
Anthracyclines disaggregate and restore mutant p63 function: a
potential therapeutic approach for AEC syndrome
Boncimino, F.; D'Auria, L.; Todorova, K.; Zanden, S.Y. van der; Neefjes, J.; Mandinova, A.;
... ; Sol, S.

Citation
Boncimino, F., D'Auria, L., Todorova, K., Zanden, S. Y. van der, Neefjes, J., Mandinova, A.,
… Sol, S. (2025). Anthracyclines disaggregate and restore mutant p63 function: a potential
therapeutic approach for AEC syndrome. Cell Death Discovery, 11(1).
doi:10.1038/s41420-025-02307-0
 
Version: Publisher's Version
License: Creative Commons CC BY 4.0 license
Downloaded from: https://hdl.handle.net/1887/4299664
 
Note: To cite this publication please use the final published version (if applicable).

https://creativecommons.org/licenses/by/4.0/
https://hdl.handle.net/1887/4299664


ARTICLE OPEN

Anthracyclines disaggregate and restore mutant p63 function: a
potential therapeutic approach for AEC syndrome
Fabiana Boncimino1, Ludovica D’Auria2,3, Kristina Todorova1, Sabina Y. van der Zanden4, Jacques Neefjes 4, Anna Mandinova 1,5,6✉,
Caterina Missero 2,3✉ and Stefano Sol 1,2✉

© The Author(s) 2025

Ankyloblepharon-Ectodermal Defects-Cleft Lip/Palate (AEC) syndrome is a rare genetic disorder caused by mutations in the TP63
gene, which encodes a transcription factor essential for epidermal gene expression. A key feature of AEC syndrome is chronic skin
erosion, for which no effective treatment currently exists. Our previous studies demonstrated that mutations associated with AEC
syndrome lead to p63 protein misfolding and aggregation, exerting a dominant-negative effect. By performing a high-throughput
screening of epigenetic and FDA-approved compounds in a co-transfection model of wild-type and mutant p63, we found that two
compounds, Doxorubicin and Epirubicin, alleviate protein aggregation and restore p63 transactivation function. Moreover,
treatment with these compounds reduced protein aggregation and restored the expression of keratinocyte-specific p63 target
genes in primary keratinocytes derived from a conditional ΔNp63αL514F knock-in AEC mouse model, which mimics the ectodermal
defects and skin erosions characteristic of AEC syndrome. A chemical analog of Doxorubicin, diMe-Doxorubicin, which exhibits
lower tissue and organ toxicity, was also found to be effective in promoting the disaggregation of mutant p63 and rescuing its
transcriptional activity. Our findings identify compounds that can partially resolve mutant p63 aggregation, increase its monomeric
isoform, and reactivate its transcriptional function. These results suggest potential therapeutic efficacy for treating skin erosions in
AEC syndrome.
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INTRODUCTION
The p53 family member gene TP63 is a key regulator of epidermal
development and it is required for simple epithelial cells to
commit to a stratified epithelial lineage during development [1–3]
Due to the use of two independent transcriptional start sites (TA
and ΔN) and differential splicing events at the 3′ UTR of its mRNA,
at least six different transcripts are produced by TP63 gene [1].
Among them, ΔNp63α protein is mostly found in the basal layers
of stratified epithelia such as the epidermis, where it plays a crucial
role in maintaining the self-renewing capacity of progenitor cells
thus regulating keratinocyte proliferation and differentiation [4–6]
The oligomerization domain (OD) allows p63 to work as a homo-
tetramer, which is necessary to bind to the DNA with high affinity,
or to form hetero-tetramer with p73 [7]. Furthermore, the
C-terminus of the α isoforms includes a sterile-α-motif (SAM)
domain, which is required for protein-protein interaction, and a
trans-inhibitory domain (TID) which in turn carries a transcription
inhibitory (TI) sequence.
A group of heterozygous mutations, that mostly clustered in the

C-terminal domain, are frequently the cause of Ankyloblepharon-
ectodermal dysplasia-cleft lip/palate (AEC, Hay-Wells syndrome,
OMIM 106260) syndrome [8, 9] AEC syndrome is a rare ectodermal
dysplasia, characterized by the abnormal development of

ectodermal tissues including the skin, hair, nails, teeth, and sweat
glands [10]. Among the most common features are potentially
severe, long-lasting skin erosions, leading to chronic infection and
scarring within the scalp, neck, hands, and feet. AEC inheritance
follows a dominant autosomal pattern, with either missense
mutations in the SAM domain (e.g., L514F), and less frequently in
the TI domain (e.g., R598L, D601V), or as single-base frameshift
mutations that cause the C-terminal domain to elongate (e.g., 3′ss
intron 10, 1456InsA,1709DelA, 1859DelA) [11]. AEC mutations
result in abnormal aggregation and abrogate p63 activation/
repression of specific p63 target genes, including FGFR2 (fibroblast
growth factor receptor 2) and KRT14 (keratin 14), resulting in
impairment of expansion of epidermal progenitors and leading to
the clinical manifestations of AEC [11]. The loss of function is an
indirect result of aggregation rather than an intrinsic characteristic
of the AEC mutants. This was demonstrated by the insertion of
one or more mutations that decreased the aggregation tendency
of AEC mutants, thereby restoring their transcriptional activity [11].
Therefore, a therapeutic approach could be aimed at a functional
rescue through the treatment with small drugs that can prevent or
restore the aggregation of AEC mutants. Here we performed a
high-throughput screen using a luciferase reporter construct
responsive to p63 in a search for small compounds that may
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recover mutant protein function. The screening showed the
effectiveness of the widely used anthracyclines doxorubicin
(Doxo) and epirubicin (Epi). While the anthracycline antibiotic
family comprises hundreds of analogs, only a few are in clinical
use, with Doxo and Epi being used against several forms of
lymphoma, leukemia, sarcoma, and solid organ cancers [12, 13]

The cytotoxicity of anthracyclines is mainly attributed to the
interference with topoisomerase activity, induction of double-
stranded DNA breaks (DSBs) and histone removal from transcrip-
tionally active chromatin [14–16] Here we report that the
aggregation of mutant p63 was alleviated in the presence of
both Doxo and Epi in a heterologous system as well as in
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keratinocytes derived from the conditional knock-in mouse model
for AEC syndrome. The ability of Epi and Doxo to disaggregate p63
may explain their ability to induce p63 activation. In addition, our
finding showed that N,N-dimethyldoxorubicin (diMe-Doxo), an
anthracycline analog which prevents cardiotoxicity [17], retains its
ability to induce p63 mutant disaggregation. Our findings pave
the way for the development of a novel anthracycline-based
treatment for AEC syndrome.

