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The transcription factor p73, a member of the p53 tumor-suppressor family, regulates
cell death and also supports tumorigenesis, although the mechanistic basis for the dichot-
omous functions is poorly understood. We report here the identification of an alternate
transactivation domain (TAD) located at the extreme carboxyl (C) terminus of TAp73,
a commonly expressed p73 isoform. Mutational disruption of this TAD significantly
reduced TAp73f’s transactivation activity, to a level observed when the amino (N)-TAD
that is similar to p53’s TAD, is mutated. Mutation of both TADs almost completely
abolished TAp73f’s transactivation activity. Expression profiling highlighted a unique
set of targets involved in extracellular matrix—receptor interaction and focal adhesion
regulated by the C-TAD, resulting in FAK phosphorylation, distinct from the N-TAD
targets that are common to p53 and are involved in growth inhibition. Interestingly, the
C-TAD targets are also regulated by the oncogenic, amino-terminal-deficient DNp73[
isoform. Consistently, mutation of C-TAD reduces cellular migration and prolifer-
ation. Mechanistically, selective binding of TAp73f to DNAJAL is required for the
transactivation of C-TAD target genes, and silencing DNAJA1 expression abrogated
all C-TAD-mediated effects. Taken together, our results provide a mechanistic basis
for the dichotomous functions of TAp73 in the regulation of cellular growth through
its distinct TADs.
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p73 is a transcription factor of the p53 family, with significant sequence homology with
the tumor-suppressor p53 at the amino-terminal (N) transactivation domain (TAD), the
central DNA binding domain (DBD), and the carboxyl-terminal (C) oligomerization
domain (OD) (1, 2). Not unexpectedly, p73 has been shown to regulate many p53 target
genes and inhibit cellular growth (3-7). Despite these structural and functional similarities
to p53, P73 is rarely mutated in human cancers (8, 9).

Structurally, p73 exists in two major forms: the full-length TAp73 and the Delta-N (DN)
p73 which lacks the N-TAD (10). TAp73, with a common TAD with p53, has been shown
to exhibit tumor-suppressor functions and is capable of inducing cell death (4, 11, 12).
By contrast, DNp73 has been shown to inhibit apoptosis by virtue of its ability to bind
to and inhibit both TAp73 and p53 functions and acts as an oncogene (13). Nevertheless,
the demarcations of functional capabilities are not entirely mutually exclusive, as several
reports have shown that TAp73 also participates in supporting cellular growth and tumor
development (14-19). Both DNP73 and TAP73 have been shown to be up-regulated in
several cancer types (13, 20-23), the latter being consistent with TAp73’s purported
growth-supportive properties.

Both the TAp73 and DNp73 forms are spliced at their C termini, resulting in a large
number of isoforms (e.g., &, B, ¥, 8, €, {, 1) (24, 25). The longest form, TAp73a, contains
a sterile alpha motif (SAM) at the C terminus that has been shown to attenuate the trans-
activation activity of TAp73 (26). By contrast, TAp73f lacks almost the entire SAM
domain, and thus is shorter and has a rudimentary partial-SAM domain that is unique
to TAp73p, but has some homology to TAp63p, the other member of the p53 family
(27). It was recently demonstrated that p73a has unique roles in regulating neurogenesis
that cannot be substituted by p73, indicating a clear functional role for this isoform in
regulating biological processes (28, 29). However, not all characteristics of the p73 null
mice could be phenocopied by mice expressing p73p alone, such as ciliogenesis defects
and hydrocephaly (30, 31), suggesting that the p73 isoforms can have tissue or
region-specific functions, including in tumorigenesis, which is hitherto unexplored.

The biological functions of TAp73 have been attributed to its ability to transactivate
target genes, primarily through the N-TAD (32). Mutations in the DBD or the TAD
abrogate its ability to transactivate target genes and result in loss of its functions (33, 34).

Nonetheless, DNp73f which lacks the N-TAD has also been shown to be capable of
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p73, unlike its tumor-suppressor
homologue p53, p73 is not
mutated in cancers. Full-length
TAp73 exhibits both cellular
growth inhibitory and promoting
properties, though the
mechanistic basis for differential
regulation is unclear. We identified
an alternate transactivation
domain (TAD) located at the C
terminus of TAp73g, which
selectively transactivates genes
involved in cellular proliferation
and migration and mediates FAK
phosphorylation. This is distinct
from the N terminus TAD, also
found in p53, which transactivates
growth-inhibitory genes. Mutation
of either the N- or C-TAD
abrogates apoptosis or cellular
migration, respectively. DNAJA1,
identified as a C-TAD-specific
binding partner, selectively
regulates the expression of C-TAD
target genes, promoting cellular
migration. These data together
provide important insights into
the mechanistic basis for TAp73's
dual role.
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transactivating several target genes common to TAp73p, such
as MDM2, VEGF-A, and CASPASE-2S (CAS-2S) (17, 19, 35),
suggesting the potential existence of additional TAD(s) com-
mon to both TAp73f and DNp73p. This also raises the possi-
bility that the presumptive additional TAD may play a distinct
role in transactivating genes involved in TAp73’s growth-
promoting functions. In this respect, Sauer et al. (36) showed
that the electrostatic charge of the C terminus of various TAp73
isoforms is significantly different, which correlates with differ-
ential promoter binding and target gene transactivation, thus
differentially impacting cell fate (36). Moreover, a germline
mutation in P73 at P425L in the proline-rich region was found
to reduce the transactivation activity of TAp73 in an isoform-
dependent manner (37). Furthermore, it was also shown that
there exists a TAD within amino acid residues 381 to 399 of
TAp73 that preferentially contributes to the regulation of genes
involved in cell cycle progression, though in a cell type-specific
manner (38). These data together suggest that additional regu-
latory elements may contribute to TAp73’s ability to induce
transactivation of survival genes, likely in an isoform-dependent
manner.

