal cells and necessary 
for neuronal development. Interestingly, while TAp73α is a tumor suppressor and predominantly 
expressed in normal cells, TAp73 is found to be frequently altered in human cancers, suggesting 
a role of TAp73 C- terminal isoforms in tumorigenesis. To test this, the TCGA SpliceSeq database 
was searched and showed that exon 11 (E11) exclusion occurs frequently in several human cancers. 
We also found that p73α to p73γ isoform switch resulting from E11 skipping occurs frequently in 
human prostate cancers and dog lymphomas. To determine whether p73α to p73γ isoform switch 
plays a role in tumorigenesis, CRISPR technology was used to generate multiple cancer cell lines 
and a mouse model in that Trp73 E11 is deleted. Surprisingly, we found that in E11- deificient cells, 
p73γ becomes the predominant isoform and exerts oncogenic activities by promoting cell prolif-
eration and migration. In line with this, E11- deficient mice were more prone to obesity and B- cell 
lymphomas, indicating a unique role of p73γ in lipid metabolism and tumorigenesis. Additionally, we 
found that E11- deficient mice phenocopies Trp73- deficient mice with short lifespan, infertility, and 
chronic inflammation. Mechanistically, we showed that Leptin, a pleiotropic adipocytokine involved 
in energy metabolism and oncogenesis, was highly induced by p73γ,necessary for p73γ-mediated 
oncogenic activity, and associated with p73α to γ isoform switch in human prostate cancer and dog 
lymphoma. Finally, we showed that E11- knockout promoted, whereas knockdown of p73γ or Leptin 
suppressed, xenograft growth in mice. Our study indicates that the p73γ-Leptin pathway promotes 
tumorigenesis and alters lipid metabolism, which may be targeted for cancer management.
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TP73 is a member of the p53 family of tumor suppressors and is expressed as TAp73 and DNp73 
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Introduction
The TP73 gene encodes a member of the p53 family of transcription factors involved in tumor 
suppression and development. TP73 gene is mapped to a region on human chromosome 1p36 that 
is frequently deleted in neuroblastoma and other tumors, thus linking its role to cancer (Kaghad 
et al., 1997). p73 shares a high similarity with p53 in the transactivation, tetramerization, and DNA- 
binding domains, with most considerable homology between their DNA- binding domains (Harms 
et al., 2004). Consequently, p73 activates a number of putative p53 target genes involved in cell 
cycle arrest, apoptosis, and differentiation (Harms et al., 2004; Ichimiya et al., 2000). Despite these 
similarities, p73 is not functionally redundant to p53. TP73 is rarely mutated but frequently found to 
be upregulated in human cancers, indicating that p73 is not a classic Knudson- type tumor suppressor 
(Ozaki and Nakagawara, 2005; Nomoto et al., 1998; Nimura et al., 1998). Indeed, the biological 
functions of p73 have been linked to neurological development, tumorigenesis, ciliogenesis, fertility, 
and metabolism as illustrated by in vitro and in vivo models (Yang et al., 2000; Nemajerova et al., 
2016; Marshall et al., 2016; Tissir et al., 2009; Wilhelm et al., 2010; Tomasini et al., 2008; Rufini 
et al., 2012; Inoue et al., 2014; Dulloo et al., 2015b).

The role of p73 in cancer is complicated due to the presence of multiple p73 isoforms that coor-
dinate in a complex way to exert both oncogenic and non- oncogenic activities (Dulloo et al., 2015b; 
Nemajerova et  al., 2018; Rufini et  al., 2011; Stiewe and Pützer, 2002; Amelio et  al., 2015). 
Through the usage of two promoters, TP73 encodes two classes of isoforms, TAp73 and N- terminally 
truncated ΔNp73. TAp73 isoforms, driven by the P1 promoter located upstream of exon 1, contain a 
transactivation domain similar to that in p53 and thus are suggested to function as a tumor suppressor. 
ΔNp73 isoforms, arising from the P2 promoter located in intron 3, lack the N- terminal transactivation 
domain, and thus, are thought to have oncogenic potential by acting as dominant- negative inhibitors 
of p53 and TAp73. Mice deficient in ΔNp73 isoforms are not prone to tumors, but have defects in 
neurological development similar to that in total Trp73- KO mice (Tissir et al., 2009; Wilhelm et al., 
2010). By contrast, mice deficient in TAp73 isoforms develop spontaneous and carcinogens- induced 
tumors (Tomasini et al., 2008), suggesting a role of TAp73 as tumor suppressor. However, several 
recent studies also showed that TAp73 exhibits both pro- tumorigenic activities depend on the context 
(Dulloo et al., 2015b; Li et al., 2018; Sharif et al., 2019), suggesting that the role of TAp73 in tumor-
igenesis is far more complex, likely being affected by the various C- terminal TAp73 isoforms.

At the C- terminus, multiple p73 isoforms are generated due to alternative splicing from exons 
11–13 (Murray- Zmijewski et al., 2006; Vikhreva et al., 2018). At transcript levels, six splicing vari-
ants (α, β, γ, δ, ε, ζ) can be detected. However, at protein levels, only three isoforms (α, β, and γ) can 
be detected, with α being the most abundantly expressed. Due to lack of proper model systems and 
reagents, most studies about p73 C- terminal isoforms have been done in cell culture and, thus, may 
not reflect the authentic biological role of these isoforms. When overexpressed, p73β showed very 
strong, whereas p73α and p73γ exhibited much weaker, activity to induce programmed cell death (Liu 
and Chen, 2005; Ueda et al., 1999). These differential activities are suggested due to the variation 
of C- terminal sequence among p73 C- terminal isoforms (Vikhreva et al., 2018). p73α, the longest 
isoform, has 636 aa and contains a sterile alpha motif (SAM) and an extreme C- terminal domain, both 
of which are thought to inhibit its transcriptional activity through interaction with other factors (Ozaki 
et al., 1999). p73γ is produced from splicing out of exon 11, which creates a long alternative reading 
frame that leads early stop codon. As a result, TAp73γ has 475 aa and contains a unique C- terminal 
domain (the last 76 aa) with unknown function. By contrast, p73β does not contain an extended 
C- terminal domain present in both p73α and p73γ. Nevertheless, these hypotheses have never been 
tested in vivo. The difficulties to study the physiological roles of p73 C- terminal isoforms are mainly 
due to the following reasons: (1) the presence of TA/ΔN isoforms with opposing functions, which adds 
complications to study the C- terminal isoforms; (2) p73α is the major isoform expressed in most cells 
and tissues and may shield activities by other isoforms; and (3) lack of specific antibodies to detect β or 
γ isoforms. These limitations may have led to two opposing functions for TAp73 as a tumor suppressor 
and a tumor promoter (Sabapathy, 2015).

Leptin is a 167- amino- acid peptide hormone encoded by the Ob gene and produced by a multi-
tude of tissues, especially adipose tissue (Zhang et al., 1994). Leptin communicates with its receptor 
(LepR) in the hypothalamus and controls energy expenditure and appetite through a negative feed-
back loop, thereby maintaining the relative constancy of adipose tissue mass from being too thin or 
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too obese (Coleman, 2010; Friedman, 2019). The anti- obesity effect of Leptin was demonstrated in 
individuals bearing congenital leptin deficiencies (Farooqi et al., 1999). It was later found out that 
leptin therapy is ineffective as most obese individuals have a high level of endogenous plasma leptin 
(hyperleptinemia) and do not respond to leptin therapy, a condition called leptin resistance (Fred-
erich et al., 1995). As a pleiotropic cytokine, leptin plays a critical role in lipid/glucose homeostasis, 
immune responses, hematopoiesis, angiogenesis, reproduction, and mental processes (Bennett et al., 
1996; Chehab et  al., 1996; Ducy et  al., 2000; Sierra- Honigmann et  al., 1998). Leptin signaling 
is also found to promote cancer progression, including cell proliferation, metastasis, angiogenesis, 
and chemoresistance (Ray and Cleary, 2017; Xu et al., 2020). Notably, both leptin and LepR are 
frequently altered in many obesity- associated cancers, including lung, breast, ovarian, pancreas, liver, 
and prostate (Hosney et al., 2017; Lin and Hsiao, 2021; Karabulut et al., 2016). Thus, targeting 
Leptin- LepR signaling may represent a novel strategy for cancer therapeutics.

To understand the role of various p73 C- terminal isoforms in cancer development, we searched the 
TCGA SpliceSeq database and found that Trp73 E11 skipping, which led to isoform switch from p73α 
to p73γ, frequently occurs in a subset of human cancers and dog lymphomas. Thus, to explore the 
biological function of p73γ isoform, we employed CRISPR technology to manipulate p73 splicing by 
deleting E11 in the TP73 gene in multiple cancer cell lines and mice. We showed that E11 deficiency 
resulted in p73γ becoming the predominant isoform in both human and mouse cells. Unexpectedly, 
we found that p73γ, when expressed at a physiologically relevant level, did not behave as a tumor 
suppressor, but promoted cell migration and tumorigenesis in vitro and in vivo. Mechanistically, we 
showed that Leptin, a pleiotropic adipocytokine, was induced by p73γ and contributes to p73γ-me-
diated tumorigenesis. Moreover, we found that p73α to γ isoform switch was detected in a subset of 
dog lymphomas and human prostate carcinomas along with elevated expression of Leptin. Finally, we 
showed that targeting p73γ or Leptin led to growth suppression of E11- KO xenografts in a mouse 
xenograft model, suggesting that the p73γ-Leptin pathway may be explored for cancer management.

Results
p73α-γ switch is detected in a subset of human prostate carcinomas 
and dog lymphomas
Early studies have shown that p73 C- terminal isoforms are dysregulated in breast cancer and leukemia 
(Rufini et al., 2011; Zaika et al., 1999). However, it is not clear how p73 C- terminal isoforms are 
altered and whether these alterations play a role in tumorigenesis. In this regard, we examined the 
splicing pattern of TP73 in normal and tumor tissues by using the TCGA SpliceSeq database. Inter-
estingly, we found that the percentage of exon 11 exclusion was much higher in lung squamous 
cell carcinomas (LUSCs) and head- neck squamous cell carcinomas (HNSCs) when compared to their 
respective normal tissues (Figure 1A and B). We would like to note that exon 11 skipping would lead 
to production of two p73 isoforms: p73γ, which is switched from p73α, and p73ε, which is switched 
from p73β. Thus, to determine which p73 isoform is altered in cancer tissues, expression of p73α, 
p73γ, and p73ε transcripts was measured in 5 normal human prostates and 16 prostate carcinomas. 
We found that p73α was detectable in 5 normal prostates, undetectable in 12 prostate carcinomas, 
and unaltered or slightly elevated in 4 prostate carcinomas (Figure 1C and D). By contrast, p73γ was 
highly expressed in prostate carcinomas compared to that in normal prostates (Figure 1C and D, 
compare lanes 1–5 with 6–13). Additionally, p73ε was almost undetectable at both normal and pros-
tate cancer tissues (data not shown). Similarly, we found that p73α was expressed in 3 normal dog 
lymph nodes but undetectable in 16 dog lymphomas (Figure 1E, p73α panel, compare lanes 1–3 with 
4–16). By contrast, p73γ expression was very low in 3 normal dog lymph nodes but elevated in all 16 
dog lymphomas (Figure 1E, p73γ panel, compare lanes 1–3 with 4–16). These data suggest that p73α 
isoform in normal tissues is switched to p73γ isoform in cancer tissues and that p73γ is associated with 
tumorigenesis.

https://doi.org/10.7554/eLife.82115
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Figure 1. E11 skipping is detected in a subset of human cancers and dog lymphomas. (A, B) Ratio of TP73 exon 11 
exclusion was examined in lung squamous cell carcinoma (LUSC) and head- neck squamous cell carcinoma (HNSC) 
along with their normal tissues by using TCGA SpliceSeq database. Value of 1 indicates 100% of the transcripts 
contains all exons, for example, p73α. Values less than 1 represents the extent of expression of the isoforms with 
exon 11 exclusion, for example, p73γ. (C, D) The levels of p73α, p73γ, and actin transcript were examined in 5 
normal prostates and 16 prostate cancer samples. (E) The levels of p73α, p73γ, and actin transcript were examined 
in 3 normal dog lymph nodes and 16 dog lymphomas.

The online version of this article includes the following source data for figure 1:

Source data 1. Labeled gel images.

Source data 2. Raw gel images.

https://doi.org/10.7554/eLife.82115
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Deletion of exon 11 in the TP73 gene leads to isoform switch from α 
to γ, resulting in enhanced cell proliferation and migration as well as 
altered epithelial morphogenesis
To mimic E11 skipping in human cancer tissues and understand the biological functions of p73γ, 
CRISPR- Cas9 technology was used to generate stable H1299 and Mia- PaCa2 cell lines in that the 
splicing acceptor for TP73 exon 11 (E11) was deleted by using two guide RNAs (Figure 2—figure 
supplement 1A). Sequence analysis verified that E11- KO H1299 and Mia- PaCa2 cells contained 
a deletion of 21 nt in intron 10 and 26 nt in E11 in the TP73 gene. We predicted that deletion of 
E11 splicing acceptor would trigger E11 skipping and subsequently result in C- terminal isoform 
switching (Figure 2A). Indeed, we found that when compared to isogenic control cells, E11- KO 
cells expressed no α/β isoforms, increased levels of γ/ε isoforms, and unaltered δ/ζ isoforms 
(Figure  2B). Additionally, TA/ΔNp73 isoforms were expressed at similar levels in both isogenic 
control and E11- KO H1299 cells (Figure 2B, TA/ΔNp73 panels). The isoform switch in E11- KO cells 
was also confirmed with specific primers that amplify α/γ or β/ε isoforms (Figure 2—figure supple-
ment 1B and C).

Due to lack of specific antibodies and relative low abundance, p73γ is almost undetectable under 
normal conditions. Thus, a peptide (PRDAQQPWPRSASQRRDE) derived from the unique C- terminal 
region in p73γ/ε was used to generate an antibody, called anti- p73γ/ε antibody, which was found 
to recognize p73γ/ε but not p73α (Figure 2—figure supplement 1D). We showed that in isogenic 
control cells TAp73α was the mostly abundant protein expressed as detected by an anti- TAp73 
antibody, whereas in E11- KO cells, TAp73γ became the predominantly expressed isoform and was 
detected by anti- p73γ/ε antibody under normal and DNA- damage induced conditions (Figure 2C 
and Figure 2—figure supplement 1E). Nevertheless, other p73 isoforms, including p73β and p73ε, 
remained undetectable likely due to their low abundance. These data confirmed that deletion of the 
acceptor site for E11 in TP73 led to E11 skipping and subsequently resulted in isoform switch from 
p73α in isogenic control cells to p73γ in E11- KO cells.

