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ARTICLE INFO ABSTRACT

Keywords: TAp73 is a key tumor suppressor protein, regulating the transcription of unique and shared p53 target genes with
p73 crucial roles in tumorigenesis and therapeutic response. As such, in tumors with impaired p53 signaling, like
Carbaldehydic xanthone neuroblastoma, TAp73 activation represents an encouraging strategy, alternative to p53 activation, to suppress
Anticancer therapy tumor growth and chemoresistance.

In this work, we report a new TAp73-activating agent, the 1-carbaldehyde-3,4-dimethoxyxanthone (LEM2),
with potent antitumor activity. Notably, LEM2 was able to release TAp73 from its interaction with both MDM2
and mutant p53, enhancing TAp73 transcriptional activity, cell cycle arrest, and apoptosis in p53-null and
mutant p53-expressing tumor cells. Importantly, LEM2 displayed potent antitumor activity against patient-de-
rived neuroblastoma cells, consistent with an activation of the TAp73 pathway. Additionally, potent synergistic
effects were obtained for the combination of LEM2 with doxorubicin and cisplatin in patient-derived neuro-
blastoma cells. Collectively, besides its relevant contribution to the advance of TAp73 pharmacology, LEM2 may

pave the way to improved therapeutic alternatives against neuroblastoma.

1. Introduction

p53 family proteins have a highly conserved gene structure in-
cluding an N-terminal transactivation domain (TAD), a central DNA-
binding domain (DBD), and a C-terminal oligomerization domain [1].
The TP63 and TP73 genes generate oncogenic transcriptionally inactive
AN isoforms, lacking the TAD, and tumor suppressive TA isoforms,
which retain an intact TAD [2]. Additionally, several TA and AN iso-
forms (e.g. a, B, and y) are produced through C-terminal alternative
splicing [2-4]. TAp73 regulates unique or shared p53 target genes in-
volved in key cellular processes such as proliferation, cell cycle,

apoptosis, and metastasis [5,6]. TAp73 also plays a crucial role in
chemotherapy response. In fact, TAp73 is induced by chemother-
apeutics like taxol, etoposide, cisplatin, and doxorubicin (DOXO), and
its functional impairment enhances chemoresistance [7]. Unlike p53,
p73 is rarely mutated in human cancers [8]. However, TAp73, parti-
cularly TAp73a, is often inactivated through interaction with mutant
p53 (mutp53) and MDM2. In fact, one of the oncogenic mutp53 gain-of-
function mechanisms occurs through interaction with TAp73, blocking
its transcriptional activity, decreasing its ability to trigger apoptosis
[5,9-11]1, and promoting invasion [12]. Likewise, MDM2, the major
negative regulator of p53, binds to TAp73 blocking its transcriptional

Abbreviations: CETSA, cellular thermal shift assay; CFU, colony-forming unit; CI, combination index; Co-IP, co-immunoprecipitation; DOXO, doxorubicin; DRI, dose
reduction index; ETOP, etoposide; MDM, murine double minute; MTT, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide; mut, mutant; NBL, neuro-
blastoma; SRB, sulforhodamine B; wt, wild-type; VEGF, vascular endothelial growth factor
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activity [13-16].

In p53-impaired tumors, TAp73 activation may compensate for the
lack of a functional p53 pathway, suppressing tumor proliferation and
increasing chemotherapeutic efficiency [17]. In these tumors, disrup-
tion of the TAp73 interaction with mutp53 and MDM2 represents an
encouraging therapeutic strategy, alternative to p53 activation.
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Consistently, the MDM2-inhibitor nutlin-3a [18] was reported to sup-
press cell growth in p53-null tumor cells through inhibition of the
TAp730-MDM2 interaction [19]. Additionally, SIMPs (short interfering
mutp53 peptides) were shown to activate TAp73o through disruption of
the mutp53-TAp73a interaction, sensitizing mutp53-expressing cells to
adriamycin and cisplatin [20]. More recently, RETRA [21], prodigiosin



S. Gomes et al. Cancer Letters 446 (2019) 90-102

Fig. 1. LEM2 is a non-genotoxic drug with p53-and p63-independent growth inhibitory activity in human tumor cells. (A) Chemical structure of LEM2. (B) Dose-
response curves for the growth inhibitory activity of 0.39-6.25 uM LEM2 in p53*/* and p53 "/~ HCT116 cells, determined by SRB assay, after 48 h treatment. Data
are mean * SEM (n = 4). (C) Effect of 2 uM LEM2 on cell cycle progression of HCT116 p53 /'~ cells after 24 h treatment. Data are mean *= SEM (n = 3); values
significantly different from DMSO: **p < 0.01, ***p < 0.001 (two-way ANOVA with Dunnett's multiple comparison test). (D) Effect of 2 pM LEM2 on apoptosis of
HCT116 p53~/~ cells after 48 h treatment. Data are mean = SEM (n = 4); values significantly different from DMSO: ***p < 0.001 (one-way ANOVA with
Dunnett's multiple comparison test). (E) Levels of cleaved PARP in HCT116 p53 /" cells after 48 h treatment with 1 uM LEM2 or solvent, visualized by western blot.
Immunoblots represent one of three independent experiments; GAPDH was used as a loading control. (F) Brightfield imaging of 3-day-old HCT116 p53~/~ spheroids,
treated with LEM2 or solvent for 48 and 72 h. (G) Brightfield imaging of HCT116 p53~/~ spheroids formed after 7 days. Spheroids were seeded in the presence of
LEM2 or solvent. In F and G, images are representative of 3 independent experiments; scale bar = 100 pm; magnification = 100 X . (H) Analysis of the genotoxicity in
human lymphocytes measured by cytokinesis-block micronucleus assay, following 72 h treatment with 5 pug/mL cyclophosphamide (CP; positive control), or LEM2
(n = 3); values significantly different from DMSO: ***p < 0.001 (one-way ANOVA with Dunnett's multiple comparison test). (I,J) DNA damage was measured in
HCT116 p53~/ " cells by comet assay after 48 h treatment with 50 uM etoposide (ETOP; positive control) or LEM2. In I, representative images of the comet assay
(scale bar = 50 pm; magnification = 100 x). In J, quantification of comet-positive cells (containing more than 5% of DNA in the tail); one hundred cells were
analyzed in each group (n = 3); values significantly different from DMSO: ***p < 0.001 (one-way ANOVA with Dunnett's multiple comparison test).

