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SUMMARY

TP53 is the most frequently mutated gene in cancer, yet these mutations remain ther-
apeutically non-actionable. Major challenges in drugging p53 mutations include heter-
ogeneous mechanisms of inactivation and the absence of broadly-applicable allosteric
sites. Here we report the identification of small molecules including arsenic trioxide
(ATO), an established agent in treating acute promyelocytic leukemia, as cysteine-
reactive compounds that rescue structural p53 mutations. Crystal structures of arse-
nic-bound p53 mutants reveal a cryptic allosteric site involving three arsenic-coordi-
nating cysteines within the DNA-binding domain, distal to the zinc-binding site. Arsenic
binding stabilizes the DNA-binding loop-sheet-helix motif alongside the overall 3-sand-
wich fold, endowing p53 mutants with thermostability and transcriptional activity. In
cellular and mouse xenograft models, ATO reactivates mutant p53 for tumor suppres-
sion. Investigation of the most frequent twenty-five p53 mutations informs patient strat-
ification for clinical exploration. Our results provide mechanistic basis for repurposing

ATO to target p53 mutations for widely-applicable yet personalized cancer therapies.

Page 2 of 51



INTRODUCTION

Large-scale cancer genome studies have converged on TP53, which encodes the tu-
mor suppressor and transcription factor p53, being the most commonly mutated gene
in human cancer (Kandoth et al., 2013; Zehir et al., 2017), yet p53 mutations remain
hitherto therapeutically non-actionable (Levine, 2019).

Distinct from mutations in oncogenes such as KRAS and PIK3CA that cluster at a
codon or two, the majority of TP53 mutations are missense in cancer with a wide co-
don distribution (Olivier et al., 2010; Zehir et al., 2017). Crystallographic analysis of
p53—DNA interactions suggested divergent structural mechanisms of inactivation by
missense mutations (Cho et al., 1994; Joerger and Fersht, 2008). Some of these p53
mutations (such as those at mutational hotspots Arg248 and Arg273) eliminate direct
DNA contacts, whereas many of the remaining mutations compromise the wild-type
DNA-binding domain (DBD) structure, first termed structural p53 mutations (such as
those at hotspots Arg175, Gly245, Arg249, and Arg282) (Cho et al., 1994). It is there-
fore a formidable challenge to rescue p53 mutations of heterogeneous inactivating
mechanisms with a single agent.

A further complication of drugging p53 mutations is the absence of an established
allosteric regulatory site of broad applicability within its DBD. Targeting the zinc-coor-
dination site for drug development has proven problematic, although a lead compound
that delivers zinc showed p53-R175H-specific activities (Yu et al., 2012). One note-
worthy site, albeit unique to Y220C, involves a surface crevice away from the DNA-
binding surface (Joerger et al., 2006). A class of related small molecules have been
developed that insert into the crevice, thereby stabilizing this p53 mutant (Boeckler et
al., 2008; Joerger and Fersht, 2010). Regrettably this Y220C-specific binding cleft is

not applicable to other p53 mutants.
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Over the past decades, myriad lead compounds that show potential in rescuing
cancer-derived p53 mutations have been identified (Joerger and Fersht, 2016; Levine,
2019). Many of these compounds, including the clinical-stage APR-246 (PRIMA-1MET,
a derivative of PRIMA-1) (Bykov et al., 2002; Bykov et al., 2005) share the intriguing
feature of the capacity to bind thiol groups of cysteines (Joerger and Fersht, 2016;
Olivier et al., 2010). With this inspiration, we further hypothesized that compounds
capable of binding multiple cysteines could stabilize p53 when the DBD fold is com-
promised by structural mutations (Figure 1A). We set out to identify generic com-
pounds that could rescue structural p53 mutations, which collectively account for more

than half of all p53 alterations.
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RESULTS