By using two different promoters, p73 C- terminal isoforms are expressed as TA/ΔNp73 proteins, 
which are known to have opposing functions (Rufini et al., 2011). Thus, when studying the p73 C- ter-
minal isoforms, it is also important to consider the N- terminal variations. To this end, stable TAp73- or 
ΔNp73- KO H1299 and Mia- PaCa2 cell were generated (Figure 2D and Figure 2—figure supple-
ment 1F) and used as controls to study the function of E11 deficiency. We found that knockout of 
TAp73 enhanced, whereas knockout of ΔNp73 reduced, colony formation compared to isogenic 
control cells (Figure 2E), consistent with previous reports (Zhang et al., 2013; Zhang et al., 2012). 
Interestingly, the number of colonies formed by E11- KO cells was higher than that by TAp73- KO 
cells, becoming the highest among all four cell lines (Figure 2E). To verify this, tumor sphere forma-
tion assay was performed and showed that loss of TAp73 or E11 promoted, whereas loss of ΔNp73 
inhibited, cell proliferation in H1299 cells (Figure 2—figure supplement 1G). Moreover, to examine 
whether E11 deficiency affects cell migration, scratch assay was performed. We found that knockout 
of TAp73 promoted, whereas knockout of ΔNp73 slightly inhibited, cell migration in H1299 and 
Mia- PaCa2 cells in a time- dependent manner (Figure 2F and Figure 2—figure supplement 1H), 
consistent with previous observations (Zhang et al., 2012; Bae et al., 2018). Notably, E11- KO cells 
migrated even faster than isogenic control or TAp73- KO H1299 and Mia- PaCa2 cells (Figure  2F 
and Figure 2—figure supplement 1H). Consistently, transwell migration assay showed that E11- KO 
H1299 cells exhibited a markedly enhanced ability to transmigrate through a membrane compared 
to isogenic control, TAp73- KO, and ΔNp73- KO H1299 cells (Figure  2—figure supplement 1I). 
Furthermore, to determine whether E11 deficiency has an effect on epithelial morphogenesis, E11- 
KO, TAp73- KO, and ΔNp73- KO MCF10A cells were generated (Figure 2—figure supplement 1J) 
and then subjected to three- dimensional (3- D) culture. We found that parental and isogenic control 
MCF10A cells underwent normal cell morphogenesis (acini with hollow lumen) (Figure 2G, left two 
panels), whereas ΔNp73- KO showed delayed acinus formation (small acini) (Figure  2G, ΔNp73 
panel). Interestingly, E11- KO and TAp73- KO showed aberrant cell morphogenesis (irregular acini 
with filled lumen) (Figure 2G, TAp73- KO and E11- KO panels). These data suggest that loss of E11 
promotes oncogenesis by altering epithelial cell morphogenesis and enhancing cell proliferation and 
migration.

https://doi.org/10.7554/eLife.82115
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Figure 2. Deletion of exon 11 in the TP73 gene leads to isoform switch from α to γ, resulting in enhanced cell 
proliferation and migration as well as altered epithelial morphogenesis. (A) Schematic representation of p73 
isoforms and isoform switch resulting from E11 deletion. (B) The level of p73 splicing variants was examined by 
RT- PCR in isogenic control and E11- KO H1299 cells. (C) The levels of TAp73α, TAp73γ, and actin protein were 

Figure 2 continued on next page

https://doi.org/10.7554/eLife.82115
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TAp73γ is primarily responsible for the oncogenic effects observed in 
E11-KO cells
The enhanced potential of cell proliferation and migration in E11- KO cells could be mediated by 
increased TAp73γ expression or simply by loss of TAp73α as similar phenotypes were also observed in 
TAp73- KO cells albeit to a less extent (Figure 2E–G and Figure 2—figure supplement 1G–I). Thus, to 
characterize the role of TAp73γ in oncogenesis, stable H1299 cell lines in that TAp73γ can be inducibly 
expressed under the control of a tetracycline- inducible promoter were generated (Figure 2—figure 
supplement 2A). We showed that upon induction TAp73γ promoted cell migration (Figure 2—figure 
supplement 2B), consistent with the data from E11- KO cells (Figure 2F and Figure 2—figure supple-
ment 1G–I). Next, to determine the role of endogenous p73γ in cell proliferation and migration, two 
p73α/γ siRNAs (si- p73α/γ#1 or #2), which were designed to target the junction region of E12- E13 or 
E13- E14 in p73α/γ mRNA (Figure 3—figure supplement 1A), were synthesized and found to effi-
ciently knock down p73α and p73γ in isogenic control and E11- KO cells (Figure 3A and B). Next, 
cell migration was measured by scratch and transwell assays. We showed that knockdown of p73α/γ 
enhanced cell migration in isogenic control cells (Figure 3C and Figure 3—figure supplement 1B). By 
contrast, knockdown of p73α/γ decreased cell migration in E11- KO cells (Figure 3C and Figure 3—
figure supplement 1B). Similarly, we found that knockdown of p73α/γ enhanced cell viability of tumor 
spheres in isogenic control cells but decreased in E11- KO cells (Figure 3—figure supplement 1C). 
These data suggested that cell proliferation and migration is inhibited by p73α, the major isoform in 
isogenic control cells, but enhanced by p73γ, the major isoform in E11- KO cells.

p73γ can be expressed as two isoforms, TAp73γ and ΔNp73γ. To determine which p73γ isoform 
is responsible for the enhanced cell migration in E11- KO cells, we generated a dual- KO (DKO) cell 
line by deleting all ΔNp73 isoforms in E11- KO H1299 and Mia- PaCa2 cells. We showed that ΔNp73 
transcript was not expressed, whereas a similar amount of TAp73γ protein was expressed, in ΔNp73/
E11- DKO H1299 and Mia- PaCa2 cells as compared to that in E11- KO cells (Figure 3D and E and 
Figure 3—figure supplement 1D and E). We found that the ability of cells to migrate was not altered 
by ΔNp73/E11- DKO as compared to that by E11- KO (Figure 3F and Figure 3—figure supplement 
1F). Considering that knockout of ΔNp73 inhibited cell proliferation and migration (Figure 2E and F 
and Figure 2—figure supplement 1G–H), we conclude that TAp73γ was able to overcome the inhib-
itory effect of ΔNp73 deficiency on cell proliferation and migration. Together, these data suggest that 

measured in isogenic control and E11- KO H1299 cells mock- treated or treated with camptothecin (CPT). (D) The 
levels of TAp73α, TAp73γ, and actin protein were measured in isogenic control, TAp73- KO, ΔNp73- KO, and E11- 
KO H1299 cells. (E) Colony formation was performed with isogenic control, TAp73- KO, ΔNp73- KO, and E11- KO 
H1299 cells. The was quantified as relative density. (F) Scratch assay was performed with isogenic control, TAp73- 
KO, ΔNp73- KO, and E11- KO H1299 cells. Phase- contrast photomicrographs were taken immediately after scratch 
(0 hr), 20 hr, and 36 hr later to monitor cell migration. (G) Representative images of parental, isogenic control, 
TAp73- KO,ΔNp73- KO, and E11- KO MCF10A cells in three- dimensional culture. Top panel: phase- contrast image 
of acini in 3- D culture. Bottom panel: confocal images of cross- sections through the middle of acini stained with 
TO- PRO- 3.

The online version of this article includes the following source data and figure supplement(s) for figure 2:

Source data 1. Labeled gel images.

Source data 2. Raw gel images.

Figure supplement 1. Deletion of E11 in TP73 leads to enhanced TAp73gamma expression and subseuqntly, 
enhanced cell proliferation and migration.

Figure supplement 1—source data 1. Labeled gel images.

Figure supplement 1—source data 2. Raw gel images.

Figure supplement 1—source data 3. Numerical data for Figure 2—figure supplement 1G.

Figure supplement 2. Ectopic TAp73gamma promotes cell migration.

Figure supplement 2—source data 1. Labeled gel images.

Figure supplement 2—source data 2. Raw gel images.

Figure 2 continued

https://doi.org/10.7554/eLife.82115
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Figure 3. TAp73γ is primarily responsible for the oncogenic effects observed in E11- KO cells. (A) Isogenic control and E11- KO H1299 cells transfected 
with a scrambled siRNA or siRNAs against p73α/γ for 3 d, followed by RT- PCR analysis to measure the levels of p73α, p73γ, and actin transcripts. (B) Cell 
were treated as in (A) and then subjected to western blot analysis to measure the levels of TAp73α, TAp73γ, and actin proteins using antibodies against 
TAp73, p73α/γ, and actin. (C) Scratch assay was performed with isogenic control and E11- KO H1299 cells transfected with a scrambled siRNA or siRNAs 
against p73α/γ for 3 d. Phase- contrast photomicrographs were taken immediately after scratch (0 hr), 20 hr, and 36 hr later to monitor cell migration. 
(D) The levels of ΔNp73 and actin transcripts were measured in isogenic control, E11- KO, ΔNp73/E11- DKO H1299 cells. (E) The levels of TAp73α, 
TAp73γ, and actin proteins were measured by western blot analysis using isogenic control, E11- KO, ΔNp73/E11- DKO H1299 cells. (F) Scratch assay 

Figure 3 continued on next page

https://doi.org/10.7554/eLife.82115
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TAp73γ is primarily responsible for the enhanced cell proliferation and migration observed in E11- KO 
cells.

Deletion of E11 in the Trp73 gene leads to shortened lifespan, 
increased incidence of spontaneous tumors and chronic inflammation in 
mice
CRISPR- Cas9 was used to generate a mouse model in that E11 in the Trp73 gene was deleted 
(Figure 4—figure supplement 1A). A cohort of WT, E11- HET, and E11- KO MEFs was then generated 
(Figure 4—figure supplement 1B) and used to examine whether E11 deficiency would lead to isoform 
switch in mice. We found that although MEFs mainly expressed p73α/γ/ζ transcripts, E11 deficiency 
led to isoform switch from p73α in WT MEFs to p73γ in both E11- HET and E11- KO MEFs (Figure 4A), 
which was similar to that in human cells (Figure 2B). Next, SA-β-gal staining was performed to eval-
uate whether E11 deficiency had an effect on cellular senescence, an intrinsic mechanism of tumor 
suppression. Surprisingly, E11- KO MEFs were less prone to cellular senescence compared to WT 
MEFs (Figure 4B), along with decreased expression of senescence markers, including PML, p130, and 
p21 (Figure 4C).

To examine the biological functions of E11 deficiency in vivo, a cohort of E11- Het and E11- KO 
mice was generated. We found that due to loss of TAp73α, E11- KO mice were runty, infertile, and 
prone to hydrocephalus (Figure 4—figure supplement 1C and data not shown). These observations 
from E11- KO mice are similar to the phenotypes from Trp73-/- mice, which also lacks of TAp73α (Yang 
et al., 2000; Inoue et al., 2014). Thus, E11- KO mice were not suitable for long- term tumor study. 
However, young E11- HET mice appeared to be normal. In this regard, a cohort of E11- HET mice was 
generated and monitored for potential abnormalities along with WT and Trp73+/- mice. We would like 
to mention that to minimize the number of animals used, all WT and 26 out of 30 Trp73+/-mice, which 
were generated previously but had same genetic background and maintained in the same facility 
(Zhang et al., 2017; Zhang et al., 2014; Zhang et al., 2019), were used as controls. We found that 
the lifespan for E11- HET mice (96 wk) and Trp73+/- mice (88 wk) was much shorter than that for WT 
mice (117 wk) (Figure 4D). However, there was no difference in lifespan between Trp73+/- and E11- 
HET mice (Figure 4D ). Pathological analysis indicated that 11 out of 51 WT mice, 13 out of 27 Trp73+/- 
mice, and 17 out of 28 E11- HET mice developed spontaneous tumors (Figure 4E; Supplementary 
file 1a–c). Statistical analysis indicated that the tumor incidence was significantly higher for both 
Trp73+/- and E11- HET mice compared to that for WT mice (p=0.0211 for WT vs. Trp73+/-; p=0.0011 for 
WT vs. E11- HET by Fisher’s exact test). Interestingly, although there was no difference in tumor inci-
dence between E11- HET and Trp73+/- mice, the percentage of diffuse large B cell lymphoma (DLBCL) 
was significantly higher in E11- HET mice (50%) than that in Trp73+/- mice (14.8%) (Figure  4E and 
Figure 4—figure supplement 1D; p=0.009 by Fisher’s exact test). These data suggest a role of p73γ 
in promoting B- cell lymphomagenesis, which is consistent with the observation that p73γ is frequently 
upregulated in dog lymphomas (Figure 1E).

In addition to tumors, E11- HET mice developed other pathological defects, including chronic inflam-
mation, EMH, and hyperplasia in lymph node, thymus, or spleen. Specifically, 17 out of 27 Trp73+/- 
and 8 out of 28 E11- HET mice, whereas 0 out of 51 WT mice, showed chronic inflammation in three 
or more organs (Figure 4F, Figure 4—figure supplement 1E, and Supplementary file 1a–c). The 

was performed with isogenic control, TAp73- KO, ΔNp73- KO, E11- KO, and ΔNp73/E11- DKO H1299 cells. Phase- contrast photomicrographs were taken 
immediately after scratch (0 hr), 20 hr, and 36 hr later to monitor cell migration.

The online version of this article includes the following source data and figure supplement(s) for figure 3:

Source data 1. Labeled gel images.

Source data 2. Raw gel images.

Figure supplement 1. TAp73gamma, but not DNp73 is required for the enhanced cell mgiration and proliferation.

Figure supplement 1—source data 1. Labeled gel images.

Figure supplement 1—source data 2. Raw gel images.

Figure supplement 1—source data 3. Numerical data for Figure 3—figure supplement 1C.

Figure 3 continued
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Figure 4. Deletion of E11 in the Trp73 gene leads to shortened lifespan, increased incidence of spontaneous tumor and chronic inflammation in mice. 
(A) The levels of Trp73α, Trp73γ, Trp73ζ and actin transcripts were measured in WT, E11- HET, and E11- KO MEFs by RT- PCR analysis. (B) SA-β-gal staining 
was performed with WT and E11- KO MEFs. The percentage of SA-β-gal- positive cells was shown in each panel (WT vs. E11- KO: p<0.05 by Student’s 
test).(C) Western blot was performed to measure the levels of PML, p130, p21, and actin proteins in WT and E11- KO MEFs using antibodies against 
PML, p130, p21, and actin. (D) Kaplan–Meier survival curves of WT (n = 56), Trp73+/- (n = 30), and E11- HET (n = 30) mice. (E) Tumor spectra in WT (n = 56), 
Trp73+/- (n = 27), and E11- HET (n = 28) mice. (F) Percentage of WT (n=51), Trp73+/- (n=27), and E11- HET (n=28) mice with inflammation in three or more 
organs.(G) Percentage of WT (n=51), Trp73+/- (n=27), and E11- HET (n=28) mice with extramedullary hematopoiesis. (H) Percentage of WT (n=51), Trp73+/- 
(n=27), and E11- HET (n=27) mice with splenic hyperplasia. (I) Percentage of WT (n=51), Trp73+/- (n=27), and E11- HET (n=28) mice with lymphoid follicular 
hyperplasia. (J) Percentage of WT (n=51), Trp73+/- (n=27), and E11- HET (n=28) mice with thymic hyperplasia.

The online version of this article includes the following source data and figure supplement(s) for figure 4:

Source data 1. Labeled gel images.

Source data 2. Raw gel images.

Figure supplement 1. Mice dificient in TP73 E11 were infertile and prone to diffuse large B cell lymphoma and chronic inflammation.

Figure 4 continued on next page
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chronic inflammation was much less severe in E11- HET mice compared to Trp73+/- mice (Figure 4F), 
suggesting that p73γ partially compensates p73α in suppressing inflammatory response. Moreover, 
compared to WT mice, Trp73+/- and E11- HET mice were prone to EMH (Figure 4G  ). Furthermore, 
Trp73+/- and E11- HET mice showed various degree of hyperplasia in immune organs, such as lymph 
node, spleen, and thymus, compared to WT mice (Figure 4H–J ). Briefly, the percentage of splenic 
hyperplasia was higher in Trp73+/- and E11- HET mice than that in WT mice, with Trp73+/- even higher 
than E11- HET mice (Figure 4H). The percentage of lymphoid hyperplasia was higher in E11- HET mice 
than that in WT and Trp73+/- mice (Figure 4I), whereas the percentage of thymic hyperplasia was 
higher in Trp73+/- mice than that in WT and E11- HET mice (Figure 4J). Together, these data indicated 
that E11- deficient mice phenocopies Trp73- deficient mice in short lifespan, infertility, chronic inflam-
mation, and tumor incidence, indicating that p73γ cannot compensate p73α for tumor suppression 
and fertility.