[22], and benzyl isothiocyanate [23] have also been reported as Ethics Committee of the School of Medicine, Masaryk University, Brno,
mutp53-TAp73a interaction inhibitors with antitumor activity. Czech Republic (Approval No. 23/2005). According to Czech legal and
Neuroblastoma (NBL) is one of the most common childhood solid ethical regulations governing the use of human biological material for
cancers [24]. Even with the currently available therapeutic options, research purposes, a new ethical assessment of this study is not neces-
high-risk patients still have low survival rates [25]. In NBL, p53 is sary.
commonly sequestered in the cytoplasm, but TAp73o retains normal Tumors were histologically characterized according to WHO clas-
nuclear location [26]. Additionally, ANp73 overexpression is frequent sification. Cells were cultured in DMEM, with 20% fetal calf serum,
in NBL, correlating with tumor progression and poor prognosis [27]. 2mM L-glutamine, 100 IU/mL penicillin, and 100 pg/mL streptomycin

MDM2 amplification has also been reported in NBL [28], and although (all from Biosera, France), at 37 °C with 5% CO..
p53 mutations are rare in primary NBL [29], they have been reported as
a mechanism of therapeutic resistance in relapsed tumors [30].

Therefore, the TAp73-activating strategies referred above arise as pro- 2.4. Cell proliferation and viability assays
mising therapeutic approaches against NBL [31], particularly in com-
bination with other therapies to potentiate their antitumor effect. In For sulforhodamine B (SRB) assay: cells were seeded in 96-well
fact, nutlin-3a-induced TAp73a activation was shown to sensitize che- plates at 5.0 x 10 (HCT116, parental and transfected HT-29, HuH-7,
moresistant p53-null NBL cells to DOXO [32]. SW-837), 7.5 x 10° (SK-BR-3, MDA-MB-468), and 1.0 x 10* (MDA-
Herein, we report the identification of 1-carbaldehyde-3,4-di- MB-231) cells/well, and ICso values of compounds were determined as
methoxyxanthone (LEM2), a new activator of TAp73 by disrupting its described [35].
interaction with both MDM2 and mutp53. LEM2 reveals promising For MTT assay: cells were seeded in 96-well plates at 7.5 x 10> (SH-
antitumor activity, alone and in combination therapy, particularly SY5Y), 4.0 x 10% (NBL-12), 5 x 10® (NBL-14, NBL-38, NBL-40), and
against patient-derived NBL cells. 6.0 x 10® (NBL-28) cells/well and ICs, values of compounds were de-
termined as described [35,36].
2. Materials and methods For colony formation assay: MDA-MB-468 and transfected HCT116
P53~/ cells were seeded in 6-well plates at 5.0 x 10 cells/well, fol-
2.1. Compounds lowed by 24 h incubation with LEM2 or solvent. Colonies were grown
for 10 days in compound-free medium, fixed, stained and analyzed as
LEM2 synthesis is described in Supplementary Materials and Fig. S1. described [37].

Etoposide, DOXO, nutlin-3a, cyclophosphamide (Sigma-Aldrich, Por-
tugal), and LEM2 were dissolved in DMSO (Sigma-Aldrich). Cisplatin
(Enzo Life Sciences, Taper, Portugal) was dissolved in saline. 2.5. Transfection of p73 siRNA and ectopic expression of TAp73o.

HCT116 p53~ /" cells were transfected with 100 nM siRNAs against
p73 (SMARTpool p73) and nonspecific siRNAs (Non-targeting Pool)
Colon adenocarcinoma HCT116 cells (HCT116 p53*/*) and its from Thermo Scientific/Dharmacon (Portugal), using Lipofectamine
2000 (Invitrogen, Alfagene), according to manufacturer's instructions.