RESULTS
The anthracyclines Doxo and Epi identified by HTS are able to
rescue mutant p63 transactivation function
Our recent findings indicate that both missense and frameshift
mutations underlying AEC syndrome elicit p63 protein aggrega-
tion, thereby acting in a dominant-negative fashion to disrupt p63
tetramer function [11] (Fig. S1A). In order to develop a high-
throughput screening (HTS) strategy in a search for small
compounds that may disentangle mutant p63, we tested the
ability of different reporter constructs to drive the expression of
the luciferase gene in transiently transfected H1299 cells, that are
devoid of p53 and its family members. The three different reporter
constructs, respectively, carry the firefly luciferase gene under the
control of Keratin 14 (KRT14) promoter, fibroblast growth factor
receptor 2 (FGFR2) enhancer, and BDS2 3X, with the latter being a
p53-responsive element that is likewise highly responsive to p63
(Fig. S1B). The same amount of wild-type p63, as shown by
western blot, efficiently activated the BDS2 3X and KRT14
promoters leading to a nine-fold and five-fold increase in
luciferase activity respectively, whereas the use of the FGFR2
enhancer was not associated with statistically significant induction
(Fig. S1B). We next examined the responsiveness of the BDS2 3X
reporter construct in cells overexpressing AEC-associated p63
mutants, with or without the V603D mutation. The V603D
mutation restores transcriptional activity in the p63 mutants and
eliminates protein aggregation of p63 with AEC mutations that
occur in the TI domain, such as the R598L and D601V mutations,
but not those that occur in the SAM domain, such as the L514F
mutation [11]. As previously demonstrated in HEK293 cells [11], all
AEC mutants exhibited decreased luciferase activity, whereas the
V603D variant completely restored the transactivation function of
the mutants R598L and D601V, and to a lesser extent, as expected,
of the mutant L514F (Fig. S1C). Furthermore, AEC mutants have
been demonstrated to inactivate wild-type p63 through coag-
gregation [11]. This was confirmed in our experiments in which
the different mutant forms of p63 were overexpressed in
heterozygous or homozygous states in H1299 cells. Luciferase
activity was strongly reduced in homozygous conditions and to a
lesser extent in heterozygous conditions compared with wild-type
p63 control (Fig. S1D–F). Thus, after confirming the feasibility of
the HTS using the BDS2 3X-Luc reporter construct, two chemical

libraries, including ~700 FDA-approved drugs and 88 epigenetic
compounds, were screened in H1299 cells co-transfected with
wild-type p63 and the L514F mutant to best mimic the
heterozygous nature of the disorder. We hypothesize that
compounds able to recover the aggregation of mutant p63 would
result in the measurable activity of the luciferase reporter (Fig. 1A).
Ten FDA-approved drugs and six epigenetics compounds were
defined as positive hits based on the arbitrary cut-off threshold set
at a level 1500 and 3000 of luciferase expression induction,
respectively (Fig. 1B and Fig. S2A). Afterward, the 6 compounds
which showed a statistically significant induction were further
examined in their ability to induce in a dose-dependent manner
the luciferase activity in H1299 cells. Among these, only two
compounds belonging to the anthracycline family, doxorubicin
(Doxo) and its epimer epirubicin (Epi), were able to rescue p63
transactivation function at comparable level to wild-type p63 and
showing a dose-dependent induction of luciferase activity in
H1299 cells (Fig. 1C, D and Fig. S2B–E). The most prominent
induction was found using 2 μM Doxo and 1 μM Epi.
Anthracyclines are topoisomerase II poisons used as chemother-

apeutic treatments for various types of cancer which exert their
action through histone eviction and causing double-stranded
breaks (DSBs) [12, 13]. Therefore, Doxo and Epi were examined for
their toxicity by using an MTT cell viability assay. Both compounds
decreased the viability of H1299 cells in a concentration-
dependent manner (Fig. 1E), although 1 μM Epi appeared to
affect less the cell morphology compared to 2 μM Doxo (Fig. 1F).
We next evaluated whether the most effective concentration of
the compounds had the ability to recover p63 transcription
activity also in the presence of only the mutant form. Likewise, the
treatment with 2 μM Doxo and 1 μM Epi promoted the rescue of
luciferase activity induction to a similar level to wild-type p63 (Fig.
1G). Although these compounds have some toxic effects on
H1299 cells, both Doxo and Epi were able to reactivate mutant
p63 independently of the presence of p63 wild-type.

Doxo and Epi induce disaggregation of mutant p63 protein
To investigate the mechanism by which Doxo and Epi restore p63
transactivation function, we evaluated whether these compounds
promote degradation or disaggregation of AEC-associated p63
mutants. To test the hypothesis that Doxo and Epi influence the
degradation of mutant p63 protein, H1299 cells were transfected
with wild-type p63 or the L514F mutant, followed by treatment
with cycloheximide (CHX) to inhibit protein synthesis. SDS-PAGE
followed by Western blot for p63 revealed that these compounds
promote the degradation not only of the mutant form of the
protein but also of wild-type p63 (Fig. 2A, B). We questioned
whether the degradation of the wild-type and mutant proteins
induced by anthracyclines occurs via distinct degradation path-
ways. Autophagy and the ubiquitin-proteasome system (UPS) are
the two major pathways for protein degradation [18]. It has been