E11-deficient mice are prone to obesity
We noticed that E11- HET mice were bigger and fattier compared to WT mice. We also found that the 
size of adipocytes was larger in both male and female E11- HET mice than that in WT mice (Figure 5A). 
Likewise, a significant increase in visceral fat (VAT) mass was observed in both male and female E11- 
HET mice compared to WT mice (Figure 5B annd C). Moreover, compared to WT mice, E11- HET but 
not Trp73+/- mice showed increased incidence in liver steatosis as characterized by lipid deposition in 
the hepatocytes (Figure 5D and E). Consistently, the levels of transcripts for alanine aminotransferase 
(ALT), aspartate aminotransferase (AST), and γ-glutamyltransferase 1 (GGT1) (Neuman et al., 2020; 
Sookoian et al., 2016), all of which are associated with liver steatosis, were increased in E11- HET 
livers compared to WT liver (Figure 5—figure supplement 1A). These observations let us specu-
late that E11 deficiency promotes obesity in mice. To test this, the level of serum cholesterol and 
triglycerides was measured and found to be much higher in E11- HET mice than that in WT and Trp73+/- 
mice at ~65 wk (Figure 5F and G), suggesting that E11 deficiency enhances lipid storage. Consistent 
with this, younger E11- HET mice at 20 or 32 wk also showed increased body weights (Figure 5H and 
I) and elevated levels of serum cholesterol and triglycerides (Figure 5J and K) compared to WT mice. 
Furthermore, to examine whether p73γ is responsible for decreased lipid catabolism observed in 
E11- HET mice, the level of cholesterol and triglycerides was measured in isogenic control and E11- KO 
cells with or without knockdown of p73γ. We found that E11 deficiency led to marked increase 
in the level of cholesterol and triglycerides in both H1299 and Mia- PaCa2 cells (Figure 5L–N and 
Figure 5—figure supplement 1B–D). However, upon knockdown of p73γ, elevated level of choles-
terol and triglycerides by E11- KO was reduced to normal level in isogenic control cells (Figure 5L–N 
and Figure 5—figure supplement 1B–D). By contrast, the level of cholesterol and triglycerides was 
increased by knockdown of p73α/γ in isogenic control H1299 and Mia- PaCa2 cells (Figure 5L–N and 
Figure 5—figure supplement 1B–D), suggesting a role of p73α in inhibiting lipid storage. Together, 
these data suggest that E11 deficiency leads to obesity in mice, which is largely induced by TAp73γ.

E11 deficiency leads to elevated production of Leptin, a novel target 
of TAp73γ
Several studies have shown that dysfunctional adipose tissues secret adipocytokines, such as leptin, 
and subsequently promote adipose tissue and systemic inflammation, which is considered to be 
responsible for many obesity- related complications, including cancer (Cao, 2014; Tilg and Moschen, 
2006; Divella et al., 2016). Interesting, we found that E11- HET but not WT mice showed pronounced 
low- grade inflammation in visceral adipose tissues (VATs) (Figure 6—figure supplement 1A) as well 
as increased expression of several proinflammatory cytokines, such as IL6, IL1α, and TNFα, in VAT 
and liver (Figure 6A). These observations prompted us to speculate whether E11 deficiency leads to 
altered expression of leptin, a pleiotropic adipocytokine that is known to be associated with obesity, 
adipose tissue inflammation, and cancer (Myers et al., 2010; Abella et al., 2017; de Candia et al., 

Figure supplement 1—source data 1. Labeled gel images.

Figure supplement 1—source data 2. Raw gel images.

Figure 4 continued
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Figure 5. E11- deficient mice are prone to obesity. (A) Representative images of H&E- stained visceral adipose tissues from male and female WT and 
E11- HET mice. (B–, C) Visceral adipose tissue (VAT) mass of male (B) and female (C) WT and E11- HET mice at ~100 wk. * indicates p<0.05 by Fisher’s 
exact test. (D) Representative images of H&E- stained liver tissues from male and female WT and E11- HET mice. (E) Percentage of WT (n=51), Trp73+/-

 (n=27), and E11- HET (n=28) mice with liver steatosis. * indicates p<0.05 by Fisher’s exact test. (F, G) The levels of serum cholesterol (F) and triglycerides 

Figure 5 continued on next page
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2021). In addition to adipocytes, Leptin was found to be expressed in normal epithelial and carci-
noma cells and subsequently promotes tumor growth through autocrine and paracrine signaling (Lin 
and Hsiao, 2021; Kang and Moon, 2010). Indeed, we found that the level of leptin transcript was 
increased by E11 deficiency in the VAT and liver tissues as well as in MEFs (Figure 6A and Figure 6—
figure supplement 1B). Consistent with this, immunohistochemistry (IHC) assay showed an elevated 
expression of leptin protein in E11- HET kidney and liver compared to WT kidney and liver, respectively 
(Figure 6—figure supplement 1C). Moreover, the level of Leptin protein in the VAT and serum was 
highly increased in age- and gender- matched E11- HET mice compared to that in WT and Trp73+/- mice 
(Figure 6B and C). While Leptin expression was increased in Trp73+/- mice it was still much lower than 
that in E11- HET mice (Figure 6B and C). Furthermore, the level of serum Leptin was found to be 
increased in both male and female E11- HET mice at very young ages of 20- or 32- week- old compared 
to WT mice (Figure 6D and E).

The observations above let us speculate whether increased expression of p73γ in E11- deficient 
mice contributes to Leptin expression. To test this, Leptin transcript was measured in VATs from age- 
and gender- matched WT, Trp73+/-, and E11- HET mice. We found that the level of Leptin transcript was 
slightly increased in Trp73+/- mice, but markedly increased in E11- HET mice (Figure 6F), suggesting 
that Leptin expression is induced by p73γ. To verify this, Leptin transcript was measured in TP73- 
KO, TAp73- KO, ΔNp73- KO, and E11- KO H1299 cells. We found that knockout of all p73 or TAp73 
decreased, whereas knockout of ΔNp73 had little effect on, the level of Leptin transcript (Figure 6G). 
However, the level of Leptin was much higher in E11- KO cells compared to isogenic control, TP73-, 
TAp73-, and ΔNp73- KO H1299 cells (Figure 6G). We also showed that ectopic expression of TAp73γ 
led to increased expression of Leptin (Figure 6—figure supplement 1D), whereas knockdown of p73γ 
markedly decreased the level of Leptin transcript in E11- KO H1299 and Mia- PaCa2 cells (Figure 6H 
and Figure 6—figure supplement 1E). Interestingly, knockdown of p73α/γ also led to reduction in 
Leptin expression in isogenic control cells in that p73α is the predominant isoform (Figure 6H and 
Figure 6—figure supplement 1E), suggesting that p73α can regulate Leptin transcription. To further 
test this, we found that ectopic expression of TAp73α, TAp73β, or TAp73γ alone was able to induce 
Leptin expression, with the strongest induction by TAp73γ (Figure 6—figure supplement 1F).

To determine whether Leptin is a direct target of TAp73, we searched the Leptin promoter and found 
a potential p73 response element (p73- RE) located at nt –346 to –321 (Figure 6I). Thus, ChIP assay 
was performed and showed that ectopic TAp73γ was able to bind to the LEP promoter (Figure 6J). 
As a positive control, TAp73γ bound to the p21 promoter (Figure 6J), a bona fide target of the p53 
family (El- Deiry et al., 1993). Consistent with this, endogenous p73γ were able to bind to the Leptin 
promoter in E11- KO H1299 cells compared to isogenic control cells (Figure 6K and L). Furthermore, 
to determine whether the p73- RE (nt –346 to –321) is required for TAp73 to transactivate the Leptin 
promoter, luciferase reporters that contain WT or mutant p73- RE were generated (Figure 6I). We 
found that TAp73α/β/γ were able to activate the Leptin- WT reporter, with the strongest activation 
by TAp73γ (Figure 6M). By contrast, all TAp73 isoforms were unable to transactivate the luciferase 

(G) were measured in male WT, Trp73+/-, and E11- HET mice at 100 wk. (H, I) Body weights were measured in male (H) and female (I) WT, Trp73+/-, and 
E11- HET mice at 20 or 32 wk. (J, K) The levels of serum cholesterol (J) and triglycerides (K) were measured in male and female WT, Trp73+/-, and E11- 
HET mice at 32 wk. (L) The levels of p73α, p73γ, and actin transcripts were measured in isogenic control and E11- KO H1299 cells transfected with a 
scrambled siRNA or siRNAs against p73α/γ. (M, N) Cells were treated as in (L), followed by measurement of cholesterol (M) and triglycerides (N). Data 
were presented as Mean ± SEM (n=3).

The online version of this article includes the following source data and figure supplement(s) for figure 5:

Source data 1. Labeled gel images.

Source data 2. Raw gel images.

Source data 3. Numerical data for Figure 5.

Figure supplement 1. p73gamma maintains the levels of triglycerides and cholesterol in cells.

Figure supplement 1—source data 1. Labeled gel images.

Figure supplement 1—source data 2. Raw gel images.

Figure supplement 1—source data 3. Numerical data for Figure 5–figure supplement 1C–D.

Figure 5 continued
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Figure 6. E11 deficiency leads to elevated production of Leptin, a novel target of TAp73g. (A) The levels of TNFα, IL6, IL- 1α, Leptin, and actin transcripts 
were measured in visceral adipose tissue (VAT) and liver from WT and E11- HET mice. (B, C) The levels of serum (B) and VAT (C) Leptin were measured 
in female WT, Trp73+/-, and E11- HET mice at 65 wk. (D, E) The levels of serum leptin were measured in male and female WT and E11- HET mice at 20 
(D) or 32 (E) wk. (F) The levels of p73, Leptin, and actin transcripts were measured in VATs from male and female WT, Trp73+/-, and E11- HET mice. (G) The 

Figure 6 continued on next page
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reporter containing mutant p73- RE (Figure 6M). Together, these data indicate that Leptin is a novel 
target of TAp73γ and may play a role in TAp73γ-induced oncogenic activities.

Leptin is a critical mediator of TAp73γ in oncogenesis and altered lipid 
metabolism
Leptin is known to play a critical role in oncogenesis through altered lipid metabolism (Sánchez- 
Jiménez et  al., 2019; Sabol et  al., 2019; Park and Scherer, 2011). Thus, we examined whether 
knockdown of Leptin has any effect on the level of cholesterol and triglycerides by using two different 
Leptin siRNAs in both H1299 and Mia- PaCa2 cells (Figure 7A and Figure 7—figure supplement 1A). 
We showed that knockdown of Leptin abrogated the elevated level of cholesterol and triglycerides 
by E11- KO in both H1299 and Mia- PaCa2 cells (Figure 7B and C and Figure 7—figure supplement 
1B and C), consistent with the observation that knockdown of p73γ also abrogated the elevated level 
of cholesterol and triglycerides by E11- KO (Figure 5M and N and Figure 5—figure supplement 1C 
and D). Next, we examined the role of Leptin in cell migration and showed that in isogenic control 
cells, cell migration was moderately inhibited by knockdown of Leptin in both H1299 (Figure 7D and 
E and Figure 7—figure supplement 1D) and Mia- PaCa2 cells (Figure 7—figure supplement 1E and 
F). By contrast, the enhanced cell migration by E11- KO was abolished by knockdown of Leptin in both 
H1299 (Figure 7D and E and Figure 7—figure supplement 1D) and Mia- PaCa2 cells (Figure 7—
figure supplement 1E and F), consistent with the observation that knockdown of p73γ also abolished 
the enhanced cell migration by E11- KO (Figure 3C and Figure 7—figure supplement 1B). To further 
analyze the role of Leptin in p73γ-mediated cell migration, we asked whether supplementation of 
Leptin would have an effect on cell migration. To make sure that the effect of Leptin is transmitted 
through its receptor, we measure the expression of Leptin receptor (LepR). We found that LepR was 
expressed at a similar level across isogenic control, TAp73- KO and E11- KO H1299 cells (Figure 7—
figure supplement 1G), suggesting that these cells have an intact Leptin signaling pathway and that 
LepR expression is not regulated by p73. Importantly, we found that cell transmigration was enhanced 
by treatment with Leptin in isogenic control, TAp73- KO and E11- KO H1299 cells (Figure 7—figure 
supplement 1H). Furthermore, to determine whether the p73γ-Leptin axis plays a role in cancer 
progression, we examined whether the expression pattern of Leptin is correlated with that of p73γ in 
human prostate carcinomas and dog lymphomas. We found that Leptin expression was low in normal 
human prostates but highly elevated in prostate carcinomas, which correlates well with the expression 
of p73γ (Figure 7F and G, Leptin and p73γ panels, compare lanes 1–5 with 6–13). Similarly, Leptin 
and p73γ transcripts were found to be highly expressed coordinately in dog lymphomas compared to 
normal dog lymph nodes (Figure 7H, Leptin and p73γ panels, compare lanes 1–3 with 4–19). These 
data suggest that Leptin is a mediator of TAp73γ in oncogenesis and altered lipid metabolism and 
that the TAp73γ-Leptin pathway plays a role in the development of prostate cancer and lymphoma.

levels of p73α, p73γ, Leptin, and actin transcripts were measured in isogenic control, total p73- KO, TAp73- KO, DNp73- KO, and E11- KO H1299 cells. (H) 
The levels of p73α, p73γ, Leptin, and actin transcripts were measured in isogenic control and E11- KO H1299 cells transfected with a scrambled siRNA 
or siRNA against for p73α/γ for 3 d. (I) Schematic representation of the Leptin promoter, the location of p73- RE as well as luciferase reporters with WT 
or mutant p73RE. (J) H1299 cells were uninduced or induced to express TAp73γ for 24 hr, followed by ChIP assay to measure the binding of TAp73γ to 
the Leptin, p21, and GAPDH promoter. (K, L) Isogenic control and E11- KO cells were used for ChIP assay to examine the binding of p73γ to Leptin and 
p21 promoter by regular PCR (K) or qPCR (L). Data were presented as Mean ± SEM (n=3).* indicates p<0.05 by Student‘s t- test. (M) Luciferase assay was 
performed with H1299 cells transfected with a control vector or vector expressing TAp73α, TAp73β, and TAp73g. The relative fold- change of luciferase 
activity was calculated as a ratio of luciferase activity of each construct versus an empty vector. Data were presented as Mean ± SEM (n=3). * indicates 
p<0.05 by Student’s t- test.

The online version of this article includes the following source data and figure supplement(s) for figure 6:

Source data 1. Labeled gel images.

Source data 2. Raw gel images.

Source data 3. Numerical data for Figure 6.

Figure supplement 1. E11 dificiency alters lipid level via increased leptin levels.

Figure supplement 1—source data 1. Labeled gel images.

Figure supplement 1—source data 2. Raw gel images.