We report here the identification of a unique TAD located at
the extreme C-terminal partial-SAM domain of TAp73f. Mutating
key amino acid residues at this C-TAD partially abolished the
transactivation activity of TAp73p, similar to mutations in the
conserved N-TAD. Mutagenesis of both TADs incapacitated
almost the entire transactivation activity of TAp73p, underscoring
the importance of both TADs in regulating of p73f’s function.
Genome-wide analyses of target genes regulated by both the TADs
revealed a bifurcation of functions, with many of the N-TAD
targets being involved in growth inhibition and are also regulated
by p53. On the contrary, many C-TAD targets are involved in
cellular migration and are also regulated by DNp73p. Mech-
anistically, we identified DNAJA1, a member of heat shock pro-
tein 40 (HSP40), also known as J-domain proteins (JDDs), as a
C-TAD-specific binding partner (39-41). It preferentially partic-
ipates in regulating the expression of C-TAD target genes, con-
tributing to its progrowth and migration functions. Depletion of
DNAJALI in WT-TAp73 cells, but not in C-TAD-mutant cells,
resulted in decreased cellular migration. Collectively, these data
demonstrate that the transcriptional activity regulated by TAp73f’s
dichotomous TAD:s is crucial for the complete set of its biological
functions and also underscore the tumor-promoting property of

TAp73p that is regulated by the C-TAD.

Results

Both the N- and C-Terminal TADs Contribute to TAp73f's
Transactivation Potential. We hypothesized that alternate TADs
could be primarily responsible for the transactivation of different
sets of TAp73 target genes. To this end, we first evaluated the
expression of the common P73 C’-terminal isoforms, such as a, f,
Y, &, and 8 in a variety of tumors and their adjacent normal tissues,
based on the TCGA database. P73f isoform, which lacks exon
13, was significantly expressed, along with P73a (which has no
skipped exons), in both normal and cancer samples (Fig. 14) from
various tissues. P73y lacking exon 11 was moderately expressed
in some tissues, whereas P736/e (lacking exons 11 to 13/11 to
12) were hardly expressed (SI Appendix, Fig. S1A4). Since P73
and P73} are the most abundant isoforms, which have also been
well studied, we utilized TAp73p as a model to evaluate TAp73's
tumor-suppressor and growth-promoting properties, as TAp73a
is a weak transactivator due to the presence of the inhibitory SAM
domain (26).

https://doi.org/10.1073/pnas.2318591121

Comparison of p53 and p73 sequences indicates the presence
of an additional sequence of 106 amino acid residues in TAp73f
(57 residues for DNp73p) at its C terminus (Fig. 1B). Although
the functional significance of these extra residues is unknown, this
region contains a glutamine (Q)-/proline (P)-rich region (residues
corresponding to 382 to 413 in TAp73p and 333 to 364 in
DNp73p) and a P-rich region (residues corresponding to 425 to
491 in TAp73p and 376 to 442 in DNp73p). These regions are
often associated with TADs in several transcription factors (42,
43), suggesting the potential presence of a second TAD at the C
terminus of p73p.

For the initial analysis to determine this potential TAD activity,
we used the DNp73f construct, as it would allow us to overcome
the influence of the N-TAD. DNp73f has been shown by us and
others to transactivate several target genes just as well as TAp73p,
such as MDM?2, VEGF-A, and CAS-2S, which are involved in
growth promotion (17, 19, 35). We engineered deletions in the
C-TAD of DNp73, focusing only on the P-rich region (i.e., the
DN-1-371 construct) (S Appendix, Fig. S1B), as the Q-/ P-rich
region overlaps partially with the oligomerization domain (OD)
and thus would also destabilize the tetramers (44). While all three
target promoter-reporter constructs were activated by both
TAp73f and DNp73p, deletion of the P-rich region led to an
almost complete abrogation of the transactivation activity of
DNp73p, even though the mutant protein was equally expressed
(81 Appendix, Fig. S1B), indicating the likely presence of a C-TAD
located within residues 372 to 450 of DNp73.

To narrow down the specific region of the potential C-TAD,
we further generated C-terminal deletions on DNp73p. The dele-
tion of the last 19, 39, or 59 amino acids of DNp73p (i.c.,
DN-1-431, 1-411, and 1-391, respectively) showed similar loss
of the transactivation activity compared to the deletion of the
P-rich domain (DN 1 to 371) (SI Appendix, S1C), suggesting that
the last 19 amino acids which align with the partial SAM (P-SAM)
domain may be the key component of the potential C-TAD.

A series of finer C-terminal deletions were next generated
within the last 39 amino acids of DNp73p (Fig. 1C and
SI Appendix, Fig. S1D). The deletion of amino acids 432 to 441
(construct #4) or 442 to 450 (#5) led to a comparable decrease in
transactivation activity as A412-450 (#1) missing the last 39
amino acids, on all three promoter constructs (S/ Appendix,
Fig. S1D). A further decrease of transactivation activity was
observed with the constructs lacking a larger portion covering this
region (i.e., DN 438 to 450 [#8]) (Fig. 1C). Importantly, con-
structs that retained this C-terminal end region but with internal
deletions, such as those lacking residues 412 to 421 (#2), 422 to
431 (#3), 406 to 415 (#6), or 432 to 437 (#7), did not lose their
capacity for transactivation (Fig. 1C and SI Appendix, Fig. S1D).

We therefore evaluated whether this region is also relevant for
the transactivation activity of TAp73p, by generating a construct
that lacked the last 13 amino acids, termed TAp73f-A(P-SAM)
(similar to DNp73p A438 to 450), which exhibited significantly
reduced transactivation activity compared to TAp73p, despite
having an intact N-TAD (Fig. 1D). These results together
demonstrate the presence of a potential TAD in both TAp73
and DNp73p at their extreme C terminus, covering the P-SAM
domain.