Transfection of HT-29 cells with a pCl-neo-TAp73a plasmid or the

2.2. Human cell lines and growth conditions

p53-null isogenic derivative (HCT116 p53~/~) were provided by Dr.
Vogelstein (The Johns Hopkins Kimmel Cancer Center, Baltimore,
USA); breast adenocarcinoma SK-BR-3, MDA-MB-231, MDA-MB-468, empty vector was performed with the ScreenFectA reagent (NZYTech,
rectal adenocarcinoma SW-837, colorectal adenocarcinoma HT-29, and Portugal).

neuroblastoma SH-SY5Y cells were from ATCC (Rockville, MD, USA);

hepatocellular carcinoma HuH-7 cells were from JCRB Cell Bank

(Osaka, Japan). Cells were cultured in RPMI-1640 with UltraGlutamine 2.6. Cell cycle and apoptosis

(Lonza, VWR, Portugal) with 10% FBS (Gibco, Alfagene, Portugal), at

37°C with 5% CO, SH-SY5Y cells were cultured in DMEM/F-12 Immortalized cells were seeded in 6-well plates at 1.5 x 10°
(Lonza) with 10% FBS and 2 mM r-glutamine (Gibco). (HCT116 p537~/7) and 2.25 x 10° (MDA-MB-468, SH-SY5Y) cells/
well, and patient-derived NBL cells in 2100 mm petri dishes at
4 x 10° cells/dish, followed by treatment with LEM2 or solvent. Cell
cycle and apoptosis were analyzed as described [38]. The Accuri™ C6
flow cytometer and the BD Accuri C6 software (BD Biosciences) were
used. For patient-derived NBL cells, the BD FACSVerse™ flow cytometer
with BD FACSuite software (Beckton Dickinson, USA) were used. Cell
cycle phases were quantified using FlowJoX 10.0.7 (Treestar, USA).

2.3. Patient-derived NBL cells

Five patient-derived NBL cell lines (NBL-12, NBL-14, NBL-28, NBL-
38, NBL-40) were established from tumor tissue samples as described
[33,34], with written informed consent obtained for our previous re-
search project (IGA MZCR NR/9125-4), approved by the Research
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2.7. Generation of colon cancer spheroids days, followed by LEM2 or solvent treatment for 3 days [39].

HCT116 p53~/" cells were seeded in 24-well plates at 2.8. RNA extraction and RT-qPCR
1 x 103 cells/well in DMEM/F12 medium supplemented as described
[37], with LEM2 or solvent; spheroids were grown for 7 days. Alter- Imortalized cells were seeded in 6-well plates at 1.5 x 10° (HCT116
natively, colonospheres were grown in compound-free medium for 3 p537/7) or 2.25 x 10° (MDA-MB-468) cells/well, and patient-derived

93



S. Gomes et al. Cancer Letters 446 (2019) 90-102

Fig. 2. LEM2 has TAp73-dependent growth inhibitory activity in human tumor cells, activating TAp73 through disruption of its interaction with MDM2 and inducing
TAp73 thermal stabilization. (A) Protein levels of TAp73 transcriptional targets in HCT116 p53 7~ cells, after 16 h (p21 and Bax) 24 h (MDM2, Killer, Bcl-2, VEGF)
or 48h (TAp730) treatment with 1 uM LEM2 or solvent, visualized by western blot. (B) mRNA levels of TAp73 transcriptional targets measured by RT-qPCR in
HCT116 p53 /" cells after 24 h treatment with 2 uM LEM2 or solvent. Fold of induction is relative to solvent. Data are mean + SEM (n = 3); values significantly
different from solvent: *p < 0.05, ***p < 0.001 (two-way ANOVA with Dunnett's multiple comparison test). (C) Effect of LEM2 on the colony formation of HCT116
p53’/ ~ cells transfected with siRNA targeting p73 (sip73) or control siRNA (siCTR). Cells were treated with LEM2 or solvent for 24 h, and colonies were allowed to
grow for 10 days. Data are mean * SEM (n = 3); values significantly different from siCTR: *p < 0.05, **p < 0.01 (two-way ANOVA with Sidak's multiple
comparison test). (D) Effect of LEM2 on the growth of control yeast (empty vectors), yeast expressing TAp73a alone, and yeast co-expressing TAp73a and MDM2,
after 40 h treatment. Results were plotted setting the growth of untreated control yeast as 100%; data are mean + SEM (n = 4); values significantly different from
DMSO: **p < 0.01, ***p < 0.001 (two-way ANOVA with Dunnett's multiple comparison test). (E) Co-immunoprecipitation in HCT116 p53~/" cells treated with 4
and 5uM LEM2 or solvent for 24 h, using anti-immunoglobulin G (IgG) or anti-TAp73a (IP:p73) antibodies followed by immunoblotting with anti-MDM2. (F) Co-
immunoprecipitation in HCT116 p53*/™ cells treated with 4 and 5 uM LEM2 or solvent for 24 h, using anti-immunoglobulin G (IgG) or anti-p53 (IP:p53) antibodies
followed by immunoblotting with anti-MDM2. (G,H) CETSA in HCT116 p53 /" cell lysates treated with LEM2 or solvent; soluble protein was analyzed by western
blot. In G, lysate samples were treated with 0.5-25 yM LEM2 and heated at 56 °C. In H, lysate samples were treated with 25 yM LEM2 (+) or solvent (—) and heated
at increasing temperatures. In A, and E-H, immunoblots represent one of three independent experiments; GAPDH was used as a loading control.