Figure 6 continued
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Figure 7. Leptin is a critical mediator of TAp73γ-mediated oncogenesis and altered lipid storage. (A, D) The levels of Leptin and actin transcripts were 
measured in isogenic control and E11- KO H1299 cells transfected with a scrambled siRNA or siRNAs against Leptin. (B, C) The levels of cholesterol 
(B) and triglycerides (C) were measured in cells treated as in (A). Data were presented as Mean ± SEM (n=3). * indicates p<0.05 by Student’s t- test. (E) 
Scratch assay was performed with H1299 cells treated as in (D). Phase- contrast photomicrographs were taken immediately after scratch (0 hr), 20 hr, and 

Figure 7 continued on next page
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Targeting p73γ or Leptin inhibits tumor growth in vivo
To explore the therapeutic potential of targeting the p73γ-Leptin pathway for cancer management, 
xenograft models were established by using isogenic control and E11- KO H1299 cells. We showed 
that loss of E11 led to enhanced tumor growth (Figure 8A). Consistent with this, tumor size and 
weight were significantly greater for E11- KO group than that for control group (Figure 8B and C). 
We also showed that the levels of p73γ and Leptin transcripts and proteins were much higher in 
E11- KO tumors than that in WT tumors (Figure 8D and Figure 8—figure supplement 1A). Addi-
tionally, H&E analysis showed that both WT and E11- KO H1299 xenografts were human cancer cells 
(Figure 8E). Next, we determined whether the elevated levels of p73γ and Leptin are responsible for 
the enhanced tumor growth by E11- KO. To test this, siRNAs against p73γ or Leptin were synthesized 
along with a scrambled siRNA as a control. We found that the rate of growth for E11- KO tumors 
injected with p73γ or Leptin siRNA was much slower than the ones injected with the control scram-
bled siRNA (Figure 8F). Consistent with this, the tumor size and weight were much less for E11- KO 
tumors injected with p73γ or Leptin siRNA than the ones injected with the control scrambled siRNA 
(Figure 8G and H). As expected, we showed that both p73γ and Leptin were efficiently knocked down 
by their respective siRNAs (Figure 8I and Figure 8—figure supplement 1B and C). Notably, we found 
that treatment with p73γ or Leptin siRNA led to extensive tumor necrosis in xenografts compared 
with that treated with the control scrambled siRNA (Figure 8J). Together, we showed that E11- KO 
promotes, whereas knockdown of p73γ or Leptin suppresses, xenograft growth in mice.

Discussion
The biology of p73 is complicated because p73 is expressed as multiple N- and C- terminal isoforms, 
some of which may have opposing functions. While TA and ΔNp73 isoforms are shown to exert 
opposing activities in tumorigenesis by multiple in vitro and in vivo model systems, the biological 
significance of C- terminal p73 splicing variants (α, β, and γ) remains largely uncharacterized. In this 
study, we aimed to manipulate alternative splicing of TP73 using CRISPR- Cas9. We showed that dele-
tion of E11 in TP73 leads to isoform switch from p73α to p73γ in both human cancer cells and mice. 
Importantly, we found that owing to p73γ expression, E11 deficiency leads to enhanced tumorigen-
esis and obesity in vitro and in vitro. Moreover, we identified Leptin, a key hormone in energy homeo-
stasis, as a novel target of p73 and a critical mediator of TAp73γ in oncogenesis and aberrant lipid 
metabolism. Furthermore, we showed that p73α-γ switch is detected in a subset of dog lymphomas, 
along with elevated expression of Leptin. Finally, to explore the therapeutic potential of the p73γ-
Leptin pathway, we showed that E11- KO promotes, whereas knockdown of p73γ or Leptin suppresses, 
H1299 xenograft growth in mice. These results have provided compelling evidence and prompted us 
to hypothesize that p73 C- terminal isoforms, that is, TAp73α and TAp73γ, can exert two opposing 
functions in tumorigenesis in a manner similar to that by TA and ΔN p73 isoforms. These results may 
have also explained the discrepancies in several early studies that TAp73 have both pro- and anti- 
tumorigenic activities (Dulloo et al., 2015b; Amelio et al., 2015; Li et al., 2018; Sharif et al., 2019; 
Sabapathy, 2015; Stantic et al., 2015; Dulloo et al., 2015a; Fernandez- Alonso et al., 2015), which 
are exerted by TAp73α and TAp73γ, respectively. A model to elucidate the role of p73α/γ switch and 
the p73γ-Leptin axis in tumorigenesis is proposed and shown in Figure 8K.

36 hr later to monitor cell migration. (F, G) The levels of p73γ, Leptin, and actin transcripts were examined in 5 normal prostates and 16 human prostate 
carcinomas. (H) The levels of p73γ, Leptin, and actin were examined in 3 normal dog lymph nodes and 16 dog lymphomas.

The online version of this article includes the following source data and figure supplement(s) for figure 7:

Source data 1. Labeled gel images.

Source data 2. Raw gel images.

Source data 3. Numerical data for Figure 7.

Figure supplement 1. Leptin is required for p73gamma to enhance cell migration.

Figure supplement 1—source data 1. Labeled gel images.

Figure supplement 1—source data 2. Raw gel images.

Figure 7 continued
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Figure 8. Targeting p73γ or Leptin inhibits tumor growth in vivo. (A) Xenograft tumor growth in nude mice from isogenic control or E11- KO H1299 cells 
(error bars represent SEM, * indicates p<0.05 by Student’s t- test). (B) Images of tumors excised from isogenic control and E11- KO groups. (C) Tumor 
weight distribution between isogenic control and E11- KO groups upon termination of tumor growth experiments at day 17 (*p<0.05 by Student’s t- test). 
(D) The levels of p73α, p73γ, Leptin, and actin transcripts were measured in the tumors from isogenic control and E11- KO groups. (E) Representative 

Figure 8 continued on next page
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We and others have shown that ectopic expression of TAp73α and TAp73γ can inhibit cell growth 
albeit to a much less extent compared to p53 or TAp73β (Liu and Chen, 2005; Ueda et al., 1999; 
Nozell et  al., 2003; Chi et  al., 1999), suggesting that TAp73α and TAp73γ have a role in tumor 
suppression. Here, we showed that when expressed at a physiological relevant level in vivo, TAp73γ 
possesses an oncogenic activity whereas TAp73α has a tumor- suppressive function. Specifically, we 
showed that knockout or knockdown of TAp73α, the major isoform in H1299 and Mia- PaCa2 cells, 
leads to enhanced cell proliferation and migration (Figures 2E–G and 3C, Figure 2—figure supple-
ment 1G–I). By contrast, E11 deficiency, which switches TAp73α to TAp73γ, leads to enhanced cell 
proliferation and migration as well as xenograft tumor growth, which can be attenuated by knock-
down of p73γ (Figures  2E–G, 3C and 8, Figure  2—figure supplement 1G–I, Figure  3—figure 
supplement 1B, C, F). Moreover, mice deficient in Trp73, presumably p73α, were prone to sponta-
neous tumors, such as lymphoma (Figure 4E), consistent with previous observations that loss of Trp73 
promotes Myc- induced B- cell lymphomas or mutant p53- mediated T- cell lymphomas (Zhang et al., 
2019; Nemajerova et al., 2010). By contrast, E11- deficient mice were prone to spontaneous tumors, 
such as DLBCLs (Figure 4E and Supplementary file 1c), presumably due to elevated p73γ expression 
in these mice. Furthermore, we showed that while p73α was detectable in normal tissues, p73γ was 
elevated in a subset of dog lymphomas (Figure 1C). These data suggest that p73α and p73γ have 
opposing functions in tumorigenesis and that isoform switch from p73α to p73γ is a critical event for 
cancer progression. Indeed, we found that percentage of exon 11 exclusion, which would produce 
p73γ isoform, was much higher in tumor samples compared to normal tissues (Figure 1A and B). In 
line with this, TAp73γ transcript was found to be aberrantly expressed in human hematological malig-
nancies, such as leukemia and non- Hodgkin’s lymphomas (Tschan et  al., 2000; Alexandrova and 
Moll, 2012; Pluta et al., 2006). Moreover, one study showed that in breast cancer p73α and p73β 
are the main isoforms expressed in normal breast tissues, whereas other C- terminal splice variants, 
including p73γ, are mainly detected in breast cancers (Zaika et al., 1999). However, the factor that 
contributes to the alternative splicing of p73 isoforms has not been identified, which worth further 
investigation. Indeed, several RNA- binding proteins, such as RBM38 and PCBP2 (Ren et al., 2016; 
Yan et al., 2012), are found to post- transcriptionally regulate p73 expression. Thus, it would be inter-
esting to determine whether these RNA- binding proteins play a role in modulating alternative splicing 
of TP73. In addition, we noticed that surrounding sequence of TP73 exon 11 acceptor site is different 
from that of exon 12. Thus, studies are needed to determine whether the acceptor site of exon 11 is 
a weak splicing site and thus, spliced out. Additionally, it is also important to identify a splicing factor 
that mediates exon 11 splicing out. We believe that addressing these questions will help better under-
stand the role of p73γ in cancer, which would lay a foundation to develop a strategy to target p73γ 
for cancer management.

In addition to tumorigenesis, we noticed that p73α and p73γ have distinct and overlapped roles 
in multiple pathological processes based on the phenotypes from Trp73- and E11- deficient mice. We 
reasoned that if p73γ can compensate for loss of p73α, no abnormalities would be observed in E11- 
deficient mice. Instead, we found that both Trp73- and E11- deficient mice were runty, infertile, and 

images of H&E- stained tumors from isogenic control and E11- KO groups. (F) Xenograft tumor growth in nude mice from E11- KO H1299 cells transfected 
with scrambled siRNA or a siRNA against Leptin or p73γ (error bars represent SEM, * indicates p<0.05 by Student’s t- test). (G) Images of tumors excised 
from E11- KO groups with or without knockdown of Leptin or p73γ. (H) Tumor weight of E11- KO tumors with or without knockdown of Leptin or p73γ 
(*p<0.05 by Student’s t- test). (I) The levels of p73α, p73γ, Leptin, and actin transcripts were measured in E11- KO tumors with or without knockdown 
of Leptin or p73γ. (J) Representative images of H&E- stained E11- KO tumors with or without knockdown of Leptin or p73γ. (K) A proposed model to 
elucidate the role of p73α/γ switch and the p73γ-Leptin axis in tumorigenesis.

The online version of this article includes the following source data and figure supplement(s) for figure 8:

Source data 1. Labeled gel images.

Source data 2. Raw gel images.

Source data 3. Numerical data for Figure 8.

Figure supplement 1. The levels of p73gamma and Leptin are measured in multiple sets of tumors.

Figure supplement 1—source data 1. Labeled gel images.

Figure supplement 1—source data 2. Raw gel images.

Figure 8 continued
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prone to hydrocephalus (Figure 4—figure supplement 1C and data not shown; Yang et al., 2000). 
We also found that Trp73- deficient mice and to a lesser degree, E11- deficient mice, were susceptible 
to chronic inflammation and splenic hyperplasia (Figure 4F and H). These data indicate that p73α has 
distinct roles in hydrocephalus, fertility, chronic inflammation, and splenic hyperplasia, which cannot 
be fully substituted by p73γ. On the other hand, p73γ appeared to have a prominent role in lipid 
metabolism. Specifically, we found that E11- deficient mice were prone to spontaneous liver steatosis, 
increased body weight and VAT mass, and elevated serum triglycerides and cholesterol, all of which 
were not observed in Trp73- deficient mice (Figure 5A–E). To verify the role of p73γ in lipogenesis, we 
showed that the elevated level of cholesterol and triglycerides by E11- KO was abrogated by knock-
down of p73γ (Figure 5L–N and Figure 5—figure supplement 1B–D). Together, these data suggest 
that p73α and p73γ may have opposing roles in lipid metabolism in that p73γ promotes, whereas 
p73α inhibits, lipogenesis.

In this study, we found that Leptin expression is induced by p73γ, leading to elevated level of Leptin 
in serum, VAT, and possibly many other tissues (Figure 6A and Figure 6—figure supplement 1B and 
C). We also found that accumulation of cholesterol/triglycerides and enhanced cell migration by E11 
deficiency is abrogated by knockdown of Leptin (Figure 7B, C, and E; Figure 7—figure supplement 
1B–F), which phenocopies the effect of p73γ-knockdown in E11- KO cells (Figure 3C and Figure 2—
figure supplement 1G–I and Figure 5—figure supplement 1C and D). In line with this, we found that 
Leptin treatment was able to promote cell transmigration in isogenic control, TAp73- KO and E11- KO 
H1299 cells (Figure 7—figure supplement 1H), indicating that Leptin functions as a mediator of p73 
in promoting cell migration. To uncover the mechanism, we showed that Leptin is a target of p73γ 
(Figure 6F–L). Interestingly, we noticed that while capable, p73α is much weaker than p73γ to induce 
Leptin expression (Figure 6L and Figure 6—figure supplement 1F). One possibility is that the unique 
C- terminal domains in p73α and p73γ can recruit distinct sets of transcription coactivators and, thus, 
differentially regulate gene expression, including Leptin, which warrants further investigation.

To explore the physiological significance of the p73γ-Leptin pathway, we found that Leptin expres-
sion correlates well with isoform switch from p73α to p73γ in a set of dog lymphomas (Figure 7F). 
Leptin was initially found to control energy homeostasis through the hypothalamus and was given a 
high hope for treating obesity (Friedman, 2010). However, it was found later that both too little and 
too much Leptin can lead to obesity (Considine et al., 1996; Considine and Caro, 1996), referred 
to as ‘leptin resistance’ (El- Haschimi et al., 2000; Pelleymounter et al., 1995). At this moment, it is 
uncertain whether Leptin directly contributes to obesity mediated by p73γ, partially due to the above-
mentioned paradoxical roles of Leptin in obesity. However, since obesity is now considered a risk 
factor for many cancers, the p73γ-Leptin pathway may provide a physiological link between cancer 
and obesity. Indeed, it should be noted that many studies, including data from this study, indicate that 
Leptin and its receptor are expressed in both normal and tumor tissues and that Leptin is found to 
promote inflammation, tumor growth, and angiogenesis (Sánchez- Jiménez et al., 2019; Dutta et al., 
2012). Considering that the p73γ is highly expressed in tumors such as dog lymphoma (Figure 1C), 
it is possible that p73γ plays a critical role in activating the Leptin signaling pathway in tumors, which 
subsequently promotes tumorigenesis. Moreover, we found that knockdown of p73γ or Leptin was 
able to inhibit growth of E11- KO xenograft tumors (Figure 8), which would open a new revenue for 
cancer management by targeting the p73γ-Leptin pathway. Together, these data indicate that as a 
target of p73, Leptin mediates p73γ in tumor promotion and altered lipid metabolism and that the 
p73γ-Leptin pathway can be targeted for cancer management.

Materials and methods
Reagents
Anti- Actin (sc- 47778, 1:3000), anti- p130 (sc- 374521, 1:3000), anti- p21 (sc- 53870, 1:3000), anti- p130 
(sc- 374521, 1:3000), and anti- PML (sc- 377390, 1:3000) were purchased from Santa Cruz Biotech-
nology. Anti- TAp73 (A300- 126A, 1:2000) was purchased from Bethyl Laboratories. Anti- HA (MMS- 
101P, 1:3000) was purchased from Covance. Anti- Ki- 67 (Cat# 12202, 1:100), anti- B220 (Cat# 70265, 
1:100), and anti- Leptin (Cat# 16227, 1:500) were purchased from Cell Signaling. Anti- p73γ/ε antibody 
was generated by Cocalico Biologicals using a peptide (PRDAQQPWPRSASQRRDEC). To- Pro- 3 was 
purchased from Invitrogen. The WesternBright ECL HRP substrate (Cat# K12043- D20) was purchased 
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from Advansta. Matrigel was obtained from Corning Inc (Cat# 354230). IHC kit (Cat# PK6100) and 
DAB (Cat# SK4100) were purchased from Vector Laboratories. Dual- Luciferase Reporter Assay kit was 
purchased from Promega (Cat# E1910). Scrambled siRNA (5'- GGC  CGA  UUG  UCA  AAU  AAU  U-3’), 
p73α/γ siRNA#1 (5'- AGC  CUC  GUC  AGU  UUU  UUA  A-3'), p73α/γ siRNA#2 (5'- AAC  CUG  ACC  AUU  
GAG  GAC  CUG  GG-3'), Leptin siRNA#1 (5'-GCU GGA AGC ACA UGU UUA U- 3'), and Leptin siRNA#2 
(5'-CCA GAA ACG UGA UCC AAA UUU- 3') were purchased from Dharmacon (Chicago, IL). For siRNA 
transfection, RNAiMax (Life Technologies) was used according to the user’s manual. Proteinase inhib-
itor cocktail was purchased from Sigma- Aldrich. Magnetic Protein A/G beads were purchased from 
MedChem. RiboLock RNase Inhibitor and Revert Aid First Strand cDNA Synthesis Kit were purchased 
from Thermo Fisher. Recombinant Human Leptin Protein was purchased from R&D (398- LP).