We next used the CheckMate™ Mammalian Two-Hybrid System
to next determine whether the P-SAM region in p73f does indeed
contain a TAD. The P-SAM domain (residues 487 to 499 of
TAp73p; referred to as pBind-SAM) and the known N-TAD of
TAp73 (residues: 1 to 49; pBind-TA) that served as a positive control
were cloned into the pBIND vector that contains a DNA-binding
domain of the yeast GAL4 gene (45). These constructs were
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Fig. 1. Characterization of the C-terminal transactivation domain in p73p. (A) Expression of P73 «, p, and y isoforms in a variety of tumors and adjacent normal
tissues, based on the TCGA database, was analyzed. A PSI value of 1 indicates that 100% of the transcripts contain all exons (i.e., P73a). Values less than 100%
represent the extent of expression of the isoforms with the indicated skipped exons [e.g., P73 (with exon 13 skipped) and P73y (with exon 11 skipped)]. Each
plot shows relative expression of P73p (Left) and P73y(Right), with respect to P73« expression. BL: bladder; BR: breast; ESO: esophagus; H&N: head and neck;
LU: lung; PR: prostate; STO: stomach; and their respective cancers. Lung cancers are as follows: LUAD (adenocarcinoma) and LUSC (squamous cell carcinoma).
(B) Both p53 and TAp73p have a N-terminal transactivation (TA) domain, followed by a DBD (DNA-binding domain), and an OD (oligomerization domain). DNp73p
does not have the N-TAD but contains 13 unique amino acids at its N terminus (highlighted by a black box). p73p protein has an additional C-terminal partial
steric-a-motif (P-SAM) domain, which is absent in p53. The C-terminal proline-rich domain of TA/DNp73 (TAp73/DNp73: a.a.: 425 to 491/376 to 442) is indicated.
(Cand D) The schematic shows the various deletion constructs of DNp73p (numbered for easy reference) (C) and TAp73p (D). These constructs were assayed for
their transactivation activity using the CAS-2S, MDM2, and VEGF-A promoter-luciferase constructs (Middle). Parallel cellular lysates were used to determine the
expression of the various p73 proteins by immunoblotting (IB) (Lower). (E) The N-TAD (pBind-TA) and C-terminal P-SAM (pBind-SAM) domains of TAP73p were
cotransfected into H1299 and HCT116 cells with pG5luc. Transactivation potential was evaluated by renilla/firefly luciferase activities. (F and G) Transactivation
activity of WT-TAp73p or its C-terminal mutant with the last three residues substituted (W497A, G498A, and P499A) was determined (F). Transactivation activity of
WT-TAp73p, N-TAD mutant (F15Y, W19Y, and L22I), C-TAD mutant (W497A, G498A, and P499A), and N/C-TADs mutants were determined (G). IB shows expressions
of plasmids used. All experiments were repeated two to three times and were done in duplicates. Average values + SD are shown.
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cotransfected with a luciferase-reporter vector (pG5/uc) containing
five GAL4 binding sites upstream of a minimal TATA box
(SI Appendix, Fig. S1E), into p53 deficient H1299 or proficient
HCT116 cells. As expected, the N-TAD of TAp73 induced lucif-
erase activity in both cell lines (Fig. 1E). Importantly, luciferase
activity was also induced by the pBind-SAM construct, indicating
that this P-SAM domain is indeed a bonafide TAD, albeit with
much lower transactivation capacity compared to the N-TAD
domain of TAp73.

We thus mapped the crucial residues contributing to the trans-
activation activity of C-TAD, by generating mutants in which
each of the amino acids in the P-SAM region were individually
replaced with an alanine residue. Evaluation of the ability to trans-
activate the MDM?2 promoter indicated the last three amino acids
(W, G, and P) are crucial for the C-terminal transactivation activ-
ity of TAp73p, as mutating them individually (87 Appendix,
Fig. S1F) or collectively (Fig. 1F), led to a reduction in transacti-
vation of MDM2, VEGF-A and CAS-2S promoters. Similar results
were obtained with DNp63, in which the homologous W residue
(i.e., 514) when mutated also led to the abrogation of the trans-
activation activity on both the K14 and PUMA promoters
(SI Appendix, Fig. S1G).

Finally, to determine the contribution of both the N-TAD and
C-TAD, we generated TAp73f mutant constructs in which the
N-TAD was mutated alone or together with the C-TAD. It was
reported that the hydrophobic motifs (residues F19, W23, and
L.26) of p53 are essential for its N-terminal transactivation activity
(46). Based on the sequence homology between p53 and p73, we
characterized the similar three amino acids on TAp73 that could
be crucial for its N-terminal transactivation activity (S Appendix,
Fig. S1H). As shown in Fig. 1G, the substitution of the homolo-
gous amino-terminal residues in TAp73p (F15Y, W19L, and L22I)
significantly reduced its transactivation potential on all three pro-
moters, indicating that these three residues contribute to the
N-TAD activity of TAp73f. Interestingly, both N-TAD mutant
and C-TAD mutant of TAp73p showed almost similar extent of
reduction of transactivation activity. Moreover, substitution of
both N- and C-TAD residues of TAp73p showed a further
decrease in the transactivation activity, indicating that both TADs
contribute to its efficient transcriptional activity. Together, these
data demonstrate the presence of an alternate TAD at the C’
terminus of p73p.

Transcriptomic Analysis of N- and C-TAD Targets of TAp73f.
To get a better understanding of the repertoire of target genes
regulated by N- and C-TADs of TAp73p, we performed a
microarray analysis using RNA from H1299 cells expressing an
empty vector, WT-TAp73p, N-TAD/C-TAD/N/C-TAD mutants
TAp73p through retroviral-based infection. Immunoblot analysis
showed efficient expression of all TAp73p variants (Fig. 24).

Principal component analysis (PCA) of microarray data showed
that replicates from each group of cells clustered together, suggest-
ing uniformity of gene expression within each group, while each
group clusters were well separated from each other, indicative of
differential gene regulation among the three groups (S Appendix,
Fig. S2A).

Gene clustering showed that many (i.e., 839) genes were signifi-
cantly regulated by TAp73f (compared to vector control) and the
N/C-TAD mutant expressing cells were almost similar in terms of
target gene expression to the control cells (Fig. 2B). Nevertheless,
there were a small number of genes differentially expressed between
these latter two groups (23 genes), indicating the involvement of
other regions in TAp73 that may contribute to their expression
independent of both the N/C-TAD:s (referred to as TAD-independent)

https://doi.org/10.1073/pnas.2318591121

(Fig. 2C). Moreover, N- or C-TAD mutant cells’ gene expression
patterns were similar and clustered closer to the TAp73p cells.
Analysis of the overlap of these genes with the N/C-TAD-dependent
target genes by transcriptome analysis console revealed that 74 and
69 genes were, respectively, regulated primarily by the N- or C-TADs
(Fig. 2D). However, a large proportion of the genes (i.c., 558) reg-
ulated by TAp73p appear to require both TADs. This analysis indi-
cates the presence of a significant number of transcriptional targets
whose expressions are primarily dependent on either of the TAD’s.