NBL cells in 2100 mm petri dishes at 4 x 10° cells/dish, followed by remain in solution.

treatment with LEM2 or solvent.
Immortalized cells: total RNA was extracted using Illustra™ RNAspin 2.13. Comet assay

Mini RNA Isolation Kit (GE Healthcare, VWR); RT-qPCR was performed

as described [39]. DNA damage was evaluated in HCT116 p53~/~ cells, as described
Patient-derived NBL cells: total RNA was extracted using GenElute™ [39]. Cells containing more than 5% of DNA in the tail (assessed using

Mammalian Total RNA Miniprep Kit (Sigma-Aldrich, Germany); RT- OpenComet/ImageJ [46,47]) were considered comet positive.
qPCR was performed as described [36]. Primer sequences are listed in

Supplementary Table S1. 2.14. Micronucleus assay

2.9. Western blot Cytokinesis-block micronucleus assay in human lymphocytes was
performed as described [44].
Immortalized cells were seeded in 6-well plates at 1.5 x 10°
(HCT116 p53~/7) or 2.25 x 10° (MDA-MB-468) cells/well, and pa- 215, Combination therapy assay
tient-derived NBL cells in 100 mm petri dishes at 4 x 10> cells/dish,

followed by treatment with LEM2 or solvent. Protein fractions were SH-SY5Y and patient-derived NBL-14 cells were treated with a fixed

analyzed as described [40]. For yeast, western blot was performed as LEM2 concentration, and increasing concentrations of DOXO/cisplatin.

described [41]. Antibodies are listed in Supplementary Table S2. Cell viability was analyzed by MTT assay. Combination index (CI) and
dose reduction index (DRI) values were determined as described

2.10. Yeast transformation, growth and screening assay [39,48].

Saccharomyces cerevisiae cells expressing human TAp73a alone or 2.16. Statistical analysis
co-expressed with human MDM2 were used, as described [42]. Yeast
expressing human TAp73a and/or mutp53-R273H were obtained using Data were statistically analyzed using GraphPad Prism. Different

PRS314-(TRP1)-GAL1-10-TAp73a and pLS76-(LEU2)-ADHI-mutp53- statistical tests were used depending on dataset; p values < 0.05 were
R273H, and respective empty vectors by the LiAc/SS Carrier DNA/PEG considered statistically significant.

method [43]. Yeast screening assay was performed by measuring the

growth of yeast cells in selective galactose medium, as described [42]. 3. Results

Briefly, the expression of TAp73a in yeast induces growth arrest, which
is abolished by co-expression of MDM2/mutp53; potential inhibitors of
the TAp73a-MDM2/mutp53 interactions should restore the TAp73a-
induced yeast growth arrest while not interfering with the growth of
control yeast (empty vectors) and yeast expressing TAp73a, MDM2, or
mutp53 alone.

3.1. LEM2 is a non-genotoxic drug with p53-independent growth inhibitory
activity in human tumor cells

The antitumor activity of LEM2 (Fig. 1A) was evaluated in human
wtp53-expressing HCT116 p53*/*% and respective p53-null isogenic
derivative HCT116 p53~/ cells, by SRB assay (Fig. 1B). The results
2.11. Co-immunoprecipitation (co-IP) showed that LEM2 had potent p53-independent tumor growth in-

hibitory effect, with similar ICs, values in p53*/* (0.98 + 0.12puM)

Co-IP was performed using the Pierce Classic Magnetic IP and Co-IP and p53—/ = (0.68 =+ 0.08 uM) HCT116 cells. In HCT116 p53—/ ~ cells,
Kit (Thermo Scientific, Dagma, Portugal), according to manufacturer's further analysis revealed that 2uM LEM2 induced G,/M-phase cell
instructions [44]. p53, TAp73a, MDM2 and GAPDH were detected by cycle arrest (Fig. 1C) and apoptosis (demonstrated by the increase in

western blot. Annexin V-positive cells (Fig. 1D) and PARP cleavage (Fig. 1E)). Con-
sistently, in a 3D-model of HCT116 p53~7~ cells, 0.5-2 uM LEM2 also

2.12. Cellular thermal shift assay (CETSA) markedly inhibited spheroid growth (Fig. 1F) and prevented their for-
mation, when added upon seeding (Fig. 1G).

To evaluate drug target interactions in cells, the CETSA analysis was We next interrogated whether the antiproliferative effect of LEM2
performed, as described [44,45]. Briefly, the impact of LEM2 on was associated with induction of DNA damage. However, compared to
TAp73a/MDM2/mutp53 thermal stabilization was evaluated by as- solvent, and unlike the positive controls, 1 and 2puM LEM2 did not
sessing the amount of soluble protein (upon heating of tumor cell ly- increase the number of micronuclei in human lymphocytes (Fig. 1H),
sates) by western blot; after heating, whereas unbound (non-stabilized) nor the percentage of comet-positive HCT116 p53~/~ cells (Fig. 11 and
proteins denature and precipitate, ligand-bound (stabilized) proteins J).
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3.2. LEM2 has TAp73-dependent growth inhibitory activity in human tumor
cells, activating TAp73 through disruption of its interaction with MDM2