Plasmids
To generate a vector expressing a single- guide RNA (sgRNA) that targets total p73, TAp73, ΔNp73, 
and E11, two 25- nt oligos were annealed and then cloned into the pSpCas9(BB) sgRNA expression 
vector via BbsI site (Ran et  al., 2013). To generate the pSpCas9(BB)-ΔNp73- sgRNA- Blast vector 
expressing both blasticidin and ΔNp73 sgRNA, the blasticidin gene was amplified from pcDNA6 
vector and then cloned into pSpCas9(BB)-ΔNp73 via NotI. To generate a luciferase reporter that 
contains the WT Leptin promoter, a DNA fragment was amplified from genomic DNA from H1299 
cells, cloned into pGL2- basic vector via XmaI and HindIII sites, followed by sequence confirmation. 
To generate a luciferase reporter that contains mutant Leptin promoter, two- step PCR was used. The 
first step was to amplify two DNA fragments (fragment #1 and #2) using the WT Lep promoter as the 
template. Fragment #1 was amplified using WT forward 1 primer and mutant reverse mutant 1 primer. 
Fragment #2 was amplified using mutant forward 1 primer and WT reverse 1 primer. The second 
round of PCR was performed using both fragment #1 and #2 as templates with a WT forward 1 and 
a reverse 1 primer. The resulted DNA fragment was then cloned into pGL2- basic vector via XmaI and 
HindIII sites. To generate a pcDNA4 vector expressing HA- tagged TAp73γ, a 680 bp DNA fragment 
was amplified using cDNAs from H1299 cells as a template, and then used to replace the C- terminal 
of HA- TAp73α (Liu and Chen, 2005) via EcoRI and XhoI sites. The sequences of all primers are listed 
in Supplementary file 2a.

Mice and MEF isolation
Trp73+/− mice were generated as described previously (Zhang et al., 2019). E11- HET mice were gener-
ated by the Mouse Biology Program at University of California at Davis. All animals and use protocols 
were approved by the University of California at Davis Institutional Animal Care and Use Committee. 
To generate WT and E11- KO MEFs, E11- HET mice were bred with E11- HET and MEFs were isolated 
from 12.5 to 13.5 postcoitum (p.c.) mouse embryos as described previously (Zhang et al., 2011a). 
MEFs were cultured in DMEM supplemented with 10% FBS (Life Science Technology), 55  μM β-mer-
captoethanol, and 1× non- essential amino acids (NEAA) solution (Cellgro). All the genotyping primers 
are listed in Supplementary file 2b.

Cell culture, cell line generation
Cells from this study were obtained from the ATCC between 2003 and 2016 and used below passage 
25 and tested negative for mycoplasma after thawing. Because all cell lines from the ATCC have been 
thoroughly tested and authenticated, we did not authenticate the cell lines used in this study. H1299 and 
Mia- PaCa2 cells and their derivatives were cultured in Dulbecco’s modified Eagle’s medium (DMEM, 
Invitrogen) supplemented with 10% fetal bovine serum (Hyclone). MCF- 10A cells were cultured in 
DMEM:F12 (1:1) supplemented with 5% donor horse serum, 20 ng/ml EGF, 10 μg/ml insulin, 0.5 μg/ml 
hydrocortisone, and 100 ng/ml cholera toxin. To generate Total p73-, TAp73, ΔNP73, and E11- KO cell 
lines by CRISPR- Cas9, H1299 or Mia- PaCa2 cells were transfected with pSpCas9(BB)–2A- Puro vector 
expressing a guide RNA, and then selected with puromycin for 2–3 wk. To generate ΔN/E11- DKO cells, 
E11- KO H1299 and Mia- PaCa2 cells were transfected with pSpCas9(BB)-ΔNp73- sgRNA- Blast vector, 
followed by selection with blasticidin for 2–3 wk. Individual clone was picked confirmed by sequence 
analysis or western blot analysis. The primers used for sequencing total p73, TAp73, ΔNp73, and p73 
exon 11 are listed in Supplementary file 2b. H1299 cells that inducibly express HA- tagged TAp73γ 
were generated as previously described (Dohn et al., 2003). Briefly, pcDNA4- HA- TAp73 vector was 

https://doi.org/10.7554/eLife.82115


 Research article Cancer Biology

Kong et al. eLife 2023;12:e82115. DOI: https://doi.org/10.7554/eLife.82115  22 of 29

transfected into H1299 cells in which a tetracycline repressor is expressed by pcDNA6 (Yan and Chen, 
2006). Individual clone was picked and screened and for TAp73γ expression by performing western 
blot analysis. To induce HA- tagged TAp73γ expression, tetracycline was added to the medium.

Western blot analysis
Western blot analysis was performed as previously described (Dohn et al., 2001). Briefly, whole- cell 
lysates were harvested by 2× SDS sample buffer. Proteins were separated in 7–13% SDS- polyacrylamide 
gel, transferred to a nitrocellulose membrane, probed with indicated antibodies, followed by detec-
tion with enhanced chemiluminescence and visualized by VisionWorksLS software (Analytik Jena).

RNA isolation, RT-PCR, and qRT-PCR
Total RNA was isolated with Trizol reagent as described according to the user’s manual. cDNA was 
synthesized with Reverse Transcriptase (Promega, San Luis Obispo, CA) and used for RT- PCR. The PCR 
program used for amplification was (1) 94°C for 5 min, (2) 94°C for 45 s, (3) 58°C for 45 s, (4) 72°C for 
30 s, and (5) 72°C for 10 min. From steps 2–4, the cycle was repeated 22 times for actin and GAPDH, 
28–35 times depending on the targets. All primers used for RT- PCR are listed in Supplementary 
file 2c. For qPCR, PowerUp Syber Green Master Mix (Applied Biosystems, Cat# A25742) was used 
according to the manufacturer’s protocol.

ChIP assay
ChIP assay was performed as previously described (Harms and Chen, 2005). Briefly, chromatin was 
cross- linked in 1% formaldehyde in phosphate- buffered saline (PBS). Chromatin lysates were soni-
cated to yield 200- to 1000- bp DNA fragments and immunoprecipitated with a control IgG or an 
antibody against HA or p73γ. After reverse cross- linking and phenol- chloroform extraction, DNA frag-
ments were purified, followed by PCR to visualize the enriched DNA fragments. The primers used for 
the ChIP assays are listed in Supplementary file 2c.

Luciferase reporter assay
Dual luciferase assay was performed according to the manufacturer’s instructions (Promega). Briefly, 
H1299 cells were plated at 5 × 104 cells in triplicate per well in a 24- well plate and allowed to recover 
overnight. Cells were then transfected with the following plasmids: (1) 3  ng of pRL- SV40- Renilla; 
(2) 0.25 ug of a luciferase reporter, and (3) 0.25 ug of empty pcDNA3 vector or a pcDNA3 vector 
expressing p73α, β, or γ. The relative fold change of luciferase activity is a product of the luciferase 
activity induced by p73α, β, or γ divided by that induced by control vector.

Colony formation assay
For colony formation assay, cells (600 per well) in a 6- well plate were cultured for 15 d. The cell clones 
were fixed with methanol/glacial acetic acid (7:1) and then stained with 0.1% of crystal violet.

Wound-healing assay
2 × 105 cells were seeded in a 6- well plate cells and grown for 24 hr. The monolayers were wounded 
by scraping with a P200 micropipette tip and washed two times with PBS. At indicated time points 
after scraping, cell monolayers were photographed with phase- contrast microscopy. Cell migration 
was determined by visual assessment of cells migrating into the wound. Wound closure percentage 
was quantified using ImageJ plugin, Wound Healing Sizing Tool (Suarez- Arnedo et al., 2020), by 
comparing the width of the wound between 0 hr and indicated time points.

Senescence assay
The senescence assay was performed as described previously (Qian et al., 2008). Briefly, primary 
MEFs at passage 5 were seeded at 5 × 104 in a well of 6- well plate for 24 hr. Cells were then washed 
with 1× PBS and fixed with 2% formaldehyde, 0.2% glutaraldehyde for 15 min at room temperature, 
and then stained with fresh 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, 150 mm NaCl, and 2 mm MgCl2). The percentage of senescent cells 
was calculated as the number of SA-β-gal- positive cells divided by the number of total cells counted.
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Histological analysis and IHC
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). 
IHC analysis was performed using the Vectastain ABC Elite Kit (Vector Laboratories) according to 
the manufacturer’s instruction. Briefly, tissue sections (5  μm) were dewaxed and antigen- retrieved 
in a citrate buffer (pH 6.0), followed by incubation with a primary antibody anti- Ki- 67 (Cat# 12202, 
1:100), anti- B220 (Cat# 70265, 1:100), or anti- Leptin (Cat# 16227, 1:500) overnight at 4°C and then 
a secondary antibody for 1 hr at room temperature. The slides were visualized by treatment with 
3,3′-diaminobenzidine tetrahydrochloride (DAB), and then counterstained with Mayer’s hematoxylin.

ELISA
Leptin ELISA was performed using the BioVendor Mouse and Rat Leptin Elisa kit (Cat# RD291001200R). 
Briefly, mouse serum was incubated with a microplate precoated with mouse leptin antibody. Bound 
leptin was detected with biotin- labeled polyclonal anti- mouse leptin antibody conjugated to horse-
radish peroxidase and quantified by a chromogenic substrate at 450  nm. A standard curve was 
constructed by plotting absorbance values versus leptin concentrations of standards, and concen-
trations of unknown samples were determined using this standard curve. To measure the level of 
cholesterol and triglycerides, Cholesterol/Cholesterol Ester- Glo Assay kit (Cat# J3190, Promega) 
and Triglyceride- Glo Assay kit (Cat# J3160, Promega) from Promega were used according to the 
user’s manual. Briefly, mouse sera or cell lysates were first incubated with cholesterol/triglycerides 
lysis solution at 37°C for 30 min, then incubated with cholesterol/triglycerides detection reagent for 
1  hr, followed by luminescence detection with Luminometer (SpectraMAX). A standard curve was 
constructed and concentrations of unknown samples were determined using the standard curve.

Three-dimensional culture for acini
The assay was performed as previously described (Zhang et al., 2011b). Briefly, single- cell suspensions 
were plated onto Matrigel- coated chamber slides at 5000 cells/well in complete growth medium with 
2% Matrigel and allowed to grow for 1–22 d. Overlay medium containing 2% Matrigel was renewed 
every 4 d. At the end of culture, cells were fixed and the nuclei were stained with 5 μg/ml of To- Pro- 3 
in PBS for 15 min at room temperature. Confocal microscopic images of the acinus structures were 
captured by the Z- stacking function for serial confocal sectioning at 2 μm intervals (LSM- 510 Carl Zeiss 
laser scanning microscope) and then analyzed using Carl Zeiss software.

Three-dimensional tumor spheroid culture
Single- cell suspensions (3000 cells/well) were plated around the rim of the well of a 96- well plate in 
a 4:3 mixture of Matrigel (BD Biosciences CB- 40324)and MammoCult medium (Stemcell technology, 
Catalog # 05620). The cell mixture was then incubated at 37°C with 5% CO2 for 15 min to solidify the 
gel, followed by addition of 100 µl of pre- warmed MammoCult. At the end of 3- D culture, cells were 
released from the Matrigel by incubating with 50 μl of dispase (5 mg/ml) (Life Technologies #17105- 
041) at 37°C for 45 min. Spheroids were imaged using a phase- contrast microscope and cell viability 
was measured by CellTiter- Glo according to the manufacturer’s guidelines (Promega, Cat#G9681).

Transwell migration assay
Transwell migration assay was performed as previously described (Justus et al., 2014). Briefly, 1 × 
105 cells were seeded in 100 μl of serum- free medium in the upper chamber of a 24- well transwell 
and then incubated at 37°C for 10 min to allow cells to settle down. Next, 600 μl of the DMEM with 
10% FBS were added to the lower chamber in a 24- well transwell and cells were cultured at 37°C for 
various time. At the end of each time point, the transwell insert was removed from the plate and cells 
that had not migrated were removed with a cotton- tipped applicator. Cells that migrated to the other 
side of membrane were fixed with 70% ethanol for 20 min, stained with 0.1% of crystal violet, and 
photographed by phase- contrast microscope. For siRNA knockdown experiment, isogenic control 
and E11- KO H1299 cells were transfected with a scrambled siRNA or an siRNA against p73α/γ or 
Leptin for 48 hr, and then subjected to transwell assays. For Leptin treatment, recombinant Leptin 
protein (100 ng/ml) was added to media for 10 hr.
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Tissue collection
The human normal and prostate cancer specimens were obtained from Dr. Ralph De Vere White’s 
group, with consent from patients who underwent radical prostatectomie. Fresh frozen dog lymph 
nodes from clinical samples were provided by the University of California at Davis Small Animal Clinic 
with the owner’s permission. Samples were homogenized in Trizol, followed by RNA and protein puri-
fication according to the user’s manual.

Xenograft assay
6 × 106 cells were mixed with Matrigel (1:1 ratio) in 100 ul and then injected subcutaneously into 
8- week- old BALB/c athymic nude mice (Charles River). When tumors were palpable, tumor growth 
was monitored for every 2 d for a period of up to 17 d. To knock down p73γ and Leptin in vivo, Accell 
siRNAs against p73γ or Leptin were synthesized from Dharmacon, which were then transiently trans-
fected into E11- KO H1299 cells along with a scrambled Accell siRNA at a concentration of 7.5 μM. 
Two days post transfection, cells were collected and injected into athymic nude mice, followed by 
monitoring tumor growth as describe above. Mice bearing xenograft tumors also received one more 
intratumoral injection of Accell siRNAs (7.5 μM) at day 9. Tumor volume was calculated according to 
the standard formula: V = length × width × depth × 0.5236 (Janik et al., 1975). At the endpoint, all 
animals were sacrificed and the tumors weighed. One half of the tumor was stored at −80°C and the 
other half fixed in formalin and embedded with paraffin. Tumors were sectioned and H&E- stained for 
histopathology examination. All animals and use protocols were approved by the University of Cali-
fornia at Davis Institutional Animal Care and Use Committee.

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.

Acknowledgements
This work was supported in part by the National Institutes of Health R01 grants (CA081237 and 
CA224433) and UC Davis Cancer Center Core Support Grant CA093373 to X Chen and by Tobacco- 
related disease research program (T31IP1727) and the CCAH (Center for Companion Animal Health, 
UC Davis) grants 2019- 13F and 2021- 7F to J Zhang.

Additional information

Competing interests
Hee Jung Yang: Hee Jung Yang is affiliated with LG Chem Ltd. The author has no financial interests to 
declare. The other authors declare that no competing interests exist.