Functional classification of the genes using the IPA and Enrichr
(https://maayanlab.cloud/Enrichr/) (47) revealed that the top
pathways regulated by TAp73p expression included cell-cycle,
DNA replication, and the various DNA repair pathways (Fig. 2E),
consistent with previous observations that TAp73p is capable of
regulating growth- inhibition genes (3, 48-50). By contrast, path-
ways related to tumorigenesis such as ECM-receptor interaction,
focal adhesion, proteoglycan, and lung cancer were also activated
by TAp73, keeping in line with the notion of it being capable
of promoting cellular growth and migration. Interestingly, many
of the growth inhibitory pathways were dependent on the
N-TAD, with over 90% overlap with the TAp73p-regulated
pathways, indicating that N-TAD is the dominant TAD regu-
lating TAp73f’s growth inhibitory activities (Fig. 2E). By con-
trast, the pathways promoting cellular growth were generally
dependent on the C-TAD, and not found to be regulated by
N-TAD, suggestive of a potential functional segregation of these
two TAD:s.

We evaluated whether the N- and C-TAD target genes identified
in this study (SI Appendix, Fig. S2B) are indeed dependent on
TAp73 for expression by analyzing their expression in HCT116
cells lacking TAp73 expression. qRT-PCR analysis indicated that
all three sets of target genes (N-, C-, and N/C-TAD) were expressed
in a TAp73-dependent manner (Fig. 2F), confirming that all the
TAp73p target genes are bona fide TAp73-regulated genes.

Finally, we examined whether the regulatory regions of the tar-
get genes are indeed bound by p73p, for which we utilized
HCT116 cells in which 3xFLAG sequences were knocked into
the P73 C terminal cDNA locus. Chromatin immunoprecipi-
tation (ChIP) with anti-FLAG M2 beads showed that many of
the N- and C-TAD rtargets identified in this study are indeed
bound by p73p, with an enrichment of p73f binding to the reg-
ulatory sequences, confirming their validity as TAp73p-regulated
genes (Fig. 2G and S/ Appendix, Fig. S2C). Interestingly, while
p73p was generally found to bind onto the p53-responsive ele-
ments (p53RE) on the N- or N/C-TAD target gene regulatory
regions, this was not always the case for C-TAD target genes which
had fewer or no p53REs on their regulatory regions (Fig. 2G and
SI Appendix, Fig. S2D) (51).

Selective Target Gene Activation by the N- and C-TADs of
TAp73p. Literature search revealed that many of the N-TAD
targets have been reported to be involved in tumor suppression,
whereas many C-TAD targets identified in this scudy are involved
in growth promotion or are oncogenes. Hence, we explored
whether this potential functional segregation can be reflected
in terms of them being differentially regulated by the tumor-
suppressor p53, or the oncogenic DNp73, along with TAp73f.
We first used H1299 cells to express the various TAp73f
constructs, DNp73p or p53 (Fig. 34), and the expression of a
set of representative N-TAD (Fig. 3 B, 7op), C-TAD (Fig. 3 B,
Middle), or N/C-TAD TAp73p (Fig. 3 B, Lower) target genes
were analyzed by qRT-PCR. Remarkably, most of the genes
activated by the N-TAD TAp73p were also inducible by p53, but
not DNp73p (Fig. 3 B, 70p). On the contrary, most of the genes
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Fig. 2. Biological pathways regulated by p73p N-TAD and C-TAD. (A) H1299 cells were infected with retroviral supernatant (for the indicated p73 mutants), and
their expressions were determined by immunoblotting. (B-E) The heat maps show gene expression distribution of the three groups (control, WT-TAp73, and
N/C-mt) (Left) or the four groups (control, WT-TAp73, N_mt, and C_mt) (Right) from microarray analysis (B). The numbers of the genes that are regulated by
WT-TAp73 (compared to vector control cells) was 839, of which 816 were dependent on N/C-TADs, and 23 were TAD-independent (C). Among the TAD-dependent
genes, 74 and 69 were primarily dependent on either the N- or C-TAD alone (D). Representative IPA pathways regulated are shown (E). The overlapping pathways
between N-TAD and WT-TAp73p are labeled in blue, and the two pathways that are regulated by N-TAD only are also labeled in blue (Lower Left). The overlapping
pathways between C-TAD and WT-TAp73p are labeled in purple, and the two pathways that are regulated by C-TAD only are also labeled in purple (Lower Right).
“Cell cycle” pathway (green) is regulated by WT-TAp73p, N-TAD, and C-TAD. (F) The expression levels of representative targets regulated by N-TAD, C-TAD, and both
N/C-TADs were determined by real-time gPCR analysis in HCT116 cells proficient (WT) or deficient (KO) for TAp73p expression. All experiments were repeated
twice and were done in duplicates. Average values + SD are shown. (G) ChIP sequencing (ChIP-Seq) analysis of representative N-TAD, C-TAD, and both N/C-TADs
target genes is shown. HCT116 cells expressing only endogenous p73p with a Flag-tag were used for ChIP with anti-Flag M2 beads and p73-Flag-bound regions
on representative target genes are shown. Cells were either serum starved for 16 h (green) or refed with 20% serum for 8 h (blue) and used for comparison of
p73 binding. Input DNA is shown in black. Binding sites are shown in red (if they overlap with the presence of p53-response elements) or in blue (without p53-
response elements) arrows. Fold enrichment in p73 binding in serum-stimulated cells over serum-starved cells is indicated.

activated by C-TAD TAp73p were inducible by DNp73p, but  confirming the trend. Furthermore, genes that are coregulated
not by p53 (Fig. 3 B, Middle), being consistent with the fact that by both N- and C-TADs of TAp73p could be classified into
both TAp73f and DNp73p shared a common C terminus which ~ two groups: those such as FUCAI and ZNF385A that are not
does not exist in p53. Similarly, since both TAp73 and p53 share  induced by either DNp73p or p53 or those such as P27 and
high homology with the N-TAD, they tend to activate a similar ~ AMDM2 that are primarily activated by p53, indicating specificity
group of genes. More candidate genes were also tested by qRT-  for TAp73 for the former group and overlap with p53 as in the
PCR and the results are summarized in S7 Appendix, Fig. S3A, other N-TAD targets (Fig. 3 B, Lower).
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Fig. 3. Selective regulation of gene expression by p73p N-TAD and C-TAD. (A-E) H1299 cells were infected with indicated plasmids, and their expression was
determined by immunoblotting (A). Representative targets regulated by N-TAD (/INPP5D and ACTA2) (B, Top), C-TAD (CLDNT and HAS3) (B, Middle), or N/C-TADs
(P21 and MDM2) (B, Lower) of TAp73p were determined by real-time gPCR analysis. Regulation of some of these target genes by DNp73p and p53 (B) was similarly
assayed. The expressions of the same targets were also examined in the N-TAD-mt (N-mt) or C-TAD-mt (C-mt) Kl cells, compared to WT control cells (C-E). All
experiments were repeated twice and were done in duplicates. Average values + SD are shown.

