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p73, a p53 family member, undergoes alternative splicing at the 3’ end to produce mul-
tiple isoforms, but their expression and activity are largely unknown. Thus, CRISPR
was used to knock out exon 12 (E12) in human cancer cell lines and mice, leading to
isoform switch from p73c to isoform p73al. We found that p73al is naturally
expressed and induced by DNA damage. We also found that knockout of EI2 sup-
presses cell growth and migration in H1299 and MIA PaCa-2 cells and promotes cellu-
lar senescence in mouse embryonic fibroblasts. Similarly, ectopic expression of p73c1
suppresses cell proliferation, whereas knockdown of p73a1 restores the cell proliferative
and migratory capacities of E12~"" cells. Consistently, we found that E12*"~ mice are
not prone to spontaneous tumors. Instead, E/12*'~ mice are prone to systemic inflam-
mation and exhibit elevated TNFa expression in inflamed tissues. Moreover, we found
that Notchl, a master regulator of the inflammatory response, is regulated by p73a1
and highly expressed in E127"" cells and inflamed E12*"~ mouse tissues. Furthermore,
through knockdown of p73a1 and/or Notchl in E127"" cells, we found that Notch1
is necessary for p73al-mediated growth suppression. Together, these data suggest that
p73al plays a critical role in tumor suppression and the inflammatory response via
Notchl.
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p53 is a master transcriptional regulator and plays an integral role in tumor suppression.
This feat is achieved through the ability of p53 to tightly regulate a multitude of activities,
such as the cell cycle and apoptosis, in response to various genomic stressors (1). Over
two decades ago, two homologs of 7P53 were discovered, and termed 7P63 (2-4) and
TP73 (5, 6). These three proteins, better known as the p53 family, exhibit significant
homology in their transactivation domain (TAD), DNA-binding domain (DBD), and
oligomerization domain (OD). The discovery of p73 fueled efforts to determine whether
this protein has similar functions to that of p53. Total p73-knockout (p73-KO) mice
were not prone to spontaneous tumors but rather had major developmental abnormalities
(7). p73-KO mice exhibited reproductive impairments due to pheromone-sensing defects
(7) and profound neurological malformations due to abrogated p73 signaling in
Cajal-Retzius cells (7-9). These mice also displayed signs of chronic inflammation and
infection in the respiratory tract, which were later explained by the indispensable role for
p73 in regulating multiciliogenesis of airway epithelia (10, 11).

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

While the p73 N-terminal isoforms are well studied, the C-terminal isoforms remain
largely unexplored. Alternative pre-messenger RNA (mRNA) splicing of exons 11
through 13 gives rise to seven known C-terminal isoforms (o, B, v, 8, €, {, 1) (7, 23,
24). Notably, the TAD, DBD, and OD are not contained in exons 11, 12, or 13, but
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Significance

p73 is expressed as multiple
C-terminal isoforms, but their
expression and activity are largely
unknown. Here, we identified
p73a1 as a p73 C-terminal isoform
that results from exon 12 (E712)
exclusion. We showed that £72
deficiency in mice leads to
systemic inflammation but not
spontaneous tumors. We also
showed that Notch1 is regulated
by p73a1 and plays a critical role
in p73-dependent tumor
suppression and systemic
inflammation.
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Fig. 1. Isoform switch from p73« to p73a1 inhibits cell growth and migra-
tion in H1299 cells. (A) Schematic representation of TP73 £12 exclusion that
leads to isoform switch from p73a to p73al. (B) The level of p73a, p73al,
and HPRTT transcripts was measured in isogenic control and £72~~ H1299
cells. (C) The level of TAp73a, TAp73a1, and actin proteins was measured in
isogenic control and E72 /= H1299 cells treated with (+) or without (—)
0.25 pM DOX. (D) The level of p73aT and HPRTT transcripts was measured
in H1299, HCT116, MCF7, and RKO cells treated with (+) or without (-)
0.25 pM DOX. (E) The level of p73a, p73al, and HPRT1 transcripts was mea-
sured in normal human and tumor prostate tissues. (F) Colony formation
assay was performed with isogenic control, TAp73~~, ANp73~~, and
E1277~ H1299 cells. (G) Quantification of colony formation assay shown in F
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overexpression analyses showed that the C terminus modulates
p73 transcriptional activity (25). Studies suggest the differential
transactivation strengths are attributed to the presence of the
sterile alpha motif (SAM) (26-28) and C-inhibitory domain
(TID) (29) in exons 12 through 14. These domains are present
only in full-length p73a, although a few shorter isoforms con-
tain truncated versions of the SAM and/or TID. In normal tis-
sues, p73a and p73p are ubiquitously expressed, but p73a is
the predominant isoform (26, 27). The other isoforms appear
to have a more tissue-specific expression pattern (26, 27).
Recently, it was discovered that p73a is necessary for proper
hippocampal development in mice, and a loss of p73a produces
a neurodegenerative phenotype that is highly similar to the one
observed in p73-KO mice (28). On the other hand, the same
group showed that an isoform switch from p73a to p73p did not
impair multiciliogenesis in airway epithelia (30), suggesting that
some C-terminal isoforms have overlapping functions. While p73
is rarely mutated in cancer, overexpression is common (31-34).
Interestingly, cancers with p73 overexpression exhibit a shift in
isoform expression, from p73a to the less abundant isoforms
(35). However, the function of these C-terminal isoforms in
tumor suppression or oncogenesis remains uncertain.