Funding

Funder Grant reference number Author

National Institutes of 
Health

CA081237 Xinbin Chen

National Institutes of 
Health

CA224433 Xinbin Chen

National Institutes of 
Health

CA093373 Xinbin Chen

Tobacco-Related Disease 
Research Program

T31IP1727 Jin Zhang

Center for Companion 
Animal Health, University 
of California, Davis

2019-13-F Jin Zhang

https://doi.org/10.7554/eLife.82115


 Research article Cancer Biology

Kong et al. eLife 2023;12:e82115. DOI: https://doi.org/10.7554/eLife.82115  25 of 29

Funder Grant reference number Author

Center for Companion 
Animal Health, University 
of California, Davis

2021-7-F Jin Zhang

The funders had no role in study design, data collection and interpretation, or the 
decision to submit the work for publication.

Author contributions
Xiangmudong Kong, Data curation, Formal analysis, Methodology, Writing – original draft; Wensheng 
Yan, Wenqiang Sun, Yanhong Zhang, Hee Jung Yang, Data curation, Formal analysis, Methodology; 
Mingyi Chen, Formal analysis; Hongwu Chen, Resources, Data curation, Formal analysis; Ralph W de 
Vere White, Resources; Jin Zhang, Conceptualization, Data curation, Formal analysis, Funding acquisi-
tion, Methodology, Writing – original draft, Project administration, Writing - review and editing; Xinbin 
Chen, Conceptualization, Data curation, Formal analysis, Supervision, Funding acquisition, Method-
ology, Writing – original draft, Project administration, Writing - review and editing

Author ORCIDs
Xiangmudong Kong    http://orcid.org/0000-0002-6835-920X
Xinbin Chen    http://orcid.org/0000-0002-4582-6506

Ethics
All animals and use protocols were approved by the University of California at Davis Institutional 
Animal Care and Use Committee.

Decision letter and Author response
Decision letter https://doi.org/10.7554/eLife.82115.sa1
Author response https://doi.org/10.7554/eLife.82115.sa2

Additional files
Supplementary files
•  Supplementary file 1. Survival time, tumor spectrum, steatosis, inflammation, and other 
abnormalities in WT, Trp73+/- and E11+/- mice. (a) Wild- type (WT) mice (n = 56) – survival time, tumor 
spectrum, steatosis, inflammation, and other abnormalities. (b) Trp73+/- mice (n = 30) – survival 
time, tumor spectrum, steatosis, inflammation, and other abnormalities. (c) E11- HET mice (n = 30) 
– survival time, tumor spectrum, steatosis, inflammation, and other abnormalities.

•  Supplementary file 2. Primers for generating vectors. (a) The primers used to generate plasmids’ 
expression vectors. (b) The primers used for genotyping. (c) The primers used for RT- PCR and ChIP.

•  MDAR checklist 

Data availability
The authors confirm that the data supporting the findings of this study are available within the article, 
the source data, and its supplementary materials.

References
Abella V, Scotece M, Conde J, Pino J, Gonzalez- Gay MA, Gómez- Reino JJ, Mera A, Lago F, Gómez R, 

Gualillo O. 2017. Leptin in the interplay of inflammation, metabolism and immune system disorders. Nature 
Reviews. Rheumatology 13:100–109. DOI: https://doi.org/10.1038/nrrheum.2016.209, PMID: 28053336

Alexandrova EM, Moll UM. 2012. Role of p53 family members p73 and p63 in human hematological 
malignancies. Leukemia & Lymphoma 53:2116–2129. DOI: https://doi.org/10.3109/10428194.2012.684348, 
PMID: 22497596

Amelio I, Inoue S, Markert EK, Levine AJ, Knight RA, Mak TW, Melino G. 2015. TAp73 opposes tumor 
angiogenesis by promoting hypoxia- inducible factor 1α degradation. PNAS 112:226–231. DOI: https://doi.org/ 
10.1073/pnas.1410609111, PMID: 25535359

Bae W- K, Hong C- S, Park M- R, Sun E- G, Lee J- H, Kang K, Ryu K- H, Shim H- J, Hwang J- E, Cho S- H, Chung I- J. 
2018. TAp73 inhibits cell invasion and migration by directly activating KAI1 expression in colorectal 
carcinoma. Cancer Letters 415:106–116. DOI: https://doi.org/10.1016/j.canlet.2017.12.002, PMID: 
29222041

https://doi.org/10.7554/eLife.82115
http://orcid.org/0000-0002-6835-920X
http://orcid.org/0000-0002-4582-6506
https://doi.org/10.7554/eLife.82115.sa1
https://doi.org/10.7554/eLife.82115.sa2
https://doi.org/10.1038/nrrheum.2016.209
http://www.ncbi.nlm.nih.gov/pubmed/28053336
https://doi.org/10.3109/10428194.2012.684348
http://www.ncbi.nlm.nih.gov/pubmed/22497596
https://doi.org/10.1073/pnas.1410609111
https://doi.org/10.1073/pnas.1410609111
http://www.ncbi.nlm.nih.gov/pubmed/25535359
https://doi.org/10.1016/j.canlet.2017.12.002
http://www.ncbi.nlm.nih.gov/pubmed/29222041


 Research article Cancer Biology

Kong et al. eLife 2023;12:e82115. DOI: https://doi.org/10.7554/eLife.82115  26 of 29

Bennett BD, Solar GP, Yuan JQ, Mathias J, Thomas GR, Matthews W. 1996. A role for leptin and its cognate 
receptor in hematopoiesis. Current Biology 6:1170–1180. DOI: https://doi.org/10.1016/s0960-9822(02)70684- 
2, PMID: 8805376

Cao H. 2014. Adipocytokines in obesity and metabolic disease. The Journal of Endocrinology 220:T47–T59. DOI: 
https://doi.org/10.1530/JOE-13-0339, PMID: 24403378

Chehab FF, Lim ME, Lu R. 1996. Correction of the sterility defect in homozygous obese female mice by 
treatment with the human recombinant leptin. Nature Genetics 12:318–320. DOI: https://doi.org/10.1038/ 
ng0396-318, PMID: 8589726

Chi SW, Ayed A, Arrowsmith CH. 1999. Solution structure of a conserved C- terminal domain of p73 with 
structural homology to the SAM domain. The EMBO Journal 18:4438–4445. DOI: https://doi.org/10.1093/ 
emboj/18.16.4438, PMID: 10449409

Coleman DL. 2010. A historical perspective on leptin. Nature Medicine 16:1097–1099. DOI: https://doi.org/10. 
1038/nm1010-1097, PMID: 20930752

Considine RV, Caro JF. 1996. Leptin: genes, concepts and clinical perspective. Hormone Research 46:249–256. 
DOI: https://doi.org/10.1159/000185096, PMID: 8982734

Considine RV, Sinha MK, Heiman ML, Kriauciunas A, Stephens TW, Nyce MR, Ohannesian JP, Marco CC, 
McKee LJ, Bauer TL. 1996. Serum immunoreactive- leptin concentrations in normal- weight and obese humans. 
The New England Journal of Medicine 334:292–295. DOI: https://doi.org/10.1056/NEJM199602013340503, 
PMID: 8532024

de Candia P, Prattichizzo F, Garavelli S, Alviggi C, La Cava A, Matarese G. 2021. The pleiotropic roles of leptin in 
metabolism, immunity, and cancer. The Journal of Experimental Medicine 218:e20191593. DOI: https://doi. 
org/10.1084/jem.20191593, PMID: 33857282

Divella R, De Luca R, Abbate I, Naglieri E, Daniele A. 2016. Obesity and cancer: the role of adipose tissue and 
adipo- cytokines- induced chronic inflammation. Journal of Cancer 7:2346–2359. DOI: https://doi.org/10.7150/ 
jca.16884, PMID: 27994674

Dohn M, Zhang S, Chen X. 2001. p63alpha and DeltaNp63alpha can induce cell cycle arrest and apoptosis and 
differentially regulate p53 target genes. Oncogene 20:3193–3205. DOI: https://doi.org/10.1038/sj.onc. 
1204427, PMID: 11423969

Dohn M, Nozell S, Willis A, Chen X. 2003. Tumor suppressor gene- inducible cell lines. Methods in Molecular 
Biology 223:221–235. DOI: https://doi.org/10.1385/1-59259-329-1:221, PMID: 12777734

Ducy P, Amling M, Takeda S, Priemel M, Schilling AF, Beil FT, Shen J, Vinson C, Rueger JM, Karsenty G. 2000. 
Leptin inhibits bone formation through A hypothalamic relay: A central control of bone mass. Cell 100:197–
207. DOI: https://doi.org/10.1016/s0092-8674(00)81558-5, PMID: 10660043

Dulloo I, Hooi PB, Sabapathy K. 2015a. Hypoxia- induced DNp73 stabilization regulates Vegf- A expression and 
tumor angiogenesis similar to TAp73. Cell Cycle 14:3533–3539. DOI: https://doi.org/10.1080/15384101.2015. 
1078038, PMID: 26267146

Dulloo I, Phang BH, Othman R, Tan SY, Vijayaraghavan A, Goh LK, Martin- Lopez M, Marques MM, Li CW, 
Wang DY, Marín MC, Xian W, McKeon F, Sabapathy K. 2015b. Hypoxia- inducible TAp73 supports tumorigenesis 
by regulating the angiogenic transcriptome. Nature Cell Biology 17:511–523. DOI: https://doi.org/10.1038/ 
ncb3130, PMID: 25774835

Dutta D, Ghosh S, Pandit K, Mukhopadhyay P, Chowdhury S. 2012. Leptin and cancer: Pathogenesis and 
modulation. Indian Journal of Endocrinology and Metabolism 16:S596–S600. DOI: https://doi.org/10.4103/ 
2230-8210.105577, PMID: 23565495

El- Deiry WS, Tokino T, Velculescu VE, Levy DB, Parsons R, Trent JM, Lin D, Mercer WE, Kinzler KW, Vogelstein B. 
1993. WAF1, a potential mediator of p53 tumor suppression. Cell 75:817–825. DOI: https://doi.org/10.1016/ 
0092-8674(93)90500-P

El- Haschimi K, Pierroz DD, Hileman SM, Bjørbaek C, Flier JS. 2000. Two defects contribute to hypothalamic 
leptin resistance in mice with diet- induced obesity. The Journal of Clinical Investigation 105:1827–1832. DOI: 
https://doi.org/10.1172/JCI9842, PMID: 10862798

Farooqi IS, Jebb SA, Langmack G, Lawrence E, Cheetham CH, Prentice AM, Hughes IA, McCamish MA, 
O’Rahilly S. 1999. Effects of recombinant leptin therapy in a child with congenital leptin deficiency. The New 
England Journal of Medicine 341:879–884. DOI: https://doi.org/10.1056/NEJM199909163411204, PMID: 
10486419

Fernandez- Alonso R, Martin- Lopez M, Gonzalez- Cano L, Garcia S, Castrillo F, Diez- Prieto I, Fernandez- Corona A, 
Lorenzo- Marcos ME, Li X, Claesson- Welsh L, Marques MM, Marin MC. 2015. p73 is required for endothelial cell 
differentiation, migration and the formation of vascular networks regulating VEGF and TGFβ signaling. Cell 
Death and Differentiation 22:1287–1299. DOI: https://doi.org/10.1038/cdd.2014.214, PMID: 25571973

Frederich RC, Hamann A, Anderson S, Löllmann B, Lowell BB, Flier JS. 1995. Leptin levels reflect body lipid 
content in mice: evidence for diet- induced resistance to leptin action. Nature Medicine 1:1311–1314. DOI: 
https://doi.org/10.1038/nm1295-1311, PMID: 7489415

Friedman JM. 2010. A tale of two hormones. Nature Medicine 16:1100–1106. DOI: https://doi.org/10.1038/ 
nm1010-1100, PMID: 20930753

Friedman JM. 2019. Leptin and the endocrine control of energy balance. Nature Metabolism 1:754–764. DOI: 
https://doi.org/10.1038/s42255-019-0095-y, PMID: 32694767

Harms K, Nozell S, Chen X. 2004. The common and distinct target genes of the p53 family transcription factors. 
Cellular and Molecular Life Sciences 61:822–842. DOI: https://doi.org/10.1007/s00018-003-3304-4, PMID: 
15095006

https://doi.org/10.7554/eLife.82115
https://doi.org/10.1016/s0960-9822(02)70684-2
https://doi.org/10.1016/s0960-9822(02)70684-2
http://www.ncbi.nlm.nih.gov/pubmed/8805376
https://doi.org/10.1530/JOE-13-0339
http://www.ncbi.nlm.nih.gov/pubmed/24403378
https://doi.org/10.1038/ng0396-318
https://doi.org/10.1038/ng0396-318
http://www.ncbi.nlm.nih.gov/pubmed/8589726
https://doi.org/10.1093/emboj/18.16.4438
https://doi.org/10.1093/emboj/18.16.4438
http://www.ncbi.nlm.nih.gov/pubmed/10449409
https://doi.org/10.1038/nm1010-1097
https://doi.org/10.1038/nm1010-1097
http://www.ncbi.nlm.nih.gov/pubmed/20930752
https://doi.org/10.1159/000185096
http://www.ncbi.nlm.nih.gov/pubmed/8982734
https://doi.org/10.1056/NEJM199602013340503
http://www.ncbi.nlm.nih.gov/pubmed/8532024
https://doi.org/10.1084/jem.20191593
https://doi.org/10.1084/jem.20191593
http://www.ncbi.nlm.nih.gov/pubmed/33857282
https://doi.org/10.7150/jca.16884
https://doi.org/10.7150/jca.16884
http://www.ncbi.nlm.nih.gov/pubmed/27994674
https://doi.org/10.1038/sj.onc.1204427
https://doi.org/10.1038/sj.onc.1204427
http://www.ncbi.nlm.nih.gov/pubmed/11423969
https://doi.org/10.1385/1-59259-329-1:221
http://www.ncbi.nlm.nih.gov/pubmed/12777734
https://doi.org/10.1016/s0092-8674(00)81558-5
http://www.ncbi.nlm.nih.gov/pubmed/10660043
https://doi.org/10.1080/15384101.2015.1078038
https://doi.org/10.1080/15384101.2015.1078038
http://www.ncbi.nlm.nih.gov/pubmed/26267146
https://doi.org/10.1038/ncb3130
https://doi.org/10.1038/ncb3130
http://www.ncbi.nlm.nih.gov/pubmed/25774835
https://doi.org/10.4103/2230-8210.105577
https://doi.org/10.4103/2230-8210.105577
http://www.ncbi.nlm.nih.gov/pubmed/23565495
https://doi.org/10.1016/0092-8674(93)90500-P
https://doi.org/10.1016/0092-8674(93)90500-P
https://doi.org/10.1172/JCI9842
http://www.ncbi.nlm.nih.gov/pubmed/10862798
https://doi.org/10.1056/NEJM199909163411204
http://www.ncbi.nlm.nih.gov/pubmed/10486419
https://doi.org/10.1038/cdd.2014.214
http://www.ncbi.nlm.nih.gov/pubmed/25571973
https://doi.org/10.1038/nm1295-1311
http://www.ncbi.nlm.nih.gov/pubmed/7489415
https://doi.org/10.1038/nm1010-1100
https://doi.org/10.1038/nm1010-1100
http://www.ncbi.nlm.nih.gov/pubmed/20930753
https://doi.org/10.1038/s42255-019-0095-y
http://www.ncbi.nlm.nih.gov/pubmed/32694767
https://doi.org/10.1007/s00018-003-3304-4
http://www.ncbi.nlm.nih.gov/pubmed/15095006


 Research article Cancer Biology

Kong et al. eLife 2023;12:e82115. DOI: https://doi.org/10.7554/eLife.82115  27 of 29

Harms KL, Chen X. 2005. The C terminus of p53 family proteins is a cell fate determinant. Molecular and Cellular 
Biology 25:2014–2030. DOI: https://doi.org/10.1128/MCB.25.5.2014-2030.2005, PMID: 15713654

Hosney M, Sabet S, El- Shinawi M, Gaafar KM, Mohamed MM. 2017. Leptin is overexpressed in the tumor 
microenvironment of obese patients with estrogen receptor positive breast cancer. Experimental and 
Therapeutic Medicine 13:2235–2246. DOI: https://doi.org/10.3892/etm.2017.4291, PMID: 28565832

Ichimiya S, Nakagawara A, Sakuma Y, Kimura S, Ikeda T, Satoh M, Takahashi N, Sato N, Mori M. 2000. p73: 
structure and function. Pathology International 50:589–593. DOI: https://doi.org/10.1046/j.1440-1827.2000. 
01090.x, PMID: 10972855

Inoue S, Tomasini R, Rufini A, Elia AJ, Agostini M, Amelio I, Cescon D, Dinsdale D, Zhou L, Harris IS, Lac S, 
Silvester J, Li WY, Sasaki M, Haight J, Brüstle A, Wakeham A, McKerlie C, Jurisicova A, Melino G, et al. 2014. 
TAp73 is required for spermatogenesis and the maintenance of male fertility. PNAS 111:1843–1848. DOI: 
https://doi.org/10.1073/pnas.1323416111, PMID: 24449892

Janik P, Briand P, Hartmann NR. 1975. The effect of estrone- progesterone treatment on cell proliferation 
kinetics of hormone- dependent GR mouse mammary tumors. Cancer Research 35:3698–3704 PMID: 
1192428. 