Fig. 1 High-throughput screening (HTS) to identify small molecules that rescue mutant p63 transactivation function. A Schematic of the
HTS based on luciferase reporter assay. H1299 cells were co-transfected with wild-type p63 and mutant L514F. Upon treatment with the FDA-
approved drugs at 1 μM or with epigenetics compounds at 0.1 μM for 24 h, luciferase assay was performed. BDS2 3X promoter-luc was used as
a reporter of p63 transcriptional activity. B Scatter plot of HTS results. A total of ~700 FDA-approved drugs were screened. Arbitrary cut-off
threshold was set at a level 1500 of luciferase activity. Data points represent the average value of luciferase activity for each compound. The
plate was run in triplicate. Statistically significant compounds are indicated in red. C Molecular structures of doxorubicin (Doxo) and epirubicin
(Epi). D Luciferase reporter assay in H1299 cells co-transfected with a combination of wild-type p63 and mutant L514F, wild-type p63 alone or
empty vector. 24 h after transfection, cells were incubated at the indicated concentrations of Doxo (upper) or Epi (lower) for 24 h and then
analyzed for luciferase activity. Relative luciferase activity was normalized to transfection with empty vector. Data are represented as
mean ± SD values (n= 3), *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, one way ANOVA test. E MTT assay was performed after treatment
with the indicated concentration of Dox (upper) or Epi (lower) for 24, 48 and 72 h. Data are represented as mean ± SD values (n= 3).
F Representative bright field images of H1299 cells after the treatment with 2 μM Doxo (upper) or 1 μM Epi (lower) for 24 h. Scale bar 200 μm.
G Luciferase reporter assay in H1299 cells transfected with wild-type p63, mutant L514F, or empty vector. 24 h after transfection, cells were
incubated with 2 μM Doxo (upper) or 1 μM Epi (lower) for 24 h and analyzed for luciferase activity. Relative luciferase activity was normalized to
transfection with empty vector. Data are represented as mean ± SD values (n= 5), *p < 0.05, **p < 0.01, one way ANOVA test.
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reported that anthracyclines can act on the ubiquitin-proteasome
system inducing the degradation of specific targets [19, 20]. To
investigate whether p63 degradation occurs by autophagy or by
the proteasome, we treated H1299 cells with CHX alone, a
combination of CHX and MG132 to also inhibit the proteasome, or
a combination of CHX and Concanamycin A to inhibit autophagy.
SDS-PAGE followed by Western blot analysis for p63 revealed that
the levels of both wild-type and mutant p63 protein were restored
by proteasome inhibition (Fig. 2C) while no significant effect was
observed when autophagy was inhibited. However, when cells
were treated with Dox and Epi in the presence of MG132, the
downregulation of p63 protein was not significantly blocked.
These results suggest that while the proteasome system primarily
mediates p63 degradation, Doxo and Epi do not significantly
affect this event for mutant p63. Therefore, we considered the
possibility that these compounds may have a higher impact on
inducing mutant p63 disaggregation. To examine the capacity of
Doxo and Epi to induce mutant p63 disaggregation, BN-PAGE
followed by Western blotting for p63 was performed in H1299
cells lysates transfected with wild-type p63, mutant L514F, or a
combination of wild-type and mutant p63 to simulate the

heterozygous state. As expected, wild-type p63 ran primarily as
a monomer, while p63L514F overexpression resulted in the
formation of large multimeric assemblies. Doxo and Epi were
able to reduce aggregation and increase the formation of
monomeric form in H1299 expressing p63L514F in homozygous
states (Fig. 2D). To summarize, we found that Doxo and Epi do not
preferentially promote the degradation of mutant p63 protein in
H1299 cells but interestingly they seem to specifically affect its
disaggregation.

Epi induces disaggregation of p63 L514F protein and rescues
mutant p63 transcriptional activity in primary keratinocytes
derived from the skin of a AEC mouse model
To test these compounds in a more patho-physiological setting,
we took advantage of the conditional knock-in mouse model
previously generated in our laboratory in which the AEC mutation
L514F in exon 13 is expressed only in the presence of the Cre
recombinase under the control of the endogenous Krt14
promoter (Fig. 3A) [11]. K14-Cre; p63+/L514Fflox newborn mice
were indistinguishable from wild-type mice and they did not
reflect the severity of the human disorder, while Krt14-Cre;

Fig. 2 Doxo and Epi induce disaggregation of p63 L514F protein in H1299 cells. A SDS-PAGE followed by Western blot for p63 in H1299
cells transfected with wild-type p63 and mutant L514F. 24 h after transfection, cells were treated with 100 μg/mL CHX and incubated with
2 μM Doxo or 1 μM Epi. At the indicated time points, cells were harvested, lysed, and analyzed for p63 levels. The asterisk indicates a non-
specific band. Vinculin levels were measured as a loading control. B Quantitative analysis of the p63 protein levels in cells after CHX treatment.
Data are represented as mean ± SD (n= 3). C SDS-PAGE followed by Western blot for p63 in H1299 cells transfected with wild-type p63 or
mutant L514F. 24 h after transfection, cells were treated with 100 μg/mL CHX, a combination of 100 μg/mL CHX and 10 μM MG132 to inhibit
the proteasome, or a combination of 100 μg/mL CHX and 100 nM Concanamycin A to inhibit autophagy. Cells were incubated with 2 μM Doxo
or 1 μM Epi for 24 h. Cells were harvested and analyzed for p63 levels. As controls of treatment efficiency, LC3 A/B-I and II protein level
increased when autophagy was inhibited, and antibodies anti-Ubiquitin revealed an accumulation of poly-ubiquitinated proteins when the
proteasome was blocked. Vinculin levels were measured as a loading control. D Blue-native (BN) PAGE followed by Western blot for p63 in
H1299 cells transfected with mutant L514F alone or together with wild-type p63 and treated with 2 μM Doxo or 1 μM Epi for 48 hr. Samples
were normalized for p63 amount by Western blot analysis. m monomer, d dimer, t tetramer.
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p63L514Fflox/L514Fflox mice fully recapitulate the skin defects and
erosions found in AEC patients. Since in mouse primary
keratinocytes Epi had a reduced toxic effect as compared to
Doxo (Fig. S3A, B), keratinocytes isolated from the conditional
knock-in model were treated with Epi only and then protein
extracts were subjected to BN-PAGE followed by Western blotting
for p63. As expected, protein aggregation was detected in
primary keratinocytes derived from Krt14-Cre;p63+/L514Fflox and
Krt14-Cre;p63L514Fflox/L514Fflox mice, but not in wild-type cells (Fig.
3B). While p63 from wild-type keratinocytes mainly runs as a
monomer, mutant keratinocytes exhibit severe aggregation and
reduced monomeric p63. Consistently with the results observed
in H1299 cells, aggregation was progressively alleviated in the
presence of Epi in mutant keratinocytes, accompanied by the
increase of the monomeric form of p63 (Fig. 3B).
Since it was previously demonstrated that critical p63 target