To demonstratethe physiological relevance of the both TADs
of TAp73p, we utilized CRISPR-based mutagenesis to abrogate
cither the N-TAD or C-TAD critical amino acids in the endog-
enous TAp73p locus, using p53 null HCT cells, thereby gen-
erating N-TAD or C-TAD mutant (mt) knock-in (KI) cells
(ST Appendix, Fig. S3E). Quantitative real-time PCR results
showed that the N-TAD and N/C-TAD targets were signifi-
cantly down-regulated when the endogenous N-TAD was
mutated (Fig. 3 C and E and SI Appendix, Fig. S3 B and D).
However, the C-TAD targets were not affected by the N-TAD
mutations (Fig. 3D and ST Appendix, Fig. S3C). Similarly, the
C-TAD and N/C-TAD targets were significantly down-regulated
when the endogenous C-TAD was mutated (Fig. 3 D and £ and
SI Appendix, Fig. S3 C and D). However, the N-TAD targets
were not affected by the C-TAD mutations (Fig. 3C and
SI Appendix, Fig. S3B).

To determine whether these targets can also be regulated by p73a,
the longer isoform which has the full SAM domain, but which
differs in the amino acid sequence with p73p on the critical C-TAD
residues. We utilized DNp73a (without the N-TAD) for analysis.
As summarized in ST Appendix, Fig. S3F, DNp73a was unable to
transactivate the expression of N-, C-, and N/C-TAD target genes,
confirming the specificity of these genes as p73-specific targets.
All these data together demonstrate the role of both the N- and the
C-TAD in the regulation of their respective sets of target genes.

Functional Relevance of the N- and C-TADs of TAp73f. To
determine the functional relevance of the N- and C-TADs
of TAp73f, we initially tested the ability of N- and C-TAD
mutant TAp73P in regulating cell death, proliferation and

https://doi.org/10.1073/pnas.2318591121

cellular migration, processes chosen based on the pathways that
were identified earlier. First, we assessed the apoptotic potential
of the various TAp73p TAD variants, upon treatment of cells
with cisplatin (CDDP), a chemotherapeutic agent that has been
shown to elicit TAp73 activity to induce cell death (52). As
expected, expression of WT TAp73p led to increased cell death,
which was further elevated upon CDDP treatment (Fig. 44).
By contrast, short term cell death was not induced by any of the
TAp73p TAD mutants. However, CDDP partially induced cell
death in cells expressing the C-TAD mutant (which retains the
N-TAD activity), but not in cells expressing the N-TAD mutant
or the N/C-TAD mutant, indicating that N-TAD is critical and
required for stress response. A similar trend was also noted using
the KI cells. Cell death was significantly induced in the C-TAD
mutant KI cells compared to WT cells (Fig. 4B). However, cell
death was reduced in N-TAD mutant KI cells compared with
WT cells after CDDP treatment (Fig. 4B).

Analysis of cellular growth rates of TAp73-deficient HCT cells
indicated that TAp73p expression led to enhanced cellular growth
compared to empty vector—expressing cells (Fig. 4C, 96 h zoomed
out). N-TAD mutant TAp73p expression also resulted in a similar
small but significant growth advantage. By contrast, the expression
of the C-TAD or N/C-TAD mutants did not confer any growth
advantage, indicating that the C-TAD is important for promoting
cellular growth. Consistently, C-TAD mutant KI cells grew mark-
edly slower than WT cells (Fig. 4 D, Right). However, the muta-
tion of the endogenous N-TAD did not significantly affect the
cell growth (Fig. 4 D, Lefi). A similar trend was noted when cells
were grown for 7 d prior to crystal violet staining to determine
colony growth (Lower panel of each growth curve).

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2318591121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2318591121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2318591121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2318591121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2318591121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2318591121#supplementary-materials

A TAp73 overexpressed cells B Knock-in cells
= _
w0
mm +CDDP (20 uM)
30 -t *
s “ —
§- E
= 3 3
S 1o £ i FAK - 100 kDa - 100kba
& 2"
o. - 63 kDa
o . FLAG (TAp73) 63
- WT N_mt C_mt N_C_mt WT  N-mt WT C-mt

- 63 kDa - 48 kDa

_-m(na o
ITGB8
10 18 14 11 07
s v .+ i Actin
i Immunoblot

(TAp73B)

@)

TAp73 overexpressed cells )
Actin

Cell number (x10°)
>

14

Cell Number (X10%)

WT_TAp73

0 2 a8 72 |96 (hrs)

D Knock-in cells
P

5 s
X 2 §
g 18 gu
Zu H
S 8 Ed
0 20 48 72 9 (hrs) 0 24 48 72 9 (hrs)
o0
~
E Ctrl WT_TAp73 C_mt N_C_mt Z
(it Lty : e =
= ] ; 3
= 1.06 SO 1.06 & 1.06 1.06
+
[
38
FE
2 = - £ U
‘: = v # ) N AN
~ TAp73 overexpressed cells
WT_TAp73+  WT_TAp73+
WT_TAp73 sh-ITGB8 sh-FAK
A ke
]
<
i 1l il
overexpressed cells
F = R 1,1 hrs__
S aBEE 1 48 hrs
0a = i 3
% 045
Eoa y
3 01 -
38 TAp73 overexpressed cells WT-TAp73
ITGB8-shRNA - - + -
WT N-mt FAK-shRNA - - -+
48 hrs p-FAK
% 148 055 0.03
sy 1
£
£ FLAG
1 (TAp73)
8
* AC'-'i"_
WT Cmt