A western blot analysis revealed that LEM2-induced growth in-
hibition in HCT116 p53~/~ cells was associated with regulation of
several p53-family transcriptional targets. In fact, 1 ptM LEM2 increased
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the protein levels of TAp73a, MDM2, p21, Killer, and Bax, while re-
ducing Bcl-2 and vascular endothelial growth factor (VEGF) protein
levels (Fig. 2A). Accordingly, 2 uM LEM2 increased the mRNA levels of
CDKN1A, BAX, TNFRSF10B, and MDM2 (Fig. 2B). Since HCT116 p53~/
~ cells do not express p53 nor p63 [49] (Fig. S2), we hypothesized that
LEM2 growth inhibitory activity in these cells might relate to
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Fig. 3. LEM2 has TAp73-dependent growth inhibitory activity in human mutp53-expressing tumor cells, activating TAp73 transcriptional activity and inducing its
thermal stabilization. (A) ICso values of LEM2 in human tumor cells expressing different mutp53 forms, determined by SRB assay, after 48 h treatment with
0.39-25.0 uM LEM2. Data are mean = SEM (n = 4). (B) Protein levels of TAp73a in HT-29 cells transfected with the pCI-neo plasmid encoding TAp73a or with the
empty-vector, visualized by western blot. Inmunoblots represent one of three independent experiments; GAPDH was used as a loading control. (C) Dose-response
curves for the growth inhibitory activity of LEM2 in human HT-29 transfected with the pCI-neo plasmid encoding TAp73a or with the empty vector, determined by
SRB assay, after 48 h treatment with 0.39-25.0 pM LEM2. Data are mean *+ SEM (n = 4); p < 0.001, extra sum-of-squares F test. (D) Effect of LEM2 on the colony
formation of MDA-MB-468 cells. Cells were treated with LEM2 or solvent for 24 h, and colonies were allowed to grow for 10 days. Data are mean + SEM (n = 3). (E)
Effect of 1.5 uM LEM2 on cell cycle progression of MDA-MB-468 cells after 24 h treatment. Data are mean *= SEM (n = 3); values significantly different from DMSO:
**p < 0.01, ***p < 0.001 (two-way ANOVA with Dunnett's multiple comparison test). (F) Effect of 1.5 uM LEM2 on apoptosis of MDA-MB-468 cells after 48 h
treatment. Data are mean = SEM (n = 4); values significantly different from DMSO: **p < 0.01, ***p < 0.001 (one-way ANOVA with Dunnett's multiple
comparison test). (G) Protein levels of TAp73 transcriptional targets in MDA-MB-468 cells, after 16 h (PUMA and TAp73a), 24 h (VEGF), or 48 h (p21, Killer, Bcl-2)
treatment with 1.5 uM LEM2 or solvent, visualized by western blot. Inmunoblots represent one of three independent experiments; GAPDH was used as a loading
control. (H) mRNA levels of TAp73 transcriptional targets measured by RT-qPCR in MDA-MB-468 cells after 24 h (MDM2) or 48 h (BAX and TNFRSF10B) treatment
with 2 pM LEM2 or solvent. Fold of induction is relative to solvent. Data are mean * SEM (n = 3); values significantly different from solvent: *p < 0.05,
**p < 0.01, ***p < 0.001 (two-way ANOVA with Dunnett's multiple comparison test). (I,J) CETSA in MDA-MB-468 cell lysates treated with LEM2 (+) or solvent
(—); soluble protein was analyzed by western blot. In I, lysate samples were treated with 0.5-25 uM LEM2 and heated at 52 °C. In J, lysate samples were treated with
25 pM LEM2 and heated at increasing temperatures.
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immunoblotting with anti-TAp73a and anti-p53 antibodies. In A, D and E, immunoblots represent one of three independent experiments; Pgklp (A,D) or GAPDH (E)
were used as loading controls.

interference with p73. To test such hypothesis, p73-silenced HCT116
P53~/ cells were obtained using siRNA (Fig. S3A). By colony forma-
tion assay, we observed that p73-silenced cells were less susceptible to
the inhibitory effect of LEM2 than cells transfected with control siRNA

(Fig. 2C). These results supported a p73-dependent growth inhibitory
activity of LEM2 in HCT116 p53~/~ cells.

Since MDM2 is a well-known inhibitor of TAp73, we investigated
the potential mode of action of LEM2 by testing its impact on the
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Fig. 5. LEM2 inhibits the growth of NBL cells through induction of cell cycle
arrest and apoptosis. (A) Expression of p53, MDM2 and TAp73a, in SH-SY5Y
cells, visualized by western blot; immunoblots represent one of three in-
dependent experiments; GAPDH was used as a loading control. (B) Dose-re-
sponse curves for the growth inhibitory activity of 0.18-3.00 pM LEM2 and
0.78-12.5 uM nutlin-3a in SH-SY5Y cells determined by MTT assay, after 48 h
treatment. Data are mean + SEM (n = 4); p < 0.001, extra sum-of-squares F
test. (C) Effect of 1 pM LEM2 and 4 pM nutlin-3a on cell cycle progression of
SH-SY5Y cells after 48 h treatment. Data are mean = SEM (n = 3); values
significantly different from DMSO: **p < 0.01, ***p < 0.001 (two-way
ANOVA with Dunnett's multiple comparison test). (D) Effect of 1 yM LEM2 and
4 uM nutlin-3a on apoptosis of SH-SY5Y cells after 48 h treatment. Data are
mean *= SEM (n = 4); values significantly different from DMSO:
***p < 0.001 (one-way ANOVA with Dunnett's multiple comparison test).