genes were significantly downregulated in keratinocytes derived

from K14-Cre; p63L514Fflox/L514Fflox mice [11], we tested the
hypothesis that by reducing protein aggregation via Epi
treatment, mutant p63 transcriptional function may be at least
partially restored. Thus, the ability of p63wt and p63L514F to
upregulate keratinocyte-specific p63 target genes, including
keratin 5 (Krt5), keratin 14 (Krt14), and desmosomal genes such
as desmoglein 1 (Dsg1) and desmoplakin (Dsp), was tested after
treatment with Epi. Real-time RT-PCR analysis confirmed transcrip-
tional rescue of keratinocyte-specific p63 target genes after Epi
treatment (Fig. 3C–F). p63 target genes affected in AEC syndrome
were induced in Epi-treated mutant and heterozygous keratino-
cytes compared to untreated controls, confirming that this
compound can rescue mutant p63 transcriptional activity. Since
Epi partially rescued the transcriptional activity of mutant p63, we
tested if it could also recover the protein expression of p63
targets. Protein extracts were analyzed by SDS-PAGE followed by
immunoblotting with antibodies against Krt14, Dsp, and Dsg1,

Fig. 3 Epi restores mutant p63 transcriptional activity in mouse primary keratinocytes. A Schematic strategy for the generation
of p63+/L514Fflox knock-in mice [11]. Mutant exon 13 carrying the L514F mutation is indicated in red. LoxP sites (black triangles) flank wild-type
exon 13 (yellow) fused with the coding portion of exon 14 and the SV40 polyA (pA). 3xFLAG was placed at the end of the coding sequence in
exon 14. FLAG-tagged p63 mutant protein is expressed upon Cre mediated deletion. B BN-PAGE followed by p63 Western blot of primary
keratinocyte lysates isolated from mice with the indicated genotypes. Cells were treated with 1 μM Epi for 36 h. After treatment, cells were
harvested, lysed and analyzed for p63 levels. Samples were normalized for p63 amount by Western blot analysis. m monomer, d dimer, t
tetramer. C–F Real-time RT-PCR analysis of the keratinocyte-specific p63 target genes Krt5, Krt14, Dsg1, and Dsp in primary keratinocytes
following the treatment with 1 μM Epi for 36 h. Data are represented as mean ± SD (WT n > 6; WT/L514F n= 4; L514F/L514F n > 3). *p < 0.05,
**p < 0.01, paired two-tailed t-test. G SDS-PAGE followed by Western blot for the protein products of p63 target genes in primary keratinocytes
isolated from mice with the indicated genotypes following the treatment with 1 μM Epi for 36 h. Vinculin was used as a loading control.
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showing expression of p63 targets to be severely affected in
mutant keratinocytes, compared to wild-type cells (Fig. 3G).
Interestingly a partial rescue was observed for the desmosome
proteins and Krt14 after the treatment with Epi. Together these
findings demonstrated that, since Epi alleviate aggregation, it is
able to induce a transcriptional rescue of mutant p63.

The less cardiotoxic anthracycline analog N,N-
dimethyldoxorubicin is still effective in recovering mutant
p63 transcriptional activity
Topoisomerase II inhibitors such as Doxo and Epi are associated
with enduring cardiotoxic effects, which limit their clinical usage in
cancer treatment [21, 22]. In a recent study, the anthracycline
analog N,N-dimethyldoxorubicin (diMe-Doxo) was synthesized to
reduce the toxicity of Doxo by chemically removing the DNA-
damaging effect (Fig. 4A and Fig. S4A) [17]. Indeed, diMe-Doxo
demonstrated lower toxicity and reduced cardiotoxicity in mice
[17]. Taking into account the benefits of this chemical variant, we
sought to determine whether diMe-Doxo may be used as a
compound to promote p63 mutant protein disaggregation. In line
with previous findings [17], the impact of diMe-Doxo on cell
viability is comparable to the other anthracyclines already
evaluated (Fig. S4B, C). To address whether diMe-Doxo retains
the ability of the previously tested anthracyclines to disaggregate
mutant p63 protein, we performed BN-PAGE followed by Western
blotting for p63 in mouse primary keratinocyte lysates from the
mouse conditional knock-in model for AEC syndrome treated with
Epi, Doxo and diMe-Doxo. The p63 protein aggregate detected in

primary keratinocytes derived from Krt14-Cre;p63+/L514Fflox and
Krt14-Cre;p63L514Fflox/L514Fflox mice was progressively reduced in
the presence of diMe-Doxo (Fig. 4B). We then evaluated the
recovery of the transcriptional activity of p63 L514F of different
target genes after the treatment with diMe-Doxo. Consistent with
its disaggregation ability, diMe-Doxo was able to restore
transcriptional activity of mutant p63 promoting the upregulation
of p63 target genes (Fig. 4C–F). These results indicate that diMe-
Doxo, which presents less cardiotoxic effects [17], still efficiently
induces mutant p63 disaggregation, thereby promoting the
rescue of its transcriptional function.