To explore the implication of the p73 C-terminal isoforms
in cancer, we generated exon 12 knockout (E12-KO) cancer
cell lines and an E72-deficient mouse model. Loss of E12 leads
to the expression of two isoforms, namely, p73al and p73p1,
from p73a and p73p, respectively. Because p73a is overwhelm-
ingly the major isoform, we focused on characterizing the func-
tion of p73al. We found that p73al is expressed in multiple
cancer cell lines and normal human and tumor prostate tissue.
We also found that E12-KO leads to decreased cell prolifera-
tion and migration in H1299 and MIA PaCa-2 cells but
increased cellular senescence in £72-deficient mouse embryonic
fibroblasts (MEFs) and mouse tissues. Moreover, we found that
Exon 12~ (E12"") mice were prone to systemic inflamma-
tion but not spontaneous tumors. Furthermore, we found that
Notchl is highly expressed in E12-KO cells and inflamed
EI1Z""~ mouse tissues, regulated by p73al, and plays an impor-
tant role in p730l-mediated growth suppression. Collectively, we
identify p73al as a naturally occurring isoform that plays a criti-
cal role in tumor suppression and the inflammatory response via
Notchl.

Results

Knockout of E12 Leads to Isoform Switch from p73« to p73a1,
Decreased Colony Formation and Cell Migration, and Increased
Cellular Senescence. To determine the biological function of
the p73 C-terminal isoforms, CRISPR was used to generate
multiple E12-KO H1299 and MIA PaCa-2 cell lines (Fig. 14
and SI Appendix, Fig. S1 A and B). Two E12-KO clones from
each cell line were chosen for subsequent experiments. DNA
sequencing (DNA-seq) showed a 105-nucleotide (nt) deletion
in intron 11 and 45-nt deletion in EI2 in H1299 E12-KO
#15, and 105-nt deletion in intron 11 and 48-nt deletion in

using relative colony area. The relative colony area in isogenic control cells
was arbitrarily set as 1.0. Data are presented as the mean + SEM of three
independent experiments. One-way ANOVA was used to calculate P values.
*P < 0.05; ***P < 0.001; ****P < 0.0001. (H) Isogenic control, TAp73’/’,
ANp73~/~, and E127~ H1299 cells were used for scratch assays. Micro-
scopic images were taken immediately after scratch (0 h) and 24 h later to
monitor cell migration. Wound closure percentages were quantified and
presented below. Ctrl, control; Rel,, relative.
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EI12 in H1299 E12-KO #83. Thus, E12 would be excluded
due to the lack of the E12 splice acceptor site. RT-PCR showed
that p73a and a low level of p73a] were detected in isogenic
control H1299 cells (Fig. 1B). In contrast, p/3a1, but not
p73a, was detected in E12-KO H1299 cells (Fig. 1B), suggest-
ing that the isoform switch from p73a to p73al was initiated
through the deletion of the splice acceptor site. Similarly,
knockout of £72 in MIA PaCa-2 cells led to a p73a-to-p73al
isoform switch (SI Appendix, Fig. S2A). DNA-seq showed a
105-nt deletion in intron 11 and 45-nt deletion in £12 in both
E12-KO MIA PaCa-2 #47 and #61. To detect p73al protein
expression, isogenic control and E12-KO H1299 cells were
treated with doxorubicin (DOX), which is known to enhance
p73 protein stability for easy detection (36). p73a was detected
in isogenic control cells and stabilized by DOX (Fig. 10).
However, p73al, but not p73a, was detected and stabilized by
DOX in E12-KO cells (Fig. 10).

Because aberrant splicing is a hallmark of cancer, we specu-
lated that p73al would be expressed in tumors. To test this,
RT-PCR was used to specifically amplify p/3a1, which con-
tains a unique DNA sequence at the junction of E£/] and EI13
(S Appendix, Fig. S2B). We found that various levels of p/3a 1
were expressed in nine different tumor cell lines, including
H1299 and MIA PaCa-2 cells (Fig. 1D and S/ Appendix, Fig.
S20). Additionally, we found that p73al expression was
increased following DOX treatment in H1299, HCT116,
MCF7, and RKO cells (Fig. 1D), consistent with previous
studies in which p73 transcription was induced by DNA dam-
age (37, 38). Moreover, DNA-seq showed that the amplified
complementary DNA (cDNA) was indeed p73al. To confirm
these findings, H1299 and MCF7 cells were treated with small
interfering RNA (siRNA) against p/3a1 to specifically knock
down the p73al transcript (SI Appendix, Fig. S2E, Lefl). We
found that upon treatment with si-p73al, the p73a ! transcript
was markedly decreased in these cells (S Appendix, Fig. S2F).
These data indicate that the isoform p73al is naturally
expressed in multiple cancer cell lines.