Identification of Arsenic Compounds

We devised a screen to seek small molecules that rescue structural p53 mutations
through binding multiple cysteines (Figure 1B). We first mined data from the NCI-60
Human Tumor Cell Lines Screen for compounds that preferentially inhibit the growth
of cell lines with p53 mutations at structural hotspots (five lines: RXF 393 [R175H],
CCRF-CEM [R175H/R248Q], HOP-92 [R175L], SK-MEL-2 [G245S], and BT-549
[R249S]) (referred to as sensitive cell lines; Figures 1B and S1A; Table S1). In the
NCI-60 ensemble there are 14 cell lines that are wild-type for p53 and a further 15
lines with other types of p53 defects (including mutations of residues that contact DNA),
which we deemed insensitive to the desired compounds (Figure S1A; Table S1). The
remaining 26 cell lines were excluded from the analysis because of either inconclusive
p53 status or less-characterized p53 missense mutations (Figure S1A; Table S1).
Contrary to the 29 insensitive cell lines, we found 1,868 small molecules that prefer-

entially inhibited the growth of the five cell lines with structural p53 hotspot mutations

(correlation score > 0.3, P value < 0.05) (Figure 1B; see Figures 1C and 1D for ex-

amples, and Figure 1E for a control; Table S2) using CellMiner (Reinhold et al., 2012),
out of the 20,861 Developmental Therapeutics Program (DTP) (Shoemaker, 2006)
compounds after quality control.

Based on the proposed thiol-binding substructures (Figure S1B; substructures 5
and 8 potentially bind multiple cysteines whereas the others could only bind one cys-
teine), we predicted 486 compounds with potential to simultaneously bind multiple cys-
teines from the 1,868 compounds noted above (Figure 1B and S1B; Table S2; selec-

tion criterion: containing substructure 5 or 8, or at least two of substructures 1-8; see
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Figure 1C for examples). Out of the 486 compounds identified in the in silico screen,
we were only able to acquire 64 commercially (Table S2). They were used to treat
H1299 cells (null for endogenous p53) transfected with p53-R175H, a prototypic struc-
tural p53 mutant allele as well as the most common p53 mutation (Figure 1A). Treated
cells were assayed for reactivity to the well-characterized PAb1620 antibody (Figures
1F and S1C; see Figure S1D for data for all 64 compounds), which preferentially rec-
ognizes folded p53 (such as the wild-type p53 and p53-R273H) (Wang et al., 2001).

Our pipeline identified four candidate compounds (Figure 1C). NSC90616 contains
two a,B-unsaturated carbonyls, a thiol-binding substructure found in many reported
mutant p53 rescue compounds (Figure S1E) (Joerger and Fersht, 2016). Intriguingly,
all the other three compounds—NSC3060 (KAsO2), NSC92859 (arsenic trioxide/ATO),
and NSC405640—contain thiol-binding metals (Figure 1C). As a control, Nutlin-3a—
an inhibitor of the MDM2-p53 interaction—selectively inhibits the growth of cell lines
with wild-type p53 (Figures 1D and 1E; Table S3) (Vassilev et al., 2004). Our proce-
dure did not identify PRIMA-1 or NSC319726 in the DTP repositories (Figure S1F;
Table S3), presumably due to their activities on different spectrums of p53 mutations
(for example, including those at DNA-contacting Arg273 for PRIMA-1 and R175H-ex-
clucivity for NSC319726) (Bykov et al., 2002; Yu et al., 2012). In the PAb1620 im-
munoprecipitation (IP) assay, ATO and KAsO:2 induced striking promotion of p53-
R175H folding while NSC405640 and NSC90616 displayed much weaker activities
(Figures 1F and S1D).

ATO is a clinical antineoplastic drug for treating acute promyelocytic leukemia (APL),
through targeting the oncogenic PML-RARa (Zhang et al., 2010). We thus proceeded
with evaluating the effects of ATO on folding of the four structural p53 hotspot mutants