DISCUSSION
Heterozygous mutations in p63 gene can cause different rare
genetic disease including AEC syndrome, characterized by skin
fragility, severe long-lasting skin erosions and orofacial defect [23,
24]. A combination of surgical repair for oral clefting abnormalities
and other dental procedures can correct a variety of defects.
However, skin erosions remain a significant unmet medical need,
because they are often difficult to treat. Delayed and inefficient
wound healing puts patients at risk for secondary infections.
Therefore, there is an urgent need to develop targeted therapeutic
approaches to improve skin integrity in these patients. AEC-
associated p63 mutants display an impaired transactivation
activity as a consequence of protein structural abnormalities
which cause a decrease in p63 binding ability for DNA. Reducing
the aggregation tendency of AEC mutants through deletion of

Fig. 4 diMe-Doxo is able to rescue mutant p63 transcriptional activity. A Molecular structures of diMe-Doxo. B BN-PAGE followed by p63
Western blot of primary keratinocyte lysates isolated from mice with the indicated genotypes. Cells were treated with 1 μM Epi, 1 μM Doxo or
0.5 μM diMe-Doxo for 36 h. After treatment, cells were harvested, lysed and analyzed for p63 levels. Samples were normalized for p63 amount
by Western blot analysis. m monomer, d dimer, t tetramer. C–F Real-time RT-PCR analysis of the keratinocyte-specific p63 target genes Krt5,
Krt14, Dsg1, and Dsp in primary keratinocytes following the treatment with the indicated compounds for 36 h. Data are represented as
mean ± SD (WT n= 4; L514F/L514F n= 4). *p < 0.05, paired two-tailed t-test.
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aggregating peptides or introduction of specific amino acid
substitutions lead to the rescue of p63 transcriptional function
[11]. Thus, in this study we designed a functional high-throughput
assay to screen small compounds that could counteract aggrega-
tion of mutant p63 recovering its transactivation activity in cells
co-expressing wild-type p63 and its mutant form p63L514F. HTS
approaches that utilize small molecule libraries composed of
known compounds offer a valuable opportunity to identify
candidates with well-characterized on- and off-target effects,
established toxicology profiles, and, in many cases, existing data
on human use. This approach enables a more streamlined and
efficient pathway for drug repurposing, which holds significant
potential for addressing unmet medical needs. By leveraging
known compounds, researchers can bypass many of the lengthy
and costly steps associated with de novo drug development, such
as early-stage safety assessments and dosage optimization.
Consequently, this strategy can substantially shorten the time
and reduce the expenses required to bring effective therapies to
patients, accelerating the overall drug discovery and approval
process. From the results of the HTS, two compounds were
isolated that were able to rescue mutant p63 transactivation
ability, Doxo and Epi, that are antineoplastic antibiotic from the
anthracycline family. In a quest to determine how anthracyclines
resolve the aggregation of mutant p63, we observed that
anthracyclines did not have a specific effect on its degradation.
Indeed, Doxo and Epi accelerated the degradation of both wild
type and mutant proteins. Our data suggested that the main
pathway responsible of p63 degradation is the ubiquitin-
proteasome system. However, when cells were co-treated with
Doxo and Epi and the proteasome inhibitor MG132, the
degradation of p63 protein was not substantially prevented.
Recent findings have revealed that DNA-damaging agents, such as
Doxo, promote the ISG15 conjugation (ISGylation) of the p63
protein [25, 26]. ISG15 is a ubiquitin-like protein (UBL) which can
regulate protein stability by either enhancing or suppressing the
degradation of ISGylated proteins through the UPS or lysosomes
[27–29]. Unlike other UBLs that are constitutively expressed,
ISGylation is mainly induced by the presence of interferon IFNs
but also by various cell perturbations such as DNA damage
[30, 31]. It is intriguing to speculate that both Doxo and Epi may
enhance p63 ISGylation, which in turn could promote the
degradation of p63. However, rather than promoting degradation,
anthracyclines specifically influenced the disaggregation of
mutant p63 in H1299 cells. We found that in H1299 extracts
expressing p63 L514F or a combination of p63wt and p63L514F
the aggregation of mutant protein was alleviated in the presence
of the compounds and the same effect was observed also in
murine keratinocytes where p63 is endogenously expressed.
Consistently, target genes positively regulated by p63 and
affected in AEC syndrome, including Krt14, Krt5, Dsp and Dsg1,
were induced in mutant keratinocytes treated with Epi confirming
that transcriptional function of p63 may be at least partially
recovered by decreasing protein aggregation by treatment with
the compound.
The use of anthracyclines is limited because of the well-

established adverse effects, among which cardiotoxicity is the
primary one that limits treatment [21, 22]. In the past several years,
several anthracycline analogs have been examined in an effort to
find anthracyclines with fewer side effects [32, 33]. Recently, the
anthracycline analog diMe-Doxo was synthesized; this chemical
variant maintains chromatin remodeling activity but does not
generate DNA damage, typical characteristic of anthracycline
family. diMe-Doxo has been demonstrated to be less toxic and to
mitigate cardiotoxicity in mice as opposed to Doxo [17]. Here we
report that diMe-Doxo is still effective in causing mutant p63
disaggregation, which aids in the restoration of its transcriptional
function. The ability of diMe-Doxo to induce p63 disaggregation,
despite lacking DNA-damaging activity, indicates that p63

disaggregation may be driven by an independent mechanism,
not necessarily linked to the DNA damage response. In conclusion,
our study suggests that anthracyclines may serve as a promising
starting point for developing a therapy aimed at restoring p63
activity by targeting the aggregation propensity of AEC-associated
p63 mutant proteins.
Although the anthracyclines examined in this study are

known to have adverse side effects, future research should
focus on secondary screening to identify chemical variants that
retain therapeutic activity but exhibit reduced toxicity. This
approach could lead to the development of a therapy that
significantly improves the health outcomes of patients with AEC
syndrome.

MATERIALS AND METHODS
Mice
K14-Cre (Krt14-CreΔneo) knock-in mice were obtained from J. Huelsken,S-
wiss Institute for Experimental Cancer Research, Lausanne, Switzerland,
and were used to induce expression of the p63 mutant protein. All mouse
work was conducted at CEINGE according to the Italian ethical regulations
under the animal license 928/2021-PR.

Mouse genotyping
Mouse genotyping was performed by PCR starting from mouse tail DNA.
The oligonucleotides primers used for genotyping were:
FloxL514F Fw (5’-CAGCGTATCAAAGAGGAAGGAGA)
FloxL514F Rv (5’-AGCCAGAATCAGAATCAGGTGAC)
Cre-recombinase Fw (5’-GGCAGTAAAAACTATCCAGCAACA)
Cre-recombinase Rv (5’-TAACATTCTCCCACCGTCAGTA)

Cell culture
Primary mouse keratinocytes were isolated from newborn skin as
previously described [34] and grown at 34 °C and 8% CO2 in low calcium
medium (0.05 mM CaCl2) supplemented with 4% of calcium-chelated fetal
bovine serum (FBS) and epidermal growth factor (EGF).
H1299 cells were maintained in Dulbecco’s Modified Eagle Medium

(DMEM) supplemented with 10% FBS. Cells were grown at 37°C in a
humidified atmosphere of 5% (vol/vol) CO2.