We then wanted to determine whether p73al is expressed in
normal human and tumor tissues. First, we analyzed p73al
expression in normal and tumor prostate samples. We found
that p/3al was present in both normal and tumor samples
(Fig. 1E and SI Appendix, Fig. S2D). Next, GTEx Portal was
used to analyze RNA sequencing (RNA-seq) data mapping to
TP73 in 54 different normal human tissues. Interestingly, it
appeared that £72 was not transcribed in amygdala tissue, sug-
gesting that TAp73al and/or ANp73al are highly expressed
in normal tissues in a tissue-dependent manner.

Given that p73al was detected in cancer cell lines, normal
tissues, and prostate tumors, we wanted to explore why a p73a-
to-p73al isoform switch might occur. First, RNA-seq was
performed to compare the gene expression pattern between iso-
genic control and E12-KO H1299 cells. We found that the
loss of E12led to down-regulation of numerous heterogeneous
nuclear ribonucleoprotein (hnRNP) genes, which are important
splicing factors (39) (SI Appendix, Fig. S3A). Second, we cross
interrogated our RNA-seq data with that of prostate cancer in
the The Cancer Genome Atlas (TCGA) database. We found
that SNRNP200, HNRNPL, and HNRNPAB were signifi-
cantly up-regulated in prostate tumors compared to normal
prostate tissue (SI Appendix, Fig. S3B). SNRNP200 is associ-
ated with increased prostate cancer severity and metastasis (40),
and HNRNPL is critical for prostate cancer cell growth (41).
Third, the acceptor site at the junction of intron 11 and E12
for p73a expression was compared to the one at intron 12 and
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E13 for p73al expression. We found that the nucleotide
sequence in the beginning of £712 (GCCCCG) was completely
different from the one in the beginning of E13 (TTTTTT),
although the consensus AG nucleotides were conserved in introns
11 and 12 (SI Appendix, Fig. S3C). Fourth, we found that the
number and composition of intronic splicing enhancer motifs in
introns 11 and 12 were quite different. Enhancer motifs are
bound by splicing factors and dictate the outcome of alterative
splicing (42). Since some splicing factors are up- or down-
regulated in tumors, a p73a-to-p73al isoform switch is likely
induced by preferential usage of one acceptor site over the other.

To determine whether the p73a-to-p73al isoform switch
has an effect on growth suppression, colony formation and
wound healing assays were performed with E12-KO H1299
and MIA PaCa-2 cells along with the respective isogenic con-
trols, namely, TAp73-KO and ANp73-KO cells. We showed
that TAp73-KO promoted, whereas ANp73-KO inhibited, cell
growth and migration (Fig. 1 F~H and SI Appendix, Fig. S4
A-C), consistent with previous observations that TAp73 is a
tumor suppressor and ANp73 is necessary for cell survival (14,
22). Interestingly, we found that E12-KO suppressed cell pro-
liferation and migration in both H1299 and MIA PaCa-2 cells
(Fig. 1 F-H and SI Appendix, Fig. S4 A-C), suggesting that
p73al not only compensates for the loss of p73a but also may
have stronger growth-suppressive effects than p73a. To directly
demonstrate the growth-suppressive activity of p73al, we gen-
erated multiple H1299 cell lines that inducibly express
TAp73al under the control of a tetracycline-inducible pro-
moter (8] Appendix, Fig. S4D). We showed that upon induc-
tion of TAp73al, cell proliferation was markedly decreased (57
Appendix, Fig. S4E).

To determine whether the loss of £12 in murine 77p73 leads
to a p730-to-p73al isoform switch and subsequently inhibits cell
growth, CRISPR was used to generate an FE12-deficient mouse
model (87 Appendix, Fig. S5 A and B and Table S3). By inter-
crossing E12""" mice, a cohort of WT, E12*", and E12” MEFs
were produced. We found that deletion of £12led to an isoform
switch from p73a to p73al in mice (Fig. 24). We also found
that E12-deficicency in MEFs increased cellular senescence evi-
denced by an elevated expression of senescence-associated (SA)-
[B-galactosidase and senescent markers (PML, p130, and p21)
(Fig. 2 Band Q). Moreover, we showed that E12-KO suppressed
MEEF cell proliferation (Fig. 2D). We then examined the effect of
E12 deficiency on cellular senescence in vivo and found that the
loss of E£12 led to an increased expression of senescent markers
p21 and pl6 in liver and kidney tissues and increased SA-B-galac-
tosidase staining in kidney tissue as compared to age- and sex-
matched WT dssues (Fig. 2 £~G). These results indicate that the
p73a-to-p73al isoform switch and the accompanying growth-
suppressive effects are conserved between human and mouse.