found in the aforementioned five NCI-60 cell lines. Consistent with previous findings
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(Bullock et al., 2000), p53-G245S and p53-R249S displayed more PAb1620 epitope
than p53-R175H before ATO treatment (Figures 1G). ATO demonstrated effective-
ness in increasing PAb1620 reactivity for all four tested structural p53 mutants, to lev-
els comparable to wild-type p53 (Figure 1G). To systematically evaluate ATO-medi-
ated conformational rescue of endogenous mutant p53, we collected a panel of cancer
cell lines expressing mutant p53 covering all six mutational hotspots (Figure 1A) for IP
with PAb1620 alongside PAb240, a classical p53 antibody that specifically recognizes
unfolded DBD (Cho et al., 1994; Gannon et al., 1990) (Figures 1H and S1G). Upon
ATO treatment, loss of PAb240 reactivity was always juxtaposed with gain of PAb1620
reactivity for each and every structural hotspot p53 mutant, regardless of cell lines
used (Figures 1H and 11). Moreover, ATO was able to promote the folding of p53-
R172H (the murine equivalent of human p53-R175H) in mouse embryonic fibroblasts
(MEFs) as assayed using appropriate antibodies (Figures 1H and 11). A dose titration
showed that as low as 0.1 yg/mL ATO was sufficient to promote p53-R175H folding
(Figure S1H), which compares well with the ATO concentrations used in assays for
APL-derived NB4 cells (Chen et al., 1997; Chen et al., 1996), and the promotion oc-
curred as soon as 15 min after ATO administration (Figure S1H). Therefore, our multi-
tier screen identified arsenic-containing compounds effectively reactivating the most

frequent structural p53 mutants.

ATO Stabilizes p53 Folding by Covalent Binding

We next compared ATO to reported mutant p53-reactivating compounds (after con-
centration optimization for each compound, see Figure S2A) in folding p53-R175H in
the PAb1620 IP assay (Figure 2A). In line with earlier reports (Bykov et al., 2002; Yu
et al., 2012), we observed increases of PAb1620 epitope to 1.9 fold for PRIMA-1 and
2.6 fold for NSC319726 (Figure 2A). Remarkably, ATO increased PAb1620 reactivity
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of p53-R175H to ~74 fold, close to wild-type p53 (Figure 2A). PhiKan083 was reported
as an allele-specific reactivating compound for Y220C (Boeckler et al., 2008). Phi-
Kan083 did not promote PAb1620 reactivity of p53-R175H in our assay, yet stabilized
p53-Y220C to ~2.7 fold (Figure S2B).

Classically, structural p53 mutations are considered to compromise the wild-type
DBD structure and reduce thermodynamic stability (Bullock and Fersht, 2001). To as-
say directly the ATO-induced thermal stabilization of p53, we purified recombinant p53
DBD constructs with the four most frequent cancer-derived structural mutations (Fig-
ure 1A), and measured their thermodynamic stabilities using differential scanning flu-
orimetry (DSF) (Figure 2B). The assay conditions were probed with R175H (Figures
S2C-S2E). In accordance with published results (Bullock et al., 2000) and our
PADb1620 data (Figures 1G—11), R175H is highly destabilizing whereas G245S is mod-
erately destabilizing in the DSF assay (Figures 2B for assays using buffer with 150
mM NaCl added; Figure S2F for those without supplemented NaCl). ATO raised the
melting temperature (Tm) of the tested mutant p53 DBDs by 0.9-6.5 °C (Figure 2B and
S2F). Intriguingly, we found that less ATO was needed to plateau DBD stabilization
for R282W than R175H (Figures 2B, S2F, and S2G). In this assay we also bench-
marked ATO against the panel of mutant p53-reactivating compounds, and ATO
demonstrated substantial stabilizing effects compared to the other compounds for the
four mutant DBDs (Figure 2C).

Structural mutation-induced p53 destabilization and aggregation contribute to its
loss of tumor-suppressive functions in cancer (Wilcken et al., 2012). In an aggregation
assay based on thioflavin T binding, ATO rescued mutation-expedited aggregation of
p53 DBD, except G245S (Figures 2D and S2H). In addition, we assessed endogenous

p53-R175H in Detroit 562 cells in a glutaraldehyde (GA) fixation-based aggregation
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assay (Friedman et al., 1993), where ATO apparently decreased full-length R175H
aggregation in a dose-dependent manner (Figure 2E).