Plasmid DNA and transfection methods
PCR-generated inserts were subcloned into pcDNA3.Myc to produce
pcDNA3.Myc-ΔNp63α. Site-directed mutagenesis was then used to obtain
all p63 mutant constructs [11]. Cells were transiently transfected using
Lipofectamine 2000 (Thermo Fisher Scientific).

Reagents
Doxo (D1515) and Epi (E9406) were purchased from Sigma-Aldrich. diMe-
Doxo was provided by Dr. Jacques Neefjes. Cycloheximide (C7698), MG-
132 (M7449) and Concanamycin A (C9705) were purchased from Sigma-
Aldrich. All reagents were dissolved according to the manufacturer’s
formulation. The FDA-approved drugs library was purchased from
Selleckem (Cat. No. L1300). The epigenetics screening library was
purchased from Cayman Chemical Company (Cat. No. 11076).

Luciferase assay
The luciferase reporter assay was performed using a Luciferase Reporter
Assay Kit (Promega) according to the manufacturer’s recommendations.
H1299 cells were seeded in 24-well plates. pKRT14 promoter-luc [35],
pFGFR2 enhancer-luc [36] and pBDS2 3X-luc [37] were used as reporters.
Luminescence was determined 24 h or 48 h after transfection using
EnVision plate reader.

High-throughput screening
The screening of compounds was permorfed using a Luciferase Reporter
Assay Kit (Promega). H1299 cells were seeded in 384-well plates and co-
transfected with wild-type p63 and mutant L514F. pBDS2 3X-luc was used
as reporter of p63 transcriptional activity. Upon 24 h treatment with the
FDA-approved drugs at 1 μM (Selleckem, Cat. No. L1300) or with
epigenetics compounds at 0.1 μM (Cayman Chemical Company, Cat. No.
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11076), luciferase assay was performed and luminescence was determined
using EnVision plate reader.

MTT assay
H1299 or mouse primary keratinocytes cells were seeded into 96-well
plates. 24 h after seeding, cells were treated with the indicated drugs for 24,
48, 72 h, at the indicated concentrations, followed by standard MTT assay
(abcam). Cells were incubated for 3 h at 37 °C in the dark with media
containing 0.5mg/mL of MTT solution. Afterward, medium was replaced
with isopropanol and incubated for another 30min at 37 °C. Then
absorbance at 570 and 620 nm was determined using EnVision plate reader.

SDS-PAGE, blue native (BN)-PAGE, and western blot
For BN-PAGE, H1299 cells or mouse primary keratinocytes were scraped on
ice in native lysis buffer (25mM Tris (pH 7.5), 150 mM NaCl, 10 mM MgCl2,
10mM EDTA (pH 8.0), 20mM CHAPS, 2 mM DTT, protease and
phosphatase inhibitors), then collected and incubated for 1 h in ice in
the presence of benzonase (70746, Merck Millipore) for lysis and digestion
of nucleic acids. Protein extracts were then mixed with 20% glycerol and
5mM Coomassie G-250 (Thermo Fisher Scientific) and loaded on 3–12%
Novex Bis-Tris gradient gels for BN-PAGE (Thermo Fisher Scientific),
according to the product manuals, followed by western blotting. For SDS-
PAGE, cells were lysed in LDS Sample Buffer 2X (Thermo Fisher Scientific),
boiled and loaded on denaturing SDS-PAGE gels followed by western
blotting. Membranes were blocked with PBS 0.2% Tween 20 in 5% nonfat-
dry milk and incubated with primary antibodies for 2 h at room
temperature (RT) or overnight at 4°C. The primary antibodies used for
Western blot analysis were: anti-p63 EPR5701 (ab124762, Abcam), anti-
vinculin (sc73614, Santa Cruz), anti-ubiquitin P4D1 (sc-8017, Santa Cruz),
anti- LC3A/B D3U4C (12741, Cell Signaling), anti-Krt5 (905501, Biolegend),
anti-Krt14 (905304, Biolegend), anti-Dsp 1–2 (61003, Progen Biotechnik
GmbH), anti-Dsg1 B11 (sc-137164, Santa Cruz), and anti-γH2AX Ser139
(2577, Cell Signaling). Membranes were incubated for 1 h at RT with the
appropriate horseradish peroxidase-conjugated secondary antibody and
detected by chemiluminescence.

RNA isolation and RT-qPCR
Total RNA was extracted from cells using TRIzol reagent (Thermo Fisher
Scientific) and retro-transcribed to cDNA using High-Capacity cDNA
Reverse Transcription Kit (Thermo Fisher Scientific). RT-qPCR was
performed using Luna Universal qPCR Master Mix (New England Biolabs)
in an ABI PRISM 7900 instrument (Thermo Fisher Scientific). Target genes
were quantified using the following specific oligonucleotide primers and
normalized to mouse β-actin expression:
ß-actin Fw (5’-CTAAGGCCAACCGTGAAAAGAT)
Rv (5’-GCCTGGATGGCTACGTACATG)
Krt5 Fw (5’-CAACGTCAAGAAGCAGTGTGC)
Rv (5’-TTGCTCAGCTTCAGCAATGG)
Krt14 Fw (5’-ACCACGAGGAGGAAATGGC)
Rv (5’-TGACGTCTCCACCCACCTG)
Dsp Fw (5’-CACCGTCAACGACCAGAACTC)
Rv (5’-GATGGTGTTCTGATTCTGATGTCTAGA)
Dsg1 Fw (5’-TCACCCCCTTTTTCATTATCTACTG)
Rv (5’-GTGGATTCTCCAAGTCTTGACCTT)

ROS assay
Mouse primary keratinocytes cells were seeded into 96-well plates. 24 h
after seeding, cells were treated with the indicated drugs for 24 h at the
indicated concentrations followed by ROS Detection with ROS Detection
Cell-Based Assay Kit (Cayman Chemical Company) according to manu-
facturer’s instructions. Cells were incubated with 10 μM of 2,7-Dichloro-
fluoroscin Diacetate (DCFDA) for 1 h at 37 °C in the dark. Fluorescence was
measured using EnVision plate reader.