TAp73a-MDM2 interaction. For this, we first used a previously devel-
oped yeast assay [42]. In this assay, TAp73a-MDM2 interaction in-
hibitor would restore the TAp73a-induced yeast growth inhibition
previously abolished by MDM2. Consistently, LEM2 caused dose-de-
pendent growth inhibition in yeast cells co-expressing TAp73a and
MDM2, while not interfering with the growth of control yeast (empty-
vectors) and yeast expressing TAp73a or MDM2 alone (Fig. 2D). To
confirm these results, co-immunoprecipitation was performed. As ex-
pected, 4 and 5uM LEM2 markedly reduced the amount of MDM2
precipitated with TAp73a (Fig. 2E), while not affecting the amount of
MDM2 precipitated with p53 in HCT116 p53*/* cells (Fig. 2F). These
results corroborated the ability of LEM2 to disrupt the TAp73a-MDM2
interaction, having a p53-independent growth inhibitory effect in
tumor cells. Additionally, it was verified by CETSA that 5-25 uM LEM2
induced thermal stabilization of TAp73a at 56 °C in HCT116 p53~/~
cells (Fig. 2G). Conversely, LEM2 did not increase the melting tem-
perature of MDM2, even at the concentration that caused maximum
TAp73a thermal stabilization (25 uM) (Fig. 2H). These data supported a
potential interference of LEM2 with TAp73a and not with MDM2.
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3.3. LEM2 has TAp73-dependent growth inhibitory activity in mutp53-
expressing human tumor cells, activating TAp73 through disruption of its
interaction with mutp53

The effect of LEM2 on the growth of human tumor cells expressing
distinct mutp53 forms was also investigated by SRB assay (Fig. 3A). The
ICs values (around 1-3 uM) revealed a potent antiproliferative effect of
LEM2 against SK-BR-3 (mutp53-R175H), MDA-MB-231 (mutp53-
R280K), MDA-MB-468 (mutp53-R273H), SW-837 (mutp53-R248W),
and HuH-7 (mutp53-Y220C) cells. The only exception were HT-29 cells
(mutp53-R273H), in which the ICso of LEM2 (20 uM) was much higher
than those in the remaining mutp53-expressing tumor cells, particularly
in MDA-MB-468cells (1.5puM), which express the same mutp53
(Fig. 3A). Interestingly, in HT-29 cells, TAp73a protein levels are much
lower than in MDA-MB-468 cells (Fig. S3B). This raised the hypothesis
that, in mutp53-expressing tumor cells, LEM2 antiproliferative activity
might also be mediated by TAp73 activation. In fact, the ectopic ex-
pression of TAp73a in HT-29 cells (Fig. 3B) significantly enhanced
LEM2 antiproliferative activity (Fig. 3C). Consistently, in MDA-MB-
468 cells, the pronounced LEM2 growth inhibitory activity observed by
SRB (Fig. 3A) and colony formation (Fig. 3D) assay, was associated with
pronounced G,/M-phase cell cycle arrest (Fig. 3E) and apoptosis
(Fig. 3F), and regulation of several TAp73 transcriptional targets. In
fact, in these cells, 1.5uM LEM2 increased TAp73a, p21, Killer, and
PUMA protein levels, while decreasing Bcl-2 and VEGF (Fig. 3G).
Likewise, LEM2 increased mRNA levels of CDKNIA, BAX, and
TNFRSF10B in MDA-MB-468 cells (Fig. 3H). In MDA-MB-468 cells, the
involvement of TAp73a in LEM2 growth inhibitory activity was further
supported by CETSA. In this assay, 1-25uM LEM2 induced TAp73a
thermal stabilization at 52 °C (Fig. 3I), while no increase in the mutp53
melting temperature was observed even at the concentration that
caused maximum TAp73a thermal stabilization (25uM) (Fig. 3J).
Collectively, these results supported the involvement of TAp73 in LEM2
growth inhibitory activity in mutp53-expressing tumor cells.

Since mutp53 interacts with and inhibits TAp73, we interrogated
whether LEM2 would also disrupt the TAp73-mutp53 interaction. To
answer this question, we developed a new yeast assay, consisting of
yeast cells expressing human TAp73a and/or mutp53-R273H, and
control yeast (empty-vectors) (Fig. 4A). In this assay, TAp73a expres-
sion induced marked yeast growth inhibition, which was reverted by
co-expression with mutp53 (Fig. 4B). As such, a reestablishment of
TAp73a-induced yeast growth inhibition would reflect the disruption of
its interaction with mutp53. This was obtained with 20 and 25uM
LEM2 in yeast cells co-expressing TAp73a and mutp53-R273H, while
no effect was observed in control yeast or yeast expressing TAp73a or
mutp53 alone (Fig. 4C). To confirm that the reestablishment of
TAp73a-induced yeast growth inhibition by LEM2 was due to disrup-
tion of the TAp73a-mutp53 interaction, co-immunoprecipitation was
performed. In this assay, 10-25 uM LEM2 visibly decreased the amount
of TAp73a precipitated with mutp53 in yeast (Fig. 4D).

Consistently, in MDA-MB-468 cells, 1 and 2uM LEM2 also visibly
decreased the amount of TAp73a precipitated with mutp53, further
supporting the ability of LEM2 to disrupt the TAp73a-mutp53 inter-
action in human tumor cells (Fig. 4E).