p73a1 Is Responsible for Growth Suppression in E12-KO Cells.
To demonstrate whether the growth-suppressive effects by E12-
KO are due to p73al activity, si-p73al was designed and used
to specifically knock down p73a1, whereas si-E11 #1 and #2
were designed and used to knock down both p/3a and p73a1
(ST Appendix, Fig. S2E). As expected, treatment with si-E11 #2,
but not si-p73al, led to a decreased expression of p/3a in iso-
genic control H1299 cells (Fig. 3 A and B, Left column). Con-
sistently, cell viability and migration were increased in isogenic
control H1299 cells treated with si-E11 #2, but not si-p73al
(Fig. 3 C-H, Left column). We would like to note that the low
level of p73al in isogenic control H1299 cells was further
decreased by treatment with si-E11 #2 (Fig. 3B). We also
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Fig. 2. The loss of £12 in MEFs and mouse tissues leads to increased cellular
senescence. (A) The level of Trp73a, Trp73al, and Actb transcripts was mea-
sured in WT and E72*~ MEFs. (B) SA-p-galactosidase staining was performed
with WT, E72*/, and E72~/~ MEFs. The percentage of SA-p-gal-positive cells was
shown in each panel. (C) The level of PML, p130, p21, and actin proteins was
measured in WT, E12*", and E12~/~ MEFs. (D) Growth curves were performed
with WT and E72~/~ MEFs over 7 d. (F) The level of Trp73a, Trp73al, and Actb
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showed that p73a I was knocked down in E12-KO H1299 cells
upon treatment with either si-E11 #2 or si-p73al (Fig. 3 A
and B, Central and Right columns). Consistently, cell viability
and migration were restored in E12-KO H1299 cells upon
knockdown of p73a1 (Fig. 3 C-H, Centraland Right columns),
suggesting that p73al is responsible for the growth-suppressive
effect in E12-KO cells.

E12*/~ Mice Are Prone to Systemic Inflammation But Not
Spontaneous Tumors. To determine how the isoform switch
from })730( to p73al alters p73 biological activity, a cohort of
E12Y E127, and T;p73+ "~ mice were generated and moni-
tored throughout their lifespan. To reduce the number of
animals used, 55 WT and 26 7773~ mice, which were gen-
erated and used for our earlier studies (S Appendix, Tables S1
and S2) (43, 44), were used as controls. All previously gener-
ated mice were of the same genetic background and housed in
the same facility as £12*"" mice. Initial observations revealed
that £127"" mice were runty and had a substantially shortened
lifespan (SI Appendix, Fig. S5C). As such, E12"" mice were
characterized to determine p73al activity.

We showed that like Trp73+ "~ mice, F1Z"~ mice had a
shorter lifespan than WT mice (Fig. 44). However, unlike
T7p73+ "~ mice, EIZ""~ mice were not prone to spontaneous
tumors (Fig. 4B). These findings were likely due in part to
increased p21 and pl6 expression and increased cellular senes-
cence in E12"" mice (Fig. 2 F and G). Previous studies have
found that a loss of 77p73 leads to systemic inflammation (7),
and our data yielded similar results wherein 7773"" mice
exhibited inflammation in three or more organs as compared to
WT mice (SI Appendix, Fig. S6 A and B). Interestingly, E12* ~
mice had widespread systemic inflammation, as evidenced by a
majority of mice displaying inflammation in five or more organs
(Fig. 4 Cand D and SI Appendix, Fig. S6C). Due to the preva-
lence of widespread systemic inflammation in the E72""~ cohort,
TNEFa, a common proinflammatory cytokine, was measured and
compared in age- and sex-matched WT and E12* ”~ liver and sal-
ivary gland tssues. We found that TNFa was significanty
increased in E12"" tissues compared to both WT and 77p73""~
liver tissues (Fig. 4F and SI Appendix, Fig. S6F). Consistently,
TNFa expression was significantly increased in E12-KO H1299
cells (Fig. 4F). Additional abnormalities observed in E12* "~ mice
included splenic hyperplasia and extramedullary hematopoiesis
(EMH) (87 Appendix, Fig. S6 D and E). These data demonstrate
that a loss of one E12 allele in vivo leads to increased systemic
inflammation but decreased tumor formation, the latter of which
is consistent with the observation that E12-KO leads to growth
suppression (Figs. 1 and 2).

Notch1 Is a Target of p73a1 and Plays a Critical Role in p73a1-
Dependent Growth Suppression and Inflammation. To iden-
tify potential targets of p73al responsible for tumor suppression
and inflammation in E72-deficient mice, RNA-seq data were ana-
lyzed to compare the differential gene expression profiles between
isogenic control and E12-KO H1299 cells. Knockout of EI12
was found to modulate multiple genes involved in cell growth