Quantification and statistical analysis
All datasets derive from at least three independent experiments unless
otherwise indicated. Data are presented as the mean of independent
experiments ± SD as indicated. The number of independent experiments
or the number of analyzed animals are indicated (n). All statistical analyses
were performed using GraphPad Prism software (version 10.0). In
experiments comparing two samples paired two-tailed t-testing was
performed, whereas when comparing multiple independent samples, one-

way analysis of variance (ANOVA) were performed as described in Figure
legends. Western blot were quantified using ImageJ software. P-values of
statistical significance are represented as *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001.

DATA AVAILABILITY
All data support the findings of this study are included in the main text and
supplementary information (SI). All procedures of experiments are described in detail
in Materials and Methods.

REFERENCES
1. Candi E, Cipollone R, Rivetti di Val Cervo P, Gonfloni S, Melino G, Knight R. p63 in

epithelial development. Cell Mol Life Sci. 2008;65:3126–33.
2. Mills AA, Zheng B, Wang XJ, Vogel H, Roop DR, Bradley A. p63 is a p53 homo-

logue required for limb and epidermal morphogenesis. Nature. 1999;398:708–13.
3. Yang A, Schweitzer R, Sun D, Kaghad M, Walker N, Bronson RT, et al. p63 is

essential for regenerative proliferation in limb, craniofacial and epithelial devel-
opment. Nature. 1999;398:714–8.

4. Nguyen BC, Lefort K, Mandinova A, Antonini D, Devgan V, Della Gatta G, et al.
Cross-regulation between Notch and p63 in keratinocyte commitment to dif-
ferentiation. Genes Dev. 2006;20:1028–42.

5. Senoo M, Pinto F, Crum CP, McKeon F. p63 Is essential for the proliferative
potential of stem cells in stratified epithelia. Cell. 2007;129:523–36.

6. Truong AB, Kretz M, Ridky TW, Kimmel R, Khavari PA. p63 regulates proliferation
and differentiation of developmentally mature keratinocytes. Genes Dev.
2006;20:3185–97.

7. Davison TS, Vagner C, Kaghad M, Ayed A, Caput D, Arrowsmith CH. p73 and p63
are homotetramers capable of weak heterotypic interactions with each other but
not with p53. J Biol Chem. 1999;274:18709–14.

8. McGrath JA, Duijf PH, Doetsch V, Irvine AD, de Waal R, Vanmolkot KR, et al. Hay-
Wells syndrome is caused by heterozygous missense mutations in the SAM
domain of p63. Hum Mol Genet. 2001;10:221–9.

9. Di Girolamo D, Di Iorio E, Missero C. Molecular and cellular function of p63 in skin
development and genetic diseases. J Invest Dermatol. 2024:26;S0022-202X(24)
02076-1.

10. Dishop MK, Bree AF, Hicks MJ. Pathologic changes of skin and hair in
ankyloblepharon-ectodermal defects-cleft lip/palate (AEC) syndrome. Am J Med
Genet A. 2009;149A:1935–41.

11. Russo C, Osterburg C, Sirico A, Antonini D, Ambrosio R, Wurz JM, et al. Protein
aggregation of the p63 transcription factor underlies severe skin fragility in AEC
syndrome. Proc Natl Acad Sci USA. 2018;115:E906–E915.

12. Marinello J, Delcuratolo M, Capranico G. Anthracyclines as topoisomerase II
poisons: from early studies to new perspectives. Int J Mol Sci. 2018;19:3480.

13. Young RC, Ozols RF, Myers CE. The anthracycline antineoplastic drugs. N Engl J
Med. 1981;305:139–53.

14. Capeloa T, Benyahia Z, Zampieri LX, Blackman M, Sonveaux P. Metabolic and non-
metabolic pathways that control cancer resistance to anthracyclines. Semin Cell
Dev Biol. 2020;98:181–91.

15. Renu K, GA V, BT P, Arunachalam S. Molecular mechanism of doxorubicin-
induced cardiomyopathy - an update. Eur J Pharmacol. 2018;818:241–53.

16. Pang B, Qiao X, Janssen L, Velds A, Groothuis T, Kerkhoven R, et al. Drug-induced
histone eviction from open chromatin contributes to the chemotherapeutic
effects of doxorubicin. Nat Commun. 2013;4:1908.

17. Qiao X, van der Zanden SY, Wander DPA, Borras DM, Song JY, Li X, et al.
Uncoupling DNA damage from chromatin damage to detoxify doxorubicin. Proc
Natl Acad Sci USA. 2020;117:15182–92.

18. Wang Y, Le WD. Autophagy and ubiquitin-proteasome system. Adv Exp Med Biol.
2019;1206:527–50.

19. Liu J, Zheng H, Tang M, Ryu YC, Wang X. A therapeutic dose of doxorubicin
activates ubiquitin-proteasome system-mediated proteolysis by acting on both
the ubiquitination apparatus and proteasome. Am J Physiol Heart Circ Physiol.
2008;295:H2541–H2550.

20. Ranek MJ, Wang X. Activation of the ubiquitin-proteasome system in doxorubicin
cardiomyopathy. Curr Hypertens Rep. 2009;11:389–95.

21. Lotrionte M, Biondi-Zoccai G, Abbate A, Lanzetta G, D’Ascenzo F, Malavasi V, et al.
Review and meta-analysis of incidence and clinical predictors of anthracycline
cardiotoxicity. Am J Cardiol. 2013;112:1980–4.

22. Shan K, Lincoff AM, Young JB.Anthracycline-induced cardiotoxicity. Ann Intern
Med.1996;125:47–58.

23. Tomkova H, Fujimoto W, Uchida T, Macko J, Gaillyova R, Buckova H. AEC syn-
drome caused by heterozygous mutation in the SAM domain of p63 gene. Eur J
Dermatol. 2010;20:411–3.