Fig.4. Functional evaluation of N-and C-TADs of TAp73. (A and B) H1299 cells infected with WT or the indicated p73 mutants were treated with 30 uM cisplatin (CDDP)
(A), and similarly, TAp73p N-TAD-mt (N-mt) and C-TAD-mt (C-mt) KI cells (and their controls) were treated with 20 uM CDDP (B) for 24 h. Cell death was determined by
propidium iodide staining using flow cytometry and quantified. (Cand D) HCT116 cells lacking TAp73 expression were infected with indicated WT or p73 mutants, and
their growth rates were determined by counting the cell numbers at each time point. The 96 h time point data are shown in the enlarged graph (C). The cell growth
rate of TAp73p N-TAD-mt and C-TAD-mt Kl cells was determined in the similar way (D). The same cells were seeded and grown for 7 d prior to crystal violet (0.5%
w/v) staining to determine colony growth (D, in the middle of the growth curve). (E and F) HCT116 cells lacking TAp73 expression were infected with indicated p73
mutants (1 x 10* cells/well; 24-well plate) (E), and TAp73p N-TAD-mt/C-TAD-mt Kl cells (F) were scraped and monitored for wound coverage. Images were captured at
0, 24, and 48 h after scratch. One of the three representative experiments is shown with the open wound area seen on the images. The quantification results of the
gap closures at 48 h time point (E and F) which were determined from three independent images as shown in S/ Appendix, Fig. S7 (4E) are indicated on the images.
(Scale bars: 300 um.) All experimental data from the repeats are shown in S/ Appendix, Fig. S7. (G and H) H1299 cells were infected with indicated plasmids and their
expression was determined by immunoblotting (G). Multiple blots were run with the same lysates (and the same amount) for detection with the various antibodies,
and a representative anti-Actin blot for loading control is shown. A similar experiment was done after infection with control or ITGB8 shRNA and immunoblot (Top) or
semiquantitative PCR analysis (Bottom) was performed (H). The relative intensity of phospho-FAK and ITGB8 bands is indicated below the blots. (/and J)) HCT116 cells
lacking TAp73 expression were infected with indicated p73 mutants, along with sh-control or sh-ITGB8, and scratched and monitored for wound coverage. Images
were captured at 0 ~ 72 h after scratch (/). Similar setup was used by using sh-ITGB8 or sh-FAK and scratched and monitored for wound coverage. Quantification
of the gap closures were determined from three independent images at 72 h (/) and 48 h (J) time point was shown in S/ Appendix, Fig. S7. (Scale bars: 300 um.) The
indicated plasmids and their expressions were determined by immunoblotting (/, Lower). Images (4x magnification) from one of three representative experiments
are shown. All experimental data from the repeats are shown in S/ Appendlix, Fig. S7. All experiments were performed two to three times independently. Average
values + SD are shown.
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We next determined the role of the TADs on cellular migration,
using scratch-wound healing assays. The TAp73-deficient
HCT116 cells infected with full length TAp73 led to an accel-
eration of wound closure, at 48 h postscratch (Cerl vs. WT-TAp73:
0.56 mm vs. 0.18 mm) (Fig. 4E), which was also the case with
cells infected with the N-TAD mutant (Ctrl vs. N-TAD-mt: 0.56
mm vs. 0.18 mm). However, expression of C-TAD or N/C-TAD
TAp73f mutants did not accelerate wound closure (Ctrl vs.
C-TAD mutant vs. N/C-TAD mutant: 0.56 mm vs. 0.46 mm vs.
0.46 mm) (Fig. 4E).

Similar results were obtained using KI cells. The mutation of
endogenous C-TAD decreased the cellular migration compared
to the WT cells (WT vs. C-TAD-mt: 0 mm vs. 0.39 mm) (Fig. 4
F, Lower) at 48 h. However, this was not the case with the
N-TAD mutant cells (WT vs. N-TAD-mt: 0.15 mm vs. 0 mm)
(Fig. 4 F, Upper). Collectively, these data demonstrate a role for
C-TAD of TAp73p in cellular growth and migration whereas
the N-TAD regulates cellular viability upon DNA-damage
insults.

To understand how the C-TAD regulates cellular migration, we
examined the phosphorylation status of FAK, which is a target of
the pathway regulated by C-TAD (e.g., focal adhesion pathway) and
is associated with promoting cellular migration (53). The expression
of TAp73p indeed led to asignificant increase in FAK-phosphorylation
(Fig. 4G). This was completely abolished in C-TAD or N/C-TAD
TAp73p mutant-expressing cells, whereas it was only partially
reduced in N-TAD mutant expressing cells, indicating a strong
requirement of the C-TAD for FAK-phosphorylation. Ligand—recep-
tor interactions between extracellular matrix components and inte-
grins activate cytoplasmatic tyrosine kinases, such as FAK (54, 55).
Therefore, we also examined the protein level of Integrin beta 8
(ITGBS), and found that WT-TAp73 expression significantly
increased the levels of ITGB8 (Fig. 4G), consistent with the
qRT-PCR results (Fig. 3B, table at the Bottom panel). Furthermore,
silencing of ITGBS8 in TAp73-expressing cells led to the reduction
in FAK-phosphorylation (Fig. 4H), and a concomitant reduction in
cellular migration induced by TAp73p (Fig. 4/). Knock-down of
FAK expression upon WT-TAp73 expression significantly reduce
WT-TAp73-induced cellular migration, to similar levels as noted
after ITGB8 knock-down, confirming the TAp73/ITGB8/FAK sig-
naling axis (Fig. 4/).

These data together show that the functions of the TAp73p
N-TAD-regulated genes are similar to p53 target genes and con-
tribute to growth inhibition, and conversely, the functions of
TAp73p C-TAD-regulated genes are similar to the oncogenic
DNp73p and play a role in promoting cellular proliferation and
migration.