transcripts was measured in liver and kidney tissues from age- and sex-
matched WT and E72*/~ mice (100 wk; Female). (F) gPCR was used to analyze
relative Cdkn1a (p21) and Cdkn2a (p16) expression in liver and kidney tissues
from age- and sex-matched WT and E72*~ mice (100 wk; Female). One-way
ANOVA was used to calculate P values. *P < 0.05; **P < 0.01; ****P < 0.0001.
(G) SA-B-galactosidase staining was performed with kidney tissues from age-
and sex-matched WT and E72*~ mice (100 wk; Female).
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Fig. 3. p73al inhibits cell growth and migration in £727/~ H1299 cells. (A and B) The level of p73a, p73al, and HPRTT transcripts was measured in isogenic
control and E7277~ H1299 cells transiently transfected with (A and B) scrambled siRNA (Scr), (A) si-p73a1, or (B) si-E11#2 for 3 d. (C and D) Cells were treated
as in A and used to perform a three-dimensional spheroid assay, followed by (C) microscopic images of spheroids and (D) measurement of cell viability using
CellTiter-Glo 2.0 kit. The relative cell viability in isogenic control cells was arbitrarily set as 1.0. Data are presented as the mean + SEM of three independent
experiments. One-way ANOVA was used to calculate P values. ***P < 0.001; ****P < 0.0001. (E and F) The experiments were performed the same as in
C and D except that si-E11#2 was used. One-way ANOVA was used to calculate P values. **P < 0.01. (G) Isogenic control and £727/~ H1299 cells were tran-
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monitor cell migration. Wound closure percentages were calculated and shown to the right. (H) The experiments were performed same as in G except that
si-E11#2 was used.
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Fig. 4. E12*~ mice are prone to systemic inflammation, but not spontaneous tumors. (A) Kaplan-Meier survival curves of WT (n = 56), Trp73+/’ (n =27),
and E12*~ (n = 33) mice. Median survival time was 117 wk for WT mice, 86 wk for Trp73*” mice, and 93.5 wk for E12*/~ mice. The log-rank test was used to
calculate P values. (B) Tumor spectra in WT, Trp73*/~, and E712*~ mice. The asterisk (*) indicates that found dead/hydrocephalus mice were excluded.
Fisher's exact test was used to calculate P values. DLBCL, diffuse large B cell lymphoma; T-LBL, T-lymphoblastic lymphoma; LM, lymphoma. (C) Representa-
tive images of hematoxylin and eosin-stained kidney, lung, and pancreas tissues from sex-matched WT and £72*~ mice. Arrows indicate the inflammation
site. (D) Proportion of WT, Trp73*~, and E712*~ mice with chronic inflammation in five or more organs. Fisher's exact test was used to calculate P values. *P
< 0.05; ***p < 0.001. (F) qPCR was used to analyze relative Tnf (TNFa) expression in liver tissue from age- and sex-matched WT, Trp73*~, and £12*/~ mice
(100 wk; Female). One-way ANOVA was used to calculate P values. **P < 0.01; ***P < 0.001; ****P < 0.0001. (F) gPCR was used to analyze relative
TNF (TNFa) expression in isogenic control, TAp73’/’, ANp73’/’, and E1277~ H1299 cell lines. One-way ANOVA was used to calculate P values. ***P < 0.001;
****P < 0.0001.
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(CDKN14, PERP, MAP2KI, and ERK) (SI Appendix, Fig. S74)
and the inflammatory response (NF«B2, ILIRI, SOCS3, and
NFKRIB) (SI Appendix, Fig. S7B). Notably, we found that E12-
KO led to up-regulation of NOTCHI, along with its ligands
(JAGI and JAG2) and targets (HESI and HEYI) (SI Appendix,
Fig. S7 A and B). Since Notchl is known to mediate both cell
growth (45) and inflammation (46), the genes associated with the
Notchl pathway were chosen for further investigation.

Notchl, a transmembrane receptor, is cleaved at both the
extracellular and intracellular regions when bound to a ligand
(47). The Notchl1 Intracellular Domain (NICD) is then trans-
located to the nucleus where it cooperates with transcription
factor CSL to regulate gene expression (47). To confirm the
RNA-seq data, NOTCHI and HESI mRNAs were measured
and shown to be highly induced in E12-KO H1299 and MIA
PaCa-2 cells compared to TAp73-KO cells and, to a lesser
extent, isogenic control cells (Fig. 54 and SI Appendix, Fig.
S8A). This suggests that Notchl can be induced by TAp73al,
and to a lesser extent by TAp73a (SI Appendix, Fig. S8C). We
would like to note that NOTCHI and HESI mRNAs were
slightly induced in ANp73-KO cells (Fig. 54 and ST Appendix,
Fig. S84). Since ANp73 is known to suppress TAp73 activity
through hetero-oligomerization (19), a loss of ANp73 would
increase TAp73 transcriptional activity, leading to an increased
expression of NOTCHI and HESI. Similarly, we found that
Notchl NTM (transmembrane/intracellular region), NICD,
and Hesl proteins were increased in E12-KO H1299 and MIA
PaCa-2 cells (Fig. 58 and SI Appendix, Fig. S8B). To validate
that p73al was responsible for Notchl induction, NOTCHI
and HES! mRNAs were measured in E127'" cells wherein
p73al was knocked down by siRNA. We found that knock-
down of p73al led to a decreased expression of NOTCHI and
HESI (Fig. 50).

Previous studies showed that the NOTCHI promoter contains
a putative p53-response element (p53-RE) (48, 49). Since p73 is
known to bind p53-RE to regulate its target gene expression, a
chromatin immunoprecipitation (ChIP) assay was performed and
showed that the NOTCH]I promoter DNA fragment was detected
in anti-TAp73 immunoprecipitates from both isogenic control
and E12-KO H1299 cells (Fig. 5D). These results suggest that
like p53, both TAp73a and TAp73al are capable of binding to
the Notchl promoter to regulate its expression. To determine
whether the induction of Notch1 is correlated with inflammation
in F12""~ mouse tissues, the levels of Notchl and Hes] mRNAs
were measured and found to be significanty up-regulated in
inflamed E12"" liver, salivary gland, and spleen tissues compared
to age- and sex-matched WT counterparts (Fig. 5 £~G and S/
Appendix, Fig. S8D). These findings suggest that the isoform
switch from p73a to p73al leads to an increased expression of
Notchl, thus contributing to the widespread systemic inflamma-
tion in £72"" mice.