F. Boncimino et al.

8

Cell Death Discovery           (2025) 11:24 



24. Pinheiro M, Freire-Maia N. Ectodermal dysplasias: a clinical classification and a
causal review. Am J Med Genet. 1994;53:153–62.

25. Kim KI, Zhang DE. ISG15, not just another ubiquitin-like protein. Biochem Biophys
Res Commun. 2003;307:431–4.

26. Jeon YJ, Jo MG, Yoo HM, Hong SH, Park JM, Ka SH, et al. Chemosensitivity is
controlled by p63 modification with ubiquitin-like protein ISG15. J Clin Invest.
2012;122:2622–36.

27. Liu M, Li XL, Hassel BA. Proteasomes modulate conjugation to the ubiquitin-like
protein, ISG15. J Biol Chem. 2003;278:1594–602.

28. Wood LM, Sankar S, Reed RE, Haas AL, Liu LF, McKinnon P, et al. A novel role for
ATM in regulating proteasome-mediated protein degradation through suppres-
sion of the ISG15 conjugation pathway. PLoS ONE. 2011;6:e16422.

29. Desai SD, Haas AL, Wood LM, Tsai YC, Pestka S, Rubin EH, et al. Elevated
expression of ISG15 in tumor cells interferes with the ubiquitin/26S proteasome
pathway. Cancer Res. 2006;66:921–8.

30. D’Cunha J, Ramanujam S, Wagner RJ, Witt PL, Knight E Jr, Borden EC. In vitro and
in vivo secretion of human ISG15, an IFN-induced immunomodulatory cytokine. J
Immunol. 1996;157:4100–8.

31. Park JH, Yang SW, Park JM, Ka SH, Kim JH, Kong YY, et al. Positive feedback
regulation of p53 transactivity by DNA damage-induced ISG15 modification. Nat
Commun. 2016;7:12513.

32. Weiss RB. The anthracyclines: will we ever find a better doxorubicin? Semin
Oncol. 1992;19:670–86.

33. Booser DJ, Hortobagyi GN. Anthracycline antibiotics in cancer therapy. Focus on
drug resistance. Drugs. 1994;47:223–58.

34. Sol S, Antonini D, Missero C. Isolation and enrichment of newborn and adult skin
stem cells of the interfollicular epidermis. Methods Mol Biol. 2019;1879:119–32.

35. Candi E, Rufini A, Terrinoni A, Dinsdale D, Ranalli M, Paradisi A, et al. Differential
roles of p63 isoforms in epidermal development: selective genetic com-
plementation in p63 null mice. Cell Death Differ. 2006;13:1037–47.

36. Ferone G, Thomason HA, Antonini D, De Rosa L, Hu B, Gemei M, et al. Mutant p63
causes defective expansion of ectodermal progenitor cells and impaired FGF
signalling in AEC syndrome. EMBO Mol Med. 2012;4:192–205.

37. Hermeking H, Lengauer C, Polyak K, He TC, Zhang L, Thiagalingam S, et al. 14-3-
3sigma is a p53-regulated inhibitor of G2/M progression. Mol Cell. 1997;1:3–11.

ACKNOWLEDGEMENTS
We thank Emery Di Cicco for critical reading of the manuscript and helpful discussion.
We thank Jun Wang for her technical support in the screening of compounds and
CEINGE Advanced Light Microscopy Facility for providing cell images. We like to
thank IBSA foundation for scientific research.

AUTHOR CONTRIBUTIONS
SS, CM, AM and FB conceived the study and designed the experiments. FB and SS
performed the majority of the experiments and analyzed the data. LD and KT assisted
with the experiments. SS and KT carried out the screening. SYvdZ and JN provided
reagents. FB and SS prepared the manuscript. CM, AM and JN performed the
proofreading of the manuscript. All authors read and approved the final manuscript.

FUNDING
We acknowledge the support of the Telethon Foundation (Italy) (GGP20124 to CM).

COMPETING INTERESTS
The authors declare the following financial interests, which may be considered
potential competing interests: AM is a co-founder (with equity) of New Frontier Bio, a
consumer health company developing skincare and anti-aging products, and has
equity in DermBiont, a private company advancing targeted topical therapeutics for
dermatologic indications. AM, KT, FB and SS receive research support from Shiseido
Inc. KT has a financial interest in New Frontier Bio. JN is a shareholder in NIHM, which
aims to produce aclarubicin for clinical use. LD, SYvdZ and CM declare no competing
interests.

ETHICS APPROVAL AND CONSENT TO PARTICIPATE
All methods were performed in accordance with the relevant guidelines and
regulations. Approval has been obtained from the animal ethic committee at CEINGE
and has been approved by the Italian Ministry of Health under the animal license
311/2016-PR. This study does not involve human subjects.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41420-025-02307-0.

Correspondence and requests for materials should be addressed to
Anna Mandinova, Caterina Missero or Stefano Sol.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

F. Boncimino et al.

9

Cell Death Discovery           (2025) 11:24 

https://doi.org/10.1038/s41420-025-02307-0
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Anthracyclines disaggregate and restore mutant p63 function: a potential therapeutic approach for AEC syndrome
	Introduction
	Results
	The anthracyclines Doxo and Epi identified by HTS are able to rescue mutant p63 transactivation function
	Doxo and Epi induce disaggregation of mutant p63 protein
	Epi induces disaggregation of p63 L514F protein and rescues mutant p63 transcriptional activity in primary keratinocytes derived from the skin of a AEC mouse model
	The less cardiotoxic anthracycline analog N,N-dimethyldoxorubicin is still effective in recovering mutant p63 transcriptional activity

	Discussion
	Materials and methods
	Mice
	Mouse genotyping
	Cell culture
	Plasmid DNA and transfection methods
	Reagents
	Luciferase assay
	High-throughput screening
	MTT assay
	SDS-PAGE, blue native (BN)-PAGE, and western blot
	RNA isolation and RT-qPCR
	ROS assay
	Quantification and statistical analysis

	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Ethics approval and consent to participate
	ADDITIONAL INFORMATION