Mechanistic Basis of C-TAD Target Gene Activation. To understand
the mechanistic basis of the differential target gene regulation,
we focused on the regulation of C-TAD-mediated genes, as it is
a unique phenomenon, unlike the regulation of N-TAD genes
which are similar and common to p53 and have been well studied
(56-59). We reasoned that selective binding to cofactors might
be a possible way for selective target gene regulation, despite
both N-and C-TAD genes requiring a common DNA-binding
domain. Thus, we performed mass spectrometric (MS) analysis to
identify binding partners of the C-TAD of TAp73p, and identified
DNAJAL1 as a key candidate that interacted with the C-TAD
but not the N-TAD of TAp73p. To confirm the MS results, we
performed coimmunoprecipitation (IP) experiments by pulling
down TAp73, and found that both WT-TAp73p and N-TAD-
mt, but not C-TAD-mt or N/C-TAD-mt, could interact with
DNAJAL (Fig. 5 A, 1op), confirming the requirement for the

https://doi.org/10.1073/pnas.2318591121

C-TAD for of TAp73 for DNAJA1 binding. Similar results were
shown in the reciprocal IP (Fig. 5 A, Middle).

We thus evaluated the role of DNAJAI in C-TAD-induced
target gene expression. Coexpression of DNAJA1 with TAp73p
potentiated C-TAD or N/C-TAD (Fig. 5 B, Top Right and
Bottom), but not the N-TAD target gene expression (Fig. 5 B, Top
Left). However, this was not the case when DNAJA1 was coex-
pressed with the C-TAD mutant (Fig. 5B, the fourth pair bars of
each panel), suggesting that DNAJA1 potentiated the expression
of the C-TAD targets. Similar results were obtained for additional
target genes (SI Appendix, Fig. S4A, table) (N-TAD target is in
blue, and C-TAD target is in purple).

We next examined the effects of DNAJA1 expression on the
migratory potential induced by TAp73B. In wound healing
assays, DNAJA1 coexpression further promoted the migration
ability of both WT-TAp73 and N-TAD-mt-TAp73 expressing
cells, but not in cells expressing C-TAD mutation (Fig. 5C),
indicating that the migration ability of the C-TAD of TAp73f
largely depends on DNAJAI1, through activating the down-
stream targets.

To confirm these data, we utilized the KI cells and silenced the expres-
sion of DNAJA1 (S] Appendix, Fig. S4B). Depletion of DNAJAL signif-
icantly reduced the migraton potential of WT cells (Fig. 5D,
WT-Crrl-shRNA vs. WT-DNAJA1-shRNA: 0 mm vs. 0.54 mm) and
N-TAD-mt cells (S/Appendix, Fig. S4C, N-mt-Cul-shRNA vs.
N-mt-DNAJA1-shRNA: 0 mm vs. 0.48 mm), but not the C-TAD-mt
cells (Fig. 5D, C-mt-Crrl-shRNA vs. C-mt-DNAJA1-shRNA: 0.54 mm
vs. 0.6 mm) at 72 h. Mutation of endogenous C-TAD reduced the
migratory potential of cells (WT-Ctrl ShRNA vs. C-mt-Curl shRNA: 0
mm vs. 0.54 mm, 72 h tme point) (Fig. 5D), as also noted earlier
(Fig. 4F).

These data together demonstrate that TAp73p requires the
interaction with DNAJA1 to regulate C-TAD target gene expres-
sion and cellular migration.

N- and C-TAD Target Genes Prognosticate Overall Survival.
To evaluate the clinical utility of P73 and its target genes,
we investigated whether the P73 expression level alone was
sufficient to prognosticate for survival in multiple cancer types.
The survival fractions were visualized via Kaplan—Meier curves
generated from a variety of cancer gene expression data obtained
from PROGgene (60). Considering multiple gene expression
datasets for breast, colon and lung cancers, P73 expression was
associated with a nonsignificant separation of overall survival
between high and low P73 expressing groups (P > 0.05 in all
cases) (SI Appendix, Fig. S5A). These data demonstrate that P73
levels are not prognosticative of overall survival across different
cancer types.

We therefore examined whether the individual N- or C-TAD
targets can prognosticate overall survival. Analysis of the expres-
sion of individual N-TAD target genes such as INPP5D,
TLCDI, TP5313, and ACTA2 and C-TAD target genes such as
CLDNI, SAT1, ITGBS, and PDLIM]I indicated a positive or
inverse correlation between their expression and overall survival
of lung cancer patients, respectively (S/ Appendix, Fig. S5B and
C). Hence, we attempted to group these target genes to evaluate
their value in prognosticating overall survival. For this purpose,
we selected gene expression datasets representing multiple can-
cer types from SurvExpress (61). As shown in SI Appendix,
Fig. S5D and E, respectively, the combination of either N-TAD
or C-TAD target genes was highly prognostic in predicting
survival in breast, lung, and colon cancer cohorts drawn from
TCGA, with highly significant log-rank tests of risk groups and
hazard ratio estimates. For both N- and C-TAD genes, higher
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experiments were performed two to three times. Average values + SD are shown.

prognostic index (PI, a linear combination of gene expression
weighted by the regression coeflicient of the Cox proportional
hazards model) was associated with worse prognosis for
survival.

Collectively, these results demonstrate that while 273 has no
clear prognosticative value, its two different groups of target genes
regulated by the N- or the C-TADs are highly prognosticative,
likely due to the functional segregation of each group.

PNAS 2024 Vol.121 No.21 e2318591121

Discussion

We have identified a TAD at the extreme C terminus of p73,
which regulates a set of target genes with growth-supporting
properties.

The purported dual role of TAp73 has been an enigma to the
field. While its growth inhibitory properties are well documented,
whether that is TAp73's primary function in cellular growth
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regulation is debatable. A closer analysis of the target genes and
assays employed to arrive at the conclusion that TAp73 is a
tumor-suppressor shows that most investigations have mainly
focused on determining whether the already known p53 target
genes are also regulated by TAp73, with affirmative findings (5).
Deletion of p73 in mice led to accelerated tumorigenesis (62),
together leading to the conclusion that TAp73 is a tumor-suppressor.
However, a slew of reports have suggested that i) p/3 is hardly
mutated in cancers (8, 9); ii) its expression is up-regulated in a
variety of cancers (13, 20-23); and iii) it regulates the expression
of target genes that are required and supportive of cellular growth
(14, 16, 19). This line of evidence raises several key questions such
as what is the mechanism(s) of differential target gene regulation,
i.e., how are the growth inhibitory and supportive target genes
differentially regulated, and what is the context in which p73
exhibits diametrically opposite properties?