In addition to promoting the inflammatory response,
Notchl is a context-dependent tumor suppressor (45). Thus,
p73al might activate Notchl to induce growth suppression,
making £12%"~ mice less tumor prone. To test this, colony for-
mation and wound healing assays were performed with isogenic
control and E12-KO H1299 cells in which Notchl was
knocked down by siRNA (Fig. 64). As expected, knockdown
of Notchl had litde if any effect on cell proliferation and
migration in isogenic control cells (Fig. 6B and SI Appendix,
Fig. S9), suggesting that knockdown of a low basal level of
NICD would not have a measurable effect on cell growth.
In contrast, we found that knockdown of Notchl restored
cell proliferation and migration in E12-KO cells (Fig. 6B and
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SI Appendix, Fig. S9). To confirm that Notchl is necessary for
p73al-mediated tumor suppression, p73al was knocked down
alone or together with Notchl in E12-KO cells (Fig. 6 C and
D). We showed that knockdown of p73al or Notchl led to
increased cell proliferation, which was not significantly further
increased by a combined knockdown of p73al and Notchl in
E12-KO H1299 cells (Fig. 6E). Taken together, these data pro-
vide evidence that Notchl plays a role in p73al-dependent
tumor suppression.

Discussion

p73a is the most abundant p73 isoform in human/mouse tis-
sues and primarily responsible for p73-associated phenotypes.
TAp73a is widely recognized as a tumor suppressor, as demon-
strated by p73- and TAp73-KO mouse models. The complete
and partial loss of p73 in mice is associated with increased
tumor formation (44, 50-52). Consistently, TAp73-KO, but
not ANp73-KO, mice are prone to genomic instability and
spontaneous tumors (14, 18). Moreover, a loss of p73 is associ-
ated with tumor dissemination and transformation in multiple
types of cancer (53-57). A recent study showed that isoform
switch from p73a to p73P leads to profound neurological
defects, but its effect on tumorigenesis was not analyzed (28).
In the present study, we showed that isoform switch from
p73a to p73al does not increase tumor formation, suggesting
that TAp73al compensates for the loss of TAp73a and there-
fore functions as a tumor suppressor. Moreover, we speculate
that p73al has a stronger transactivation activity than p73a
due to differences at the extreme C terminus. p73a has a rela-
tively low transactivation potential (25) and is the only isoform
that contains both inhibitory domains SAM (58-60) and TID
(29). SAM and TID can block the binding of coactivators
p300/CBP to p73 TAD, therefore attenuating the transactiva-
tion potential of p73a (29). These data indicate that despite its
relatively low abundance, TAp73al has a strong transactivation
potential and plays an important role in p73-dependent tumor
suppression.

It is well defined that p73a regulates tumor suppression
through both common and distinct p53 family targets, such as
p21, PUMA, and HIF-la (15, 61, 62). Similarly, RNA-seq
analysis showed that p73al regulates several p53 family targets,
such as CDKNIA and PERP, suggesting that p73al has a simi-
lar mode of tumor suppression as other p53 family members.
However, since E12-deficient mice are prone to inflammation
but not spontaneous tumors, we speculated that a p73 target
may have a dual function in growth suppression and inflamma-
tion. Indeed, we found that Notchl, a master regulator of
inflammatory response, is induced by p73al in E12-KO cells
and El2-deficient mice (Fig. 5). Our data indicate that the
induction of Notchl/p21/pl6 and cellular senescence by
p73al plays a role in mitigating the susceptibility of E12*"~
mice to spontaneous tumors. This observation is consistent
with published studies that Notchl functions as a tumor sup-
pressor in a p53-dependent manner (48, 49, 63) by suppressing
oncogenic kinases (ROCK1/2 and MRCKa) (48) or Wnt signal-
ing (64, 65). Additionally, studies showed that normal levels of
Notchl are necessary for maintaining malignant tumor growth,
whereas overexpression of Notchl inhibits tumor progression
(66, 67). Moreover, Notchl is decreased in late-stage cervical
tumors, suggesting that excessive Notch1 signaling impairs tumor
invasion and metastasis (68).