Justus CR, Leffler N, Ruiz- Echevarria M, Yang LV. 2014. In vitro cell migration and invasion assays. Journal of 
Visualized Experiments 88:51046. DOI: https://doi.org/10.3791/51046, PMID: 24962652

Kaghad M, Bonnet H, Yang A, Creancier L, Biscan JC, Valent A, Minty A, Chalon P, Lelias JM, Dumont X, 
Ferrara P, McKeon F, Caput D. 1997. Monoallelically expressed gene related to p53 at 1p36, a region 
frequently deleted in neuroblastoma and other human cancers. Cell 90:809–819. DOI: https://doi.org/10.1016/ 
s0092-8674(00)80540-1, PMID: 9288759

Kang Y- J, Moon A- R. 2010. Roles of leptin in cancer progression. Biomolecules and Therapeutics 18:363–374. 
DOI: https://doi.org/10.4062/biomolther.2010.18.4.363

Karabulut S, Usul Afsar C, Karabulut M, Alis H, Erturk K, Karaman S, Kones O, Bilgin E, Tas F. 2016. Serum leptin 
levels may have diagnostic and predictive roles in patients with pancreatic adenocarcinoma treated with 
gemcitabine- based chemotherapy. Journal of B.U.ON 21:895–902 PMID: 27685911. 

Li L, Li L, Li W, Chen T, Zhao L, Wang H, Wang X, Xu L, Liu X, Wang D, Li B, Mak TW, Du W, Yang X, Jiang P. 
2018. TAp73- induced phosphofructokinase- 1 transcription promotes the Warburg effect and enhances cell 
proliferation. Nature Communications 9:4683. DOI: https://doi.org/10.1038/s41467-018-07127-8, PMID: 
30409970

Lin TC, Hsiao M. 2021. Leptin and cancer: updated functional roles in carcinogenesis, therapeutic niches, and 
developments. International Journal of Molecular Sciences 22:2870. DOI: https://doi.org/10.3390/ 
ijms22062870, PMID: 33799880

Liu G, Chen X. 2005. The C- terminal sterile alpha motif and the extreme C terminus regulate the transcriptional 
activity of the alpha isoform of p73. The Journal of Biological Chemistry 280:20111–20119. DOI: https://doi. 
org/10.1074/jbc.M413889200, PMID: 15769743

Marshall CB, Mays DJ, Beeler JS, Rosenbluth JM, Boyd KL, Santos Guasch GL, Shaver TM, Tang LJ, Liu Q, Shyr Y, 
Venters BJ, Magnuson MA, Pietenpol JA. 2016. p73 Is required for multiciliogenesis and regulates the 
Foxj1- Associated Gene Network. Cell Reports 14:2289–2300. DOI: https://doi.org/10.1016/j.celrep.2016.02. 
035, PMID: 26947080

Murray- Zmijewski F, Lane DP, Bourdon JC. 2006. p53/p63/p73 isoforms: an orchestra of isoforms to harmonise 
cell differentiation and response to stress. Cell Death and Differentiation 13:962–972. DOI: https://doi.org/10. 
1038/sj.cdd.4401914, PMID: 16601753

Myers MG, Leibel RL, Seeley RJ, Schwartz MW. 2010. Obesity and leptin resistance: distinguishing cause from 
effect. Trends in Endocrinology and Metabolism 21:643–651. DOI: https://doi.org/10.1016/j.tem.2010.08.002, 
PMID: 20846876

Nemajerova A, Petrenko O, Trümper L, Palacios G, Moll UM. 2010. Loss of p73 promotes dissemination of 
Myc- induced B cell lymphomas in mice. The Journal of Clinical Investigation 120:2070–2080. DOI: https://doi. 
org/10.1172/JCI40331, PMID: 20484818

Nemajerova A, Kramer D, Siller SS, Herr C, Shomroni O, Pena T, Gallinas Suazo C, Glaser K, Wildung M, 
Steffen H, Sriraman A, Oberle F, Wienken M, Hennion M, Vidal R, Royen B, Alevra M, Schild D, Bals R, Dönitz J, 
et al. 2016. TAp73 is a central transcriptional regulator of airway multiciliogenesis. Genes & Development 
30:1300–1312. DOI: https://doi.org/10.1101/gad.279836.116, PMID: 27257214

Nemajerova A, Amelio I, Gebel J, Dötsch V, Melino G, Moll UM. 2018. Non- oncogenic roles of TAp73: from 
multiciliogenesis to metabolism. Cell Death and Differentiation 25:144–153. DOI: https://doi.org/10.1038/cdd. 
2017.178, PMID: 29077094

Neuman MG, Malnick S, Chertin L. 2020. Gamma glutamyl transferase - an underestimated marker for 
cardiovascular disease and the metabolic syndrome. Journal of Pharmacy & Pharmaceutical Sciences 23:65–74. 
DOI: https://doi.org/10.18433/jpps30923, PMID: 32310756

Nimura Y, Mihara M, Ichimiya S, Sakiyama S, Seki N, Ohira M, Nomura N, Fujimori M, Adachi W, Amano J, 
He M, Ping YM, Nakagawara A. 1998. p73, a gene related to p53, is not mutated in esophageal carcinomas. 
International Journal of Cancer 78:437–440. DOI: https://doi.org/10.1002/(sici)1097-0215(19981109) 
78:4<437::aid-ijc8>3.0.co;2-v, PMID: 9797131

Nomoto S, Haruki N, Kondo M, Konishi H, Takahashi T, Takahashi T, Takahashi T. 1998. Search for mutations and 
examination of allelic expression imbalance of the p73 gene at 1p36.33 in human lung cancers. Cancer 
Research 58:1380–1383 PMID: 9537234. 

https://doi.org/10.7554/eLife.82115
https://doi.org/10.1128/MCB.25.5.2014-2030.2005
http://www.ncbi.nlm.nih.gov/pubmed/15713654
https://doi.org/10.3892/etm.2017.4291
http://www.ncbi.nlm.nih.gov/pubmed/28565832
https://doi.org/10.1046/j.1440-1827.2000.01090.x
https://doi.org/10.1046/j.1440-1827.2000.01090.x
http://www.ncbi.nlm.nih.gov/pubmed/10972855
https://doi.org/10.1073/pnas.1323416111
http://www.ncbi.nlm.nih.gov/pubmed/24449892
http://www.ncbi.nlm.nih.gov/pubmed/1192428
https://doi.org/10.3791/51046
http://www.ncbi.nlm.nih.gov/pubmed/24962652
https://doi.org/10.1016/s0092-8674(00)80540-1
https://doi.org/10.1016/s0092-8674(00)80540-1
http://www.ncbi.nlm.nih.gov/pubmed/9288759
https://doi.org/10.4062/biomolther.2010.18.4.363
http://www.ncbi.nlm.nih.gov/pubmed/27685911
https://doi.org/10.1038/s41467-018-07127-8
http://www.ncbi.nlm.nih.gov/pubmed/30409970
https://doi.org/10.3390/ijms22062870
https://doi.org/10.3390/ijms22062870
http://www.ncbi.nlm.nih.gov/pubmed/33799880
https://doi.org/10.1074/jbc.M413889200
https://doi.org/10.1074/jbc.M413889200
http://www.ncbi.nlm.nih.gov/pubmed/15769743
https://doi.org/10.1016/j.celrep.2016.02.035
https://doi.org/10.1016/j.celrep.2016.02.035
http://www.ncbi.nlm.nih.gov/pubmed/26947080
https://doi.org/10.1038/sj.cdd.4401914
https://doi.org/10.1038/sj.cdd.4401914
http://www.ncbi.nlm.nih.gov/pubmed/16601753
https://doi.org/10.1016/j.tem.2010.08.002
http://www.ncbi.nlm.nih.gov/pubmed/20846876
https://doi.org/10.1172/JCI40331
https://doi.org/10.1172/JCI40331
http://www.ncbi.nlm.nih.gov/pubmed/20484818
https://doi.org/10.1101/gad.279836.116
http://www.ncbi.nlm.nih.gov/pubmed/27257214
https://doi.org/10.1038/cdd.2017.178
https://doi.org/10.1038/cdd.2017.178
http://www.ncbi.nlm.nih.gov/pubmed/29077094
https://doi.org/10.18433/jpps30923
http://www.ncbi.nlm.nih.gov/pubmed/32310756
https://doi.org/10.1002/(sici)1097-0215(19981109)78:4<437::aid-ijc8>3.0.co;2-v
https://doi.org/10.1002/(sici)1097-0215(19981109)78:4<437::aid-ijc8>3.0.co;2-v
http://www.ncbi.nlm.nih.gov/pubmed/9797131
http://www.ncbi.nlm.nih.gov/pubmed/9537234


 Research article Cancer Biology

Kong et al. eLife 2023;12:e82115. DOI: https://doi.org/10.7554/eLife.82115  28 of 29

Nozell S, Wu Y, McNaughton K, Liu G, Willis A, Paik JC, Chen X. 2003. Characterization of p73 functional 
domains necessary for transactivation and growth suppression. Oncogene 22:4333–4347. DOI: https://doi.org/ 
10.1038/sj.onc.1206470, PMID: 12853970

Ozaki T, Naka M, Takada N, Tada M, Sakiyama S, Nakagawara A. 1999. Deletion of the COOH- terminal region of 
p73alpha enhances both its transactivation function and DNA- binding activity but inhibits induction of 
apoptosis in mammalian cells. Cancer Research 59:5902–5907 PMID: 10606232. 

Ozaki T, Nakagawara A. 2005. p73, a sophisticated p53 family member in the cancer world. Cancer Science 
96:729–737. DOI: https://doi.org/10.1111/j.1349-7006.2005.00116.x, PMID: 16271066

Park J, Scherer PE. 2011. Leptin and cancer: from cancer stem cells to metastasis. Endocrine- Related Cancer 
18:C25–C29. DOI: https://doi.org/10.1530/ERC-11-0163, PMID: 21680729

Pelleymounter MA, Cullen MJ, Baker MB, Hecht R, Winters D, Boone T, Collins F. 1995. Effects of the obese 
gene product on body weight regulation in ob/ob mice. Science 269:540–543. DOI: https://doi.org/10.1126/ 
science.7624776, PMID: 7624776

Pluta A, Nyman U, Joseph B, Robak T, Zhivotovsky B, Smolewski P. 2006. The role of p73 in hematological 
malignancies. Leukemia 20:757–766. DOI: https://doi.org/10.1038/sj.leu.2404166, PMID: 16541141

Qian Y, Zhang J, Yan B, Chen X. 2008. DEC1, a basic helix- loop- helix transcription factor and a novel target gene 
of the p53 family, mediates p53- dependent premature senescence. The Journal of Biological Chemistry 
283:2896–2905. DOI: https://doi.org/10.1074/jbc.M708624200, PMID: 18025081

Ran FA, Hsu PD, Wright J, Agarwala V, Scott DA, Zhang F. 2013. Genome engineering using the CRISPR- Cas9 
system. Nature Protocols 8:2281–2308. DOI: https://doi.org/10.1038/nprot.2013.143, PMID: 24157548

Ray A, Cleary MP. 2017. The potential role of leptin in tumor invasion and metastasis. Cytokine & Growth Factor 
Reviews 38:80–97. DOI: https://doi.org/10.1016/j.cytogfr.2017.11.002

Ren C, Zhang J, Yan W, Zhang Y, Chen X. 2016. RNA- binding protein PCBP2 regulates p73 expression and 
p73- dependent antioxidant defense. The Journal of Biological Chemistry 291:9629–9637. DOI: https://doi.org/ 
10.1074/jbc.M115.712125, PMID: 26907686

Rufini A, Agostini M, Grespi F, Tomasini R, Sayan BS, Niklison- Chirou MV, Conforti F, Velletri T, Mastino A, 
Mak TW, Melino G, Knight RA. 2011. p73 in Cancer. Genes & Cancer 2:491–502. DOI: https://doi.org/10.1177/ 
1947601911408890

Rufini A, Niklison- Chirou MV, Inoue S, Tomasini R, Harris IS, Marino A, Federici M, Dinsdale D, Knight RA, 
Melino G, Mak TW. 2012. TAp73 depletion accelerates aging through metabolic dysregulation. Genes & 
Development 26:2009–2014. DOI: https://doi.org/10.1101/gad.197640.112, PMID: 22987635

Sabapathy K. 2015. p73: a Positive or negative regulator of angiogenesis, or both? Molecular and Cellular 
Biology 36:848–854. DOI: https://doi.org/10.1128/MCB.00929-15, PMID: 26711266

Sabol RA, Bowles AC, Côté A, Wise R, O’Donnell B, Matossian MD, Hossain FM, Burks HE, Del Valle L, Miele L, 
Collins- Burow BM, Burow ME, Bunnell BA. 2019. Leptin produced by obesity- altered adipose stem cells 
promotes metastasis but not tumorigenesis of triple- negative breast cancer in orthotopic xenograft and 
patient- derived xenograft models. Breast Cancer Research 21:67. DOI: https://doi.org/10.1186/s13058-019- 
1153-9, PMID: 31118047

Sánchez- Jiménez F, Pérez- Pérez A, de la Cruz- Merino L, Sánchez- Margalet V. 2019. Obesity and breast cancer: 
Role of leptin. Frontiers in Oncology 9:596. DOI: https://doi.org/10.3389/fonc.2019.00596, PMID: 31380268

Sharif T, Dai C, Martell E, Ghassemi- Rad MS, Hanes MR, Murphy PJ, Kennedy BE, Venugopal C, 
Subapanditha M, Giacomantonio CA, Marcato P, Singh SK, Gujar S. 2019. TAp73 modifies metabolism and 
positively regulates growth of cancer stem- like cells in a redox- sensitive manner. Clinical Cancer Research 
25:2001–2017. DOI: https://doi.org/10.1158/1078-0432.CCR-17-3177, PMID: 30593514