To start answering these questions, we have herein evaluated
the hypothesis that p73 has an additional TAD besides the one at
the N terminus which is homologous to p53’s TAD1 (1, 2), pro-
viding dichotomy in target gene regulation relevant for the seem-
ingly opposite effects on cellular growth. While there is evidence
for specific domains and residues at the C terminus of the TAp73
isoforms in regulating transcriptional activity and apoptotic effi-
ciency (36, 37, 63), there is no precedence for differential effects
of the different TADs. The observations made by Nyman et al
(38) on the existence of C-terminal TAD were established by
testing different isoforms of TAp73, but not TAp73p (as in this
report). The region of the C-TAD that they found is located
between residues 381-399, which overlap with the oligomerization
domain of p73 (27, 64-66), and could potentially affect oligomer-
ization, and thereby, transactivation. We also noted that the dele-
tion of the region between 381 and 399 affects the expression of
all the targets identified in this study, indiscriminately (57 Appendix,
Fig. S6), suggesting that this region may not contribute to target
gene specificity. Furthermore, deletion of the C-TAD in addition
to the deletion of this region did not significantly further reduce
the transactivation activity on all targets (S/ Appendix, Fig. S6).
Hence, we believe that the 381 to 399 region reported by Nyman
et al. may not have a significant role in selectively N- vs. C- target
gene activation.

We have therefore focused on one isoform (TAp73p) here
that lacks the entire exon 13, and thus the SAM domain that
suppresses its transcriptional activity and show that there is
indeed another TAD located at the very C-terminal tail.
Deletion of this domain reduced the transactivation activity of
TAp73p to an extent similar to the loss of the N-TAD. Deletion
or mutation of both TADs resulted in the loss of almost all
transactivation functions of TAp73f. A noteworthy point is
that loss of this C-TAD domain in DNp73p also led to abro-
gation of its transactivation activity, underscoring the impor-
tance of this domain in the transactivation of target genes.

Transcriptomic analysis revealed that the target genes regulated
by the various TADs of TAp73p fall into three categories: the
N-TAD-specific targets which are genes often involved in growth
inhibition or tumor-suppression and are also induced by p53 but
not by DNp73p; the C-TAD-specific targets which are involved
in cellular migration and growth promotion and are also induced
by DNp73p but not by p53; and the targets regulated together
by both TADs, which can be further subdivided into two groups:
those that are not regulated by p53 and thus are p73-specific or
those that are also regulated by p53 but not by DNp73p, similar
to the N-TAD targets. Not surprisingly, abrogation of the N-TAD
activity compromised cell death induced by cisplatin, whereas
deletion of the C-TAD compromised cellular migration and

https://doi.org/10.1073/pnas.2318591121

growth, as demonstrated using both the overexpression system
and the KI cells. Moreover, most of the targets activated by
TAp73’s C-TAD are also induced by DNp73p, which is associated
with oncogenic properties. These observations imply that
C-TAD-mediated transactivation may be a key mechanism in
DNp73’s role in tumorigenesis and are consistent with the findings
of Klein et al. on the cell cycle-promoting functions of TAp73
(67). These data therefore suggest a distinct functional bifurcation
of the TADs of TAp73f.

What is the basis of C-TAD-specific transactivation? We have
identified DNAJA1 as a cofactor that binds to TAp73p in a
C-TAD-dependent manner, and potentiates C-TAD target gene
activation, and promotes cellular migration. Silencing DNAJA1
expression led to the opposite effects. Importantly, DNAJAT does
not have any significant effects on the N-TAD target genes. These
data are akin to the phenomenon noted with p53’s ability to selec-
tively regulate apoptotic vs. cell cycle arrest genes. In the case of
p53, it binds to CAS1 as a cofactor to selectively regulate apoptotic
target genes (68). Thus, our results highlight that the C-TAD
target gene activation is at least in part due to DNAJA1
binding.

Upon the expression of TAp73p, we found FAK to be phos-
phorylated, an event that is dependent on the expression of
ITGBS. The latter is a C-TAD-induced target gene that binds
to integrins (53), and mediates cellular proliferation and inva-
siveness. High expression levels of /7GBS8 are associated with
high angiogenic and poorly invasive glioblastoma tumors (69).
Consistently, we found I7GB8 expression to regulate
TAp73p-induced FAK phosphorylation and cellular migration,
thereby establishing the TAp73/ITGB8/FAK axis and a hierar-
chy of events from C-TAD target gene expression to the pro-
motion of cellular migration.

The present findings also highlight the isoform-specificity of
the C-TAD we have identified, as it is absent in p73a. Together
with previous reports on the existence of other regions in the
C terminus of p73a that can regulate its transactivation activity,
the data indicate that there may be isoform-specific regions or
TAD:s in the various p73 isoforms that dictate isoform specific-
ity, with the N-TAD being common to all. Furthermore,
DNp63f that shares a key residue in the C-TAD with TAp73p
also depends on it for transactivation of its target genes, indi-
cating conservation of the functionality of the C-TAD in the
beta-isoform.

Altogether, the data presented here demonstrate the existence
of an alternative TAD at the C terminus of p73p, which has a
functional role in promoting cellular migration and cellular
growth. This is distinct from the N-TAD, whose targets are
involved in growth suppressive processes mediated by TAp73p.
Further work is required to understand the context and when
and how the two distinct TADs are activated and engaged to
bring about the appropriate cellular outcomes, which will com-
plete the puzzle in the ongoing search for answers in understand-
ing the duality of TAp73 in regulating cellular growth and

tumorigenesis.

Materials and Methods

Standard cellular and molecular biology techniques such as cloning, cell cul-
ture, cellular transfections and infection, cell death, immunoblotting, immuno-
precipitation, scratch-wound healing, colony formation assay, luciferase reporter
assay, CheckMate mammalian two-hybrid assay, gene expression/isoform and
data analysis, liquid chromatography with tandem mass spectroscopy, chromatin
immunoprecipitation sequencing analysis, Kaplan-Meier curve analysis, real-
time PCR, and semiquantitative-PCR are described in detail in S/ Appendix.
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Data, Materials, and Software Availability. Microarray data have been
deposited (GSE262279)(70). All other data are included in the manuscript and/
or Sl Appendix.
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