3.4. LEM2 has TAp73-dependent growth inhibitory activity in NBL cells,
sensitizing these cells to the effect of conventional chemotherapeutics

Considering the crucial role of TAp73 in NBL tumorigenesis [31],
the antitumor activity of LEM2 against NBL cells was investigated. To
this end, the growth inhibitory effect of LEM2 against SH-SY5Y cells,
expressing TAp73a, wtp53 (Fig. 5A) [50] and MDM2 (Fig. 5A), was
assessed. In these cells, LEM2 displayed potent growth inhibitory effect
(ICso = 0.50 = 0.03 uM; Fig. 5B), associated with S-phase cell cycle
arrest (Fig. 5C) and apoptosis (Fig. 5D). Notably, this effect was sig-
nificantly higher than that of nutlin-3a (Fig. 5B), a known disruptor of
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Fig. 6. LEM2 has TAp73-dependent growth inhibitory activity in patient-derived NBL cells through regulation of TAp73 transcriptional targets. (A) Dose-response
curves for the growth inhibitory activity of 0.125-6.00 pM LEM2 in five patient-derived NBL cell lines, determined by MTT assay, after 48 h treatment. Data are
mean * SEM (n = 5). (B) Expression of TAp73a, p53 and MDM2 in patient-derived NBL cells visualized by western blot. (C) Effect of 1.4 pM LEM2 on cell cycle
progression of NBL-12, NBL-14, and NBL-40 cells after 48 h treatment. Data are mean + SEM (n = 3); values significantly different from DMSO: *p < 0.05 (two-
way ANOVA with Dunnett's multiple comparison test). (D) Protein levels of TAp73 transcriptional targets in NBL-12, NBL-14, and NBL-40 cells, after 24 h treatment
with 1.4 pM LEM2, visualized by western blot. (E) mRNA levels of TAp73 transcriptional targets measured by RT-qPCR in NBL-12, NBL-14, and NBL-40 cells after
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the TAp73-MDM2 interaction [19] with antitumor activity against NBL S4) expression was detected in NBL-28 and NBL-38 cells.

cells [51]. In TAp73a-expressing NBL cells, the ICsq (1.4 uM) of LEM2 induced
The antitumor potential of LEM2 was also tested in five human Go/G1- (NBL-40) or S-phase (NBL-12 and NBL-14) cell cycle arrest

patient-derived NBL cells expressing wtp53 (p53 status was determined (Fig. 6C). Additionally, it increased TAp73a protein levels, as well as

by FASAY assay; Table S3). In MTT assay, LEM2 reduced cell viability protein (Fig. 6D) and mRNA (Fig. 6E) levels of its transcriptional targets

of all NBL cells, although this effect was less pronounced for NBL-28 p21 (CDKN1A), MDM2, and Bax.

and NBL-38 (Fig. 6A). Interestingly, although all NBL cells expressed The ability of LEM2 to sensitize SH-SY5Y and patient-derived NBL-

p53 and MDM2 (Fig. 6B), no TAp73a protein (Fig. 6B) or mRNA (Fig. 14 cells to the effect of DOXO and cisplatin was also assessed by MTT
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Table 1
Effect of LEM2 in combination with conventional chemotherapeutics, in SH-
SY5Y and patient-derived NBL-14 cells.

Drug combination with Mutually nonexclusive CI Dose reduction index

LEM2 (DRI)
CI Profile
SH-SY5Y cells
DOXO (nM)
9.37 1.007 Additive 2911
18.7 0.859 Synergy 2.688
37.5 0.987 Synergy 1.776
75 0.896 Synergy 1.696
150 0.619 Synergy 2.310
Cisplatin (uM)
0.5 0.803 Synergy 5.120
1 0.899 Synergy 3.003
2 0.860 Synergy 2.470
4 0.889 Synergy 1.948
8 0.787 Synergy 1.949
Patient-derived NBL-14 cells
DOXO (nM)
10.9 0.655 Synergy 3.101
16.3 0.665 Synergy 2.459
24.4 0.827 Synergy 1.713
36.7 0.901 Synergy 1.389
55 0.984 Synergy 1.168
Cisplatin (uM)
0.55 0.938 Synergy 3.557
1.24 0.889 Synergy 2.561
1.87 0.892 Synergy 2.177
2.8 0.780 Synergy 2.256
4.2 0.787 Synergy 1.998

The synergistic effect of LEM2 at 0.21 upM (in SH-SY5Y cells) and 0.48 uM (in
NBL-14 cells), in combination with DOXO or cisplatin, was evaluated using
CompuSyn software to calculate combination index (CI) and conventional
chemotherapeutic dose reduction index (DRI) values for each combined treat-
ment. CI < 1, synergy; 1 < CI < 1.1, additive effect; CI > 1.1, antagonism.
Data were calculated using a mean value effect (n = 5).

assay. Cells were treated with increasing concentrations of each con-
ventional chemotherapeutic, alone or in combination with LEM2 (at a
concentration with no significant effect on cell growth; 0.21 uM in SH-
SY5Y cells, 0.48 uM in NBL-14 cells). The combination of DOXO/cis-
platin with LEM2 significantly increased cytotoxicity compared to
chemotherapeutic drugs alone, in SH-SY5Y (Fig. 7A) and NBL-14
(Fig. 7B) cells. In fact, except for 9.37 nM DOXO in SH-SY5Y cells, a
synergistic effect (CI < 1) was obtained for all tested combination
therapies, in both SH-SY5Y and NBL-14 cells (Table 1). Furthermore,
the DRI > 1 showed a potential reduction of the effective dose of
conventional chemotherapeutics by LEM2 (Table 1).

4. Discussion

TAp73 is a key tumor suppressor protein, particularly in p53-dis-
rupted tumor cells. Besides its ability to transactivate p53 target genes,
regulating cellular processes as cell cycle and apoptosis, additional
tumor suppressor properties have been attributed to TAp73, which are
not shared by p53 [5]. This has strengthened the concept of functional
replacement of impaired p53 by TAp73 in anticancer therapy [17].