Sierra- Honigmann MR, Nath AK, Murakami C, García- Cardeña G, Papapetropoulos A, Sessa WC, Madge LA, 
Schechner JS, Schwabb MB, Polverini PJ, Flores- Riveros JR. 1998. Biological action of leptin as an angiogenic 
factor. Science 281:1683–1686. DOI: https://doi.org/10.1126/science.281.5383.1683, PMID: 9733517

Sookoian S, Castaño GO, Scian R, Fernández Gianotti T, Dopazo H, Rohr C, Gaj G, San Martino J, Sevic I, 
Flichman D, Pirola CJ. 2016. Serum aminotransferases in nonalcoholic fatty liver disease are a signature of liver 
metabolic perturbations at the amino acid and Krebs cycle level. The American Journal of Clinical Nutrition 
103:422–434. DOI: https://doi.org/10.3945/ajcn.115.118695, PMID: 26791191

Stantic M, Sakil HAM, Zirath H, Fang T, Sanz G, Fernandez- Woodbridge A, Marin A, Susanto E, Mak TW, 
Arsenian Henriksson M, Wilhelm MT. 2015. TAp73 suppresses tumor angiogenesis through repression of 
proangiogenic cytokines and HIF- 1α activity. PNAS 112:220–225. DOI: https://doi.org/10.1073/pnas. 
1421697112, PMID: 25535357

Stiewe T, Pützer BM. 2002. Role of p73 in malignancy: tumor suppressor or oncogene? Cell Death and 
Differentiation 9:237–245. DOI: https://doi.org/10.1038/sj.cdd.4400995, PMID: 11859406

Suarez- Arnedo A, Torres Figueroa F, Clavijo C, Arbeláez P, Cruz JC, Muñoz- Camargo C. 2020. An image J plugin 
for the high throughput image analysis of in vitro scratch wound healing assays. PLOS ONE 15:e0232565. DOI: 
https://doi.org/10.1371/journal.pone.0232565, PMID: 32722676

Tilg H, Moschen AR. 2006. Adipocytokines: mediators linking adipose tissue, inflammation and immunity. Nature 
Reviews. Immunology 6:772–783. DOI: https://doi.org/10.1038/nri1937, PMID: 16998510

Tissir F, Ravni A, Achouri Y, Riethmacher D, Meyer G, Goffinet AM. 2009. DeltaNp73 regulates neuronal survival 
in vivo. PNAS 106:16871–16876. DOI: https://doi.org/10.1073/pnas.0903191106, PMID: 19805388

Tomasini R, Tsuchihara K, Wilhelm M, Fujitani M, Rufini A, Cheung CC, Khan F, Itie- Youten A, Wakeham A, 
Tsao M- S, Iovanna JL, Squire J, Jurisica I, Kaplan D, Melino G, Jurisicova A, Mak TW. 2008. TAp73 knockout 

https://doi.org/10.7554/eLife.82115
https://doi.org/10.1038/sj.onc.1206470
https://doi.org/10.1038/sj.onc.1206470
http://www.ncbi.nlm.nih.gov/pubmed/12853970
http://www.ncbi.nlm.nih.gov/pubmed/10606232
https://doi.org/10.1111/j.1349-7006.2005.00116.x
http://www.ncbi.nlm.nih.gov/pubmed/16271066
https://doi.org/10.1530/ERC-11-0163
http://www.ncbi.nlm.nih.gov/pubmed/21680729
https://doi.org/10.1126/science.7624776
https://doi.org/10.1126/science.7624776
http://www.ncbi.nlm.nih.gov/pubmed/7624776
https://doi.org/10.1038/sj.leu.2404166
http://www.ncbi.nlm.nih.gov/pubmed/16541141
https://doi.org/10.1074/jbc.M708624200
http://www.ncbi.nlm.nih.gov/pubmed/18025081
https://doi.org/10.1038/nprot.2013.143
http://www.ncbi.nlm.nih.gov/pubmed/24157548
https://doi.org/10.1016/j.cytogfr.2017.11.002
https://doi.org/10.1074/jbc.M115.712125
https://doi.org/10.1074/jbc.M115.712125
http://www.ncbi.nlm.nih.gov/pubmed/26907686
https://doi.org/10.1177/1947601911408890
https://doi.org/10.1177/1947601911408890
https://doi.org/10.1101/gad.197640.112
http://www.ncbi.nlm.nih.gov/pubmed/22987635
https://doi.org/10.1128/MCB.00929-15
http://www.ncbi.nlm.nih.gov/pubmed/26711266
https://doi.org/10.1186/s13058-019-1153-9
https://doi.org/10.1186/s13058-019-1153-9
http://www.ncbi.nlm.nih.gov/pubmed/31118047
https://doi.org/10.3389/fonc.2019.00596
http://www.ncbi.nlm.nih.gov/pubmed/31380268
https://doi.org/10.1158/1078-0432.CCR-17-3177
http://www.ncbi.nlm.nih.gov/pubmed/30593514
https://doi.org/10.1126/science.281.5383.1683
http://www.ncbi.nlm.nih.gov/pubmed/9733517
https://doi.org/10.3945/ajcn.115.118695
http://www.ncbi.nlm.nih.gov/pubmed/26791191
https://doi.org/10.1073/pnas.1421697112
https://doi.org/10.1073/pnas.1421697112
http://www.ncbi.nlm.nih.gov/pubmed/25535357
https://doi.org/10.1038/sj.cdd.4400995
http://www.ncbi.nlm.nih.gov/pubmed/11859406
https://doi.org/10.1371/journal.pone.0232565
http://www.ncbi.nlm.nih.gov/pubmed/32722676
https://doi.org/10.1038/nri1937
http://www.ncbi.nlm.nih.gov/pubmed/16998510
https://doi.org/10.1073/pnas.0903191106
http://www.ncbi.nlm.nih.gov/pubmed/19805388


 Research article Cancer Biology

Kong et al. eLife 2023;12:e82115. DOI: https://doi.org/10.7554/eLife.82115  29 of 29

shows genomic instability with infertility and tumor suppressor functions. Genes & Development 22:2677–
2691. DOI: https://doi.org/10.1101/gad.1695308, PMID: 18805989

Tschan MP, Grob TJ, Peters UR, Laurenzi VD, Huegli B, Kreuzer KA, Schmidt CA, Melino G, Fey MF, Tobler A, 
Cajot JF. 2000. Enhanced p73 expression during differentiation and complex p73 isoforms in myeloid leukemia. 
Biochemical and Biophysical Research Communications 277:62–65. DOI: https://doi.org/10.1006/bbrc.2000. 
3627, PMID: 11027640

Ueda Y, Hijikata M, Takagi S, Chiba T, Shimotohno K. 1999. New p73 variants with altered C- terminal structures 
have varied transcriptional activities. Oncogene 18:4993–4998. DOI: https://doi.org/10.1038/sj.onc.1202817, 
PMID: 10490834

Vikhreva P, Melino G, Amelio I. 2018. p73 Alternative splicing: exploring a biological role for the C- Terminal 
isoforms. Journal of Molecular Biology 430:1829–1838. DOI: https://doi.org/10.1016/j.jmb.2018.04.034, PMID: 
29733853

Wilhelm MT, Rufini A, Wetzel MK, Tsuchihara K, Inoue S, Tomasini R, Itie- Youten A, Wakeham A, 
Arsenian- Henriksson M, Melino G, Kaplan DR, Miller FD, Mak TW. 2010. Isoform- specific p73 knockout mice 
reveal a novel role for delta Np73 in the DNA damage response pathway. Genes & Development 24:549–560. 
DOI: https://doi.org/10.1101/gad.1873910, PMID: 20194434

Xu CJ, Dong LL, Kang XL, Li ZM, Zhang HY. 2020. Leptin promotes proliferation and inhibits apoptosis of 
prostate cancer cells by regulating ERK1/2 signaling pathway. European Review for Medical and 
Pharmacological Sciences 24:8341–8348. DOI: https://doi.org/10.26355/eurrev_202008_22630, PMID: 
32894540

Yan W, Chen X. 2006. GPX2, a direct target of p63, inhibits oxidative stress- induced apoptosis in a p53- 
dependent manner. The Journal of Biological Chemistry 281:7856–7862. DOI: https://doi.org/10.1074/jbc. 
M512655200, PMID: 16446369

Yan W, Zhang J, Zhang Y, Jung YS, Chen X. 2012. p73 expression is regulated by RNPC1, a target of the p53 
family, via mRNA stability. Molecular and Cellular Biology 32:2336–2348. DOI: https://doi.org/10.1128/MCB. 
00215-12, PMID: 22508983

Yang A, Walker N, Bronson R, Kaghad M, Oosterwegel M, Bonnin J, Vagner C, Bonnet H, Dikkes P, Sharpe A, 
McKeon F, Caput D. 2000. p73- deficient mice have neurological, pheromonal and inflammatory defects but 
lack spontaneous tumours. Nature 404:99–103. DOI: https://doi.org/10.1038/35003607, PMID: 10716451

Zaika AI, Kovalev S, Marchenko ND, Moll UM. 1999. Overexpression of the wild type p73 gene in breast cancer 
tissues and cell lines. Cancer Research 59:3257–3263 PMID: 10397274. 

Zhang Y, Proenca R, Maffei M, Barone M, Leopold L, Friedman JM. 1994. Positional cloning of the mouse obese 
gene and its human homologue. Nature 372:425–432. DOI: https://doi.org/10.1038/372425a0, PMID: 7984236

Zhang J, Cho S- J, Shu L, Yan W, Guerrero T, Kent M, Skorupski K, Chen H, Chen X. 2011a. Translational 
repression of p53 by RNPC1, a p53 target overexpressed in lymphomas. Genes & Development 25:1528–1543. 
DOI: https://doi.org/10.1101/gad.2069311, PMID: 21764855

Zhang Y, Yan W, Chen X. 2011b. Mutant p53 disrupts MCF- 10A cell polarity in three- dimensional culture via 
epithelial- to- mesenchymal transitions. Journal of Biological Chemistry 286:16218–16228. DOI: https://doi.org/ 
10.1074/jbc.M110.214585

Zhang Y, Yan W, Jung YS, Chen X. 2012. Mammary epithelial cell polarity is regulated differentially by p73 
isoforms via epithelial- to- mesenchymal transition. Journal of Biological Chemistry 287:17746–17753. DOI: 
https://doi.org/10.1074/jbc.M112.358143

Zhang J, Xu E, Chen X. 2013. TAp73 Protein stability is controlled by histone deacetylase 1 via regulation of 
Hsp90 chaperone function. Journal of Biological Chemistry 288:7727–7737. DOI: https://doi.org/10.1074/jbc. 
M112.429522

Zhang J, Xu E, Ren C, Yan W, Zhang M, Chen M, Cardiff RD, Imai DM, Wisner E, Chen X. 2014. Mice deficient in 
Rbm38, a target of the p53 family, are susceptible to accelerated aging and spontaneous tumors. PNAS 
111:18637–18642. DOI: https://doi.org/10.1073/pnas.1415607112, PMID: 25512531

Zhang Y, Qian Y, Zhang J, Yan W, Jung Y- S, Chen M, Huang E, Lloyd K, Duan Y, Wang J, Liu G, Chen X. 2017. 
Ferredoxin reductase is critical for p53- dependent tumor suppression via iron regulatory protein 2. Genes & 
Development 31:1243–1256. DOI: https://doi.org/10.1101/gad.299388.117, PMID: 28747430

Zhang J, Sun W, Kong X, Zhang Y, Yang HJ, Ren C, Jiang Y, Chen M, Chen X. 2019. Mutant p53 antagonizes p63/
p73- mediated tumor suppression via Notch1. PNAS 116:24259–24267. DOI: https://doi.org/10.1073/pnas. 
1913919116, PMID: 31712410

https://doi.org/10.7554/eLife.82115
https://doi.org/10.1101/gad.1695308
http://www.ncbi.nlm.nih.gov/pubmed/18805989
https://doi.org/10.1006/bbrc.2000.3627
https://doi.org/10.1006/bbrc.2000.3627
http://www.ncbi.nlm.nih.gov/pubmed/11027640
https://doi.org/10.1038/sj.onc.1202817
http://www.ncbi.nlm.nih.gov/pubmed/10490834
https://doi.org/10.1016/j.jmb.2018.04.034
http://www.ncbi.nlm.nih.gov/pubmed/29733853
https://doi.org/10.1101/gad.1873910
http://www.ncbi.nlm.nih.gov/pubmed/20194434
https://doi.org/10.26355/eurrev_202008_22630
http://www.ncbi.nlm.nih.gov/pubmed/32894540
https://doi.org/10.1074/jbc.M512655200
https://doi.org/10.1074/jbc.M512655200
http://www.ncbi.nlm.nih.gov/pubmed/16446369
https://doi.org/10.1128/MCB.00215-12
https://doi.org/10.1128/MCB.00215-12
http://www.ncbi.nlm.nih.gov/pubmed/22508983
https://doi.org/10.1038/35003607
http://www.ncbi.nlm.nih.gov/pubmed/10716451
http://www.ncbi.nlm.nih.gov/pubmed/10397274
https://doi.org/10.1038/372425a0
http://www.ncbi.nlm.nih.gov/pubmed/7984236
https://doi.org/10.1101/gad.2069311
http://www.ncbi.nlm.nih.gov/pubmed/21764855
https://doi.org/10.1074/jbc.M110.214585
https://doi.org/10.1074/jbc.M110.214585
https://doi.org/10.1074/jbc.M112.358143
https://doi.org/10.1074/jbc.M112.429522
https://doi.org/10.1074/jbc.M112.429522
https://doi.org/10.1073/pnas.1415607112
http://www.ncbi.nlm.nih.gov/pubmed/25512531
https://doi.org/10.1101/gad.299388.117
http://www.ncbi.nlm.nih.gov/pubmed/28747430
https://doi.org/10.1073/pnas.1913919116
https://doi.org/10.1073/pnas.1913919116
http://www.ncbi.nlm.nih.gov/pubmed/31712410

	Isoform-specific disruption of the TP73 gene reveals a critical role for TAp73γ in tumorigenesis via leptin
	Editor's evaluation
	Introduction
	Results
	p73α-γ switch is detected in a subset of human prostate carcinomas and dog lymphomas
	Deletion of exon 11 in the TP73 gene leads to isoform switch from α to γ, resulting in enhanced cell proliferation and migration as well as altered epithelial morphogenesis
	TAp73γ is primarily responsible for the oncogenic effects observed in E11-KO cells
	Deletion of E11 in the Trp73 gene leads to shortened lifespan, increased incidence of spontaneous tumors and chronic inflammation in mice
	E11-deficient mice are prone to obesity
	E11 deficiency leads to elevated production of Leptin, a novel target of TAp73γ
	Leptin is a critical mediator of TAp73γ in oncogenesis and altered lipid metabolism
	Targeting p73γ or Leptin inhibits tumor growth in vivo

	Discussion
	Materials and methods
	Reagents
	Plasmids
	Mice and MEF isolation
	Cell culture, cell line generation
	Western blot analysis
	RNA isolation, RT-PCR, and qRT-PCR
	ChIP assay
	Luciferase reporter assay
	Colony formation assay
	Wound-healing assay
	Senescence assay
	Histological analysis and IHC
	ELISA
	Three-dimensional culture for acini
	Three-dimensional tumor spheroid culture
	Transwell migration assay
	Tissue collection
	Xenograft assay
	Statistical analysis

	Acknowledgements
	Additional information
	Competing interests
	Funding
	Author contributions
	Author ORCIDs
	Ethics
	Decision letter and Author response

	Additional files
	Supplementary files

	References