Mice deficient in total p73 or TAp73 are prone to chronic
inflammation (7, 44, 50-52). Whether or not mice deficient in
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Fig. 5. Notch1 is a direct target of p73a1 and highly expressed in inflamed E72*/~ mouse tissues. (A) The level of NOTCH1, HES1, and HPRTT transcripts was
measured in isogenic control, TAp73~~, ANp73~/~, and E1277~ H1299 cells. (Right) gPCR was used to analyze relative NOTCH1 and HEST expression. One-way
ANOVA was used to calculate P values. **P < 0.01; ****P < 0.0001. (B) The level of TAp73a, Notch1 NTM, NICD, Hes1, and vinculin proteins was measured in
isogenic control, TAp73’/’, ANp73’/’, and E127~ H1299 cells. (C) The level of p73a, p73al, NOTCH1, HEST, and HPRTT transcripts was measured in isogenic
control and E727/~ H1299 cells transiently transfected with Scr or si-E11#1 for 3 d. (Right) qPCR was used to analyze relative NOTCH1 and HEST expression.
One-way ANOVA was used to calculate P values. ***P < 0.001; ****P < 0.0001. (D) ChIP analysis was performed with isogenic control and £727~~ H1299 cells.
Cell lysates were immunoprecipitated with control IgG or anti-TAp73 overnight to bring down the DNA-protein immunocomplex, and the DNA fragments
were visualized by PCR with primers for NOTCH1, CDKN1A, and GAPDH promoters. (E) The levels of Notch1, Hes1, and Actb transcripts were measured in liver
tissue from age- and sex-matched WT and E12*~ mice (100 wk; Female). (Right) gPCR was used to analyze relative Notch? and HesT expression. One-way
ANOVA was used to calculate P values. **P < 0.01; ***P < 0.001; ****P < 0.0001. (F) The level of Trp73a, Notch1, Hes1, and Actb transcripts was measured in
salivary gland tissue from age- and sex-matched WT and £72*~ mice (100 wk; Female). (Right) qPCR was used to analyze relative Notch? and Hes1 expres-
sion. **P < 0.01; ***P < 0.001; ****P < 0.0001. One-way ANOVA was used to calculate P values. (G) The level of Trp73a, Trp73al, Notch1, Hes1, and Actb tran-
scripts was measured in spleen tissue from age- and sex-matched WT and E12*/~ mice (100 wk; Male). (Right) qPCR was used to analyze relative Notch7 and
Hes1 expression. One-way ANOVA was used to calculate P values. *P < 0.05; ***P < 0.001.
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Fig. 6. Notch1 is necessary for p73a1-mediated growth suppression in H1299 cells. (4) The level of Notch1 NTM, NICD, and vinculin proteins was measured
in isogenic control and £727~/~ H1299 cells transiently transfected with Scr or si-Notch1 for 3 d. (B) Cells were treated as in A and used for the colony forma-
tion assay. (Right) Quantification of colony formation assay using relative colony area. The relative colony area in isogenic control cells treated with Scr was
arbitrarily set as 1.0. Data are presented as the mean + SEM of three independent experiments. One-way ANOVA was used to calculate P values. *P < 0.05;
**p < 0.01; ****P < 0.0001. (C) gPCR was used to analyze relative NOTCH1 expression in E72~/~ H1299 cells transiently transfected with Scr, si-Notch1, or
si-p73a1 and si-Notch1 for 3 d. One-way ANOVA was used to calculate P values. ****P < 0.0001. (D) The level of p73a7 and HPRTT transcripts was measured
in E727/~ H1299 cells transiently transfected with Scr, si-p73a1, or si-p73al and si-Notch1 for 3 d. (E) Colony formation assay was performed with £127~
H1299 cells transiently transfected with Scr, si-p73a1, si-Notch1, or both for 3 d. (Right) Quantification of colony formation assay using relative colony area.
The relative colony area in £727/~ cells treated with Scr was arbitrarily set as 1.0. Data are presented as the mean + SEM of three independent experiments.
One-way ANOVA was used to calculate P values. ***P < 0.001; ****P < 0.0001.

ANp73 or E13 (p73a to p73p isoform switch) are susceptible
to chronic inflammation has not been reported (18, 28, 30).
Here, we found that mice deficient in E12 are prone to multi-
organ inflammation along with an increased expression of
TNFa in inflamed tissues. Mechanistically, our studies revealed
three possible pathways by which p73al promotes systemic
inflammation. First, the RNA-seq analysis showed that E12-
KO leads to an induction of NOTCH], its ligands (JAGI and
JAG2), and its targets (HESI and HEYI). Previous studies
showed that JAG!I and JAG2 are regulated by the p53 family
proteins (69, 70). Thus, induction of NOTCH1I and its ligands
by p73al would amplify the potency of Notchl to promote
proinflammatory cytokine production (71), leading to systemic
inflammation. Second, we showed that MEFs and mouse tis-
sues deficient in E12 are prone to cellular senescence. Despite
their growth-arrested state, senescent cells are metabolically
active and secrete an array of proteins that constitute the
senescence-associated  secretory phenotype (SASP). SASP
includes growth factors and cytokines, such as IL-1, IL-6, and
IFN-y. Thus, increased cytokine production by senescent cells
may contribute to p73al-mediated inflammation. Third, our
RNA-seq analysis showed that E12-KO modulates several pro-
and anti-inflammatory pathways, including NF-kB and SOCS3

PNAS 2022 Vol.119 No.22 e2123202119

(72, 73). While much work is needed to validate these RNA-
seq data, it is likely that some of these alterations may directly,
or together with Notch1 and SASP, promote p73al-dependent
systemic inflammation.