Xanthones are a relevant class of O-heterocycles in Medicinal
Chemistry, with several representatives in clinical research [52].
Herein, we report the xanthonic derivative LEM2, as a new TAp73 ac-
tivator with potent antitumor activity. In p53-null and mutp53-ex-
pressing tumor cells, LEM2 displayed pronounced TAp73-dependent
antiproliferative effect through cell cycle arrest and apoptosis. More-
over, it inhibited the growth of tumor cell spheroids, with no geno-
toxicity. Interestingly, in these cells, LEM2 downregulated the angio-
genesis-inducing factor VEGF, suggesting a potential antiangiogenic
activity.



S. Gomes et al.

In an attempt to further understand its mechanism of TAp73 acti-
vation, LEM2 was shown to disrupt the TAp73 interaction with MDM2
and mutp53, both in yeast and in human tumor cells. It is of note that
first evidences are provided in this work supporting the suitability of
the yeast model to screen for TAp73 activators, particularly TAp73-
mutp53 interaction inhibitors. The peculiar ability of LEM2 to inhibit
both the TAp73-MDM2 and TAp73-mutp53 interactions may be ex-
plained by its possible interference with TAp73, as evidenced by LEM2-
induced TAp73 thermal stabilization. This dual LEM2 activity allows to
predict promising therapeutic applications in a wide variety of cancer
types. Additionally, since normal cells typically express low TAp73 le-
vels, its activation by release of inhibitory interactions has been pro-
posed as a selective anticancer therapeutic strategy, with minimal
toxicity on normal cells [6].

Cells have the ability to metabolize aldehydes, a process largely
dependent on the aldehyde and on the cellular content of aldehyde-
metabolizing enzymes, being reduction and oxidation the major meta-
bolic routes for aromatic aldehydes [53]. Therefore, it could be hy-
pothesized that the alcohol and/or carboxylic acid derivatives of LEM2
might be the active species responsible for TAp73 activation, instead of
LEM2 itself. To test this hypothesis, the biological activity of the alcohol
1-(hydroxymethyl)-3,4-dimethoxy-9H-xanthen-9-one (LEMred) and the
carboxylic acid 3,4-dimethoxy-9-oxo-9H-xanthene-1-carboxylic acid
(LEMox) putative metabolites of LEM2 (Supplementary Materials and
Methods) was evaluated. In yeast, none of the two compounds was able
to inhibit the TAp73-MDM2 interaction (Fig. S5A). Concerning the
TAp73-mutp53 interaction, although a significant inhibitory effect was
observed with LEMred, its activity was much lower than that obtained
with LEM2 (Fig. S5B). Most importantly, both compounds displayed
weak antitumor activity, with much higher ICs, values (superior to
25uM, maximal concentration tested) than LEM2 in both HCT116
p53_/ ~ and MDA-MB-468 tumor cells (Fig. S5C). These results support
that the biological activity obtained with LEM2 treatment can be at-
tributed to the molecule itself and not to its alcohol and carboxylic acid
derivatives.

Accumulating data have supported the crucial role of TAp73 in NBL
development and progression. In fact, besides its p53-like tumor sup-
pressive activity, TAp73 also promotes p53 nuclear translocation from
the cytoplasm (where it is inactivated), in NBL cells [54]. Additionally,
TAp73 downregulates N-myc [50], an oncoprotein commonly asso-
ciated with high-risk and poor prognosis of NBL [55,56]. Interestingly,
TAp73 also plays a preponderant role in neuronal differentiation [57],
inducing NBL cell differentiation [58]. Since LEM2 is a TAp73 activator,
we investigated its antitumor potential towards NBL cells. As expected,
in immortalized NBL cells, LEM2 displayed potent antitumor activity,
superior to that of nutlin-3a. Most importantly, the potent TAp73-de-
pendent LEM2 cytotoxic activity was also confirmed in patient-derived
NBL cells, allowing to predict about its effective clinical translation.

Current chemotherapeutic regimens against NBL, particularly high-
risk NBL, include DOXO and cisplatin in intensive induction therapy,
followed by high-dose myeloablative consolidation therapy [59,60].
Interestingly, both DOXO and cisplatin induce proteasomal degradation
of ANp73 [59,61], which is commonly overexpressed in NBL relating to
poor prognosis particularly due to its dominant-negative effect on
TAp73 transcriptional activity [26,62]. However, these regimens have
been associated with significant toxic side effects, and frequent relapse
after remission [60]. The sensitization of NBL cells to these che-
motherapeutics is a promising therapeutic approach, reducing NBL re-
sistance and minimizing the toxicity associated with high doses of these
agents. Herein, we report pronounced synergistic effects between
DOXO/cisplatin and LEM2, which may result from enhancing TAp73
activation through alternative pathways. Consistently, nutlin-3a-in-
duced TAp73 activation has also been reported to enhance the effect of
conventional chemotherapeutics in NBL [32,61].

In conclusion, despite the relevance of TAp73 in anticancer therapy,
effective TAp73-activating agents are still mostly unavailable. In this
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work, we report the TAp73-activating agent LEM2 capable of inhibiting
the TAp73 interaction with both MDM2 and mutp53. The potent anti-
tumor activity of LEM2 towards primary patient-derived NBL cells, both
alone and in combination with conventional chemotherapeutics, may
predict promising clinical applications in NBL therapy.
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