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

Materials and Methods

Reagents. Anti-Actin (catalog number [Cat#] sc-47778, 1:2,000), anti-p130
(Cat# sc-374521, 1:3,000), anti-p21 (Cat# sc-53870, 1:3,000), anti-p130 (Cat#
s¢-374521, 1:3,000), and anti-PML (Cat# sc-377390, 1:3,000) were purchased
from Santa Cruz Biotechnology. Anti-TAp73 (Cat# A300-126A, 1:1,000) was pur-
chased from Bethyl Laboratories, Inc. Anti-HA (Cat# 901513, 1:2,000) was pur-
chased from Biolegend. Anti-Cleaved Notch1 (Cat# 4741, 1:1,000), anti-Notch1
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(Cat# 4380T, 1:1,000), and anti-Hes1 (Cat# 11988S, 1:800) were purchased
from Cell Signaling Technology. WesternBright ECL HRP substrate (Cat# K-
12043-D20) was purchased from Advansta. Scrambled siRNA (5'-GGC CGA UUG
UCA AAU AAU U-3'), sip73a siRNA (5"-ACC UGG GGC CCG UGG UUU-3'), siET1
siRNA#1 (5'-GCA CAG UUC GGC AGC UAC A-3), siE11 siRNA#2 (5’-UCC UCU CGC
CCA UGA ACA A-3'), and siNotch1 siRNA (5'-ACA AAG AUA UGC AGA ACA A-3')
were purchased from Horizon Discovery Biosciences Limited. RNAiMax (Cat#
13778150, Invitrogen), Protease Inhibitor Mixture (Cat# 78438), Magnetic Pro-
tein A/G beads (Cat# 78609), RevertAid RT Reverse Transcription Kit (Cat#
K1691), and DreamTaq DNA Polymerase (Cat# EP0702) were all purchased from
ThermoFisher. All reagents were used according to the manufacturer's protocol.

Plasmid Generation. The pSpCas9(BB)-2A-Puro expression vector was gener-
ated by the Zhang Lab (74) and purchased from Addgene. To generate a vector
expressing a single guide RNA (sgRNA) that targets TAp73, ANp73, or £72, two
25-nt oligos were annealed and cloned into the pSpCas9(BB)-2A-Puro expression
vector via Bbsl. To generate the pcDNA4 vector expressing HA-tagged TAp73a1, a
620-bp <DNA fragment was amplified from H1299 £12~/~ cells and then used
to replace the C terminus of the previously generated HA-TAp7 3ot vector (29) via
EcoRl and Xhol. All primer sequences were listed in SI Appendix, Table S4.

Cell Culture and Cell Line Generation. H1299 cells and their derivatives,
HCT116 cells, MCF7 cells, and RKO cells were cultured in Dulbecco’s Modified
Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) (Gibco,
Cat# A4766801). H1299, HCT116, MCF7, and RKO cell lines were purchased
from ATCC;tested negative for mycoplasma; and used at passage 20 or lower. We
did not authenticate the cell lines used in this study because ATCC has thoroughly
authenticated these cell lines. To generate T4p73~"~, ANp73~/~, and E127/~
cell lines using CRISPR/Cas9, H1299 cells were transfected with a pSpCas9(BB)-
2A-Puro vector expressing a sgRNA, and subsequently selected with puromycin
(0.66 pM) for 2 to 3 wk. Individual clones were picked ,and the appropriate
knockout cell lines were confirmed via Sanger DNA sequencing and/or Western
blot analysis. HA-TAp73a inducible H1299 cell lines were generated previously
(75). To generate HA-TAp73a1 inducible H1299 cell lines, H1299 cells expressing
a tetracycline repressor were transfected with a pcDNA4-HA-TAp73a1 vector. Cells
were selected with zeocin (33 uM) for 2 to 3 wk, and individual clones were
picked and confirmed via Western blot analysis. To induce TAp73a or TAp73ac1
expression, 1 puM tetracycline was added to the media for 24 h.

Mouse Model Generation. WI and Tip73*'~ mice were generated as

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

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

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

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

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

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

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

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

Wound Healing Assay. Cells were seeded at a density of 4 x 10 in a 6-well
plate and allowed to grow into monolayers. The monolayered cells were scraped
with a P2 micropipette tip and washed two times with PBS. Microscopic images
were taken at the indicated time points with phase contrast microscopy. Wound clo-
sure percentage was quantified using the ImageJ plugin MRI Wound Healing Tool.

Senescence Assay. The senescence assay was performed as described previ-
ously (80). Briefly, 5 x 10* primary MEFs at passage five were seeded in one
well of a 6-well plate for 24 h. Cells were washed with PBS, fixed with a solution
of 2% formaldehyde/0.2% glutaraldehyde for 15 min at room temperature, and
then incubated with an SA-B-galactosidase staining solution (1 mg/mL 5-bromo-
4-chloro-3-indolyl-B-d-galactopyranoside, 40 mm citric acid/sodium phosphate
[pH 6.0], 5 mm potassium ferrocyanide, 5 mm potassium ferricyanide, 150 mm
NaCl, and 2 mm MgCl,) at 37 °C overnight. The percentage of senescent cells
was calculated by dividing the number of SA-B-galactosidase-positive cells by the
total number of cells counted. For SA-B-galactosidase staining on tissue, fresh-
frozen tissue was embedded in Tissue Plus 0.C.T. (optimal cutting temperature)
Compound (Fisher Healthcare, Cat# 23-730-571), cryo-sectioned at 10 pm,
stained according to the protocol mentioned above, and counter stained with
Nuclear Fast Red Solution (RICCA, Cat# R5463200-500A).

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

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

Data Availability. All study data are included in the article and/or S/ Appendix.
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