We next investigated p53 DBD-ATO interactions by mass spectroscopy (MS). In
denaturing MS, ATO incubation led to an increase in molecular weight of ~72 dalton
(Da) for the four structural p53 DBD mutants (Figures 2F and S2I). A likely scenario is
covalent binding between p53 and As atom (75 Da) accompanied with loss of 3 pro-
tons. Indeed, other As-containing compounds, such as Asls, were also able to induce
clear As incorporation into p53 DBD mutants (Figure S2J). We noted differences
among the mutants in bound As, which mirrored what we observed in the DSF assay
(Figures 2B, 2F, S2F, and S2I). We next explored the DBD-ATO interaction in native
MS. p53-R249S retained a zinc (Zn) atom (Figure 2G, upper panel), which was lost
under the denaturing condition (Figure 2F, upper panel). Notably, p53-R249S incu-
bated with ATO appeared to have a Zn atom and an As atom bound simultaneously
in native MS (Figure 2G, lower panel), suggesting concurrent As and Zn binding to

p53 at two distinct sites.

Crystal Structures of As-Bound p53 Mutants

In pursuit of the mechanism of As-mediated structural stabilization, we determined the
crystal structures of two representative As-bound p53 DBD mutants (G245S and
R249S; Table S4). Unfortunately, we did not manage to crystallize R175H DBD, de-
spite substantial stabilization by ATO. ATO-soaked DBD-G245S crystals permitted
structure determination at 2.15 A (Figure S3A, four copies in the crystallographic
asymmetric unit), and Asls-incubated DBD-R249S crystals at 1.75-A resolution (Figure
S3B, two copies in the asymmetric unit). Each of the DBD molecules in our final mod-

els has a Zn atom bound at the expected Zn-coordination site and an As atom bound
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in a cryptic binding site (Figures 3A-3C and S3). Overall, the As complexes superpose
well with published p53 DBD structures (Figures S3C-S3H).

In the As-bound G245S DBD, Ser245 adopts a modestly unfavorable main chain
conformation and orientates its hydroxyl group, which displaces a structural water mol-
ecule, towards the zinc-binding site of p53 (Figure 3D). In addition, G245S induces a
flip of the peptide bond between Met243 and Gly244, as observed previously (Figure
3D) (Joerger et al., 2006). In As-bound R249S DBD, the L3 loop of one DBD molecule
assumes an extended conformation, whereas the one from the other DBD molecule
is disordered in the crystal structure (Figure 3E). In both copies, the hydroxyl group of
Ser249 replaces a structural water molecule in the hydrogen bond network between
the L2 and L3 loops, as described previously (Suad et al., 2009). Intriguingly, there is
an intermolecular salt bridge between Arg174 from the p53 molecule with a disordered
L3 and Glu171 from the other p53 molecule (Figure 3F). In the wild-type p53 DBD, this
Glu171 forms an intramolecular salt bridge with Arg249 (Figure 3F). In summary, the
As-bound G245S and R249S DBDs superpose well with wild-type DBD at global fold-

ing, however retain alternation at local DNA-binding L3 loop.

The As-Binding Pocket

In each of the six DBDs, for both G245S and R249S, an As atom is evidently coordi-
nated by Cys124, Cys135, and Cys141 (Figures 4A, 4B, and S3). In addition, the side
chain of Met133 orientates towards As and makes van der Waals interactions with the
As atom (Figures 4A and 4B). These four sulphur-containing p53 residues define the
As-binding pocket (ABP). The ABP situates at the joint between the 3-sandwich scaf-
fold and the DNA-binding LSH motif (Figure 4C), in the vicinity of the DNA-binding
surface (Figure 3A), and thus is well-positioned to function as an allosteric regulatory
site. The side chains of the ABP residues are packed between the S2—-S2’ hairpin of
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the LSH motif and the S3 and S8 strands of the opposite B sheet of the core sandwich
fold, contributing to the hydrophobic interactions that stabilize the LSH motif and the 3
sandwich, and their juxtaposition (Figures 4C and 4D). While three out of the four Zn-
coordinating residues are solvent-accessible, the ABP is cryptic with only Cys124 be-
ing surfaced-exposed (Figure 4E).

The covalent interactions of As with the coordinating cysteines result in a pro-
nounced reorganization of the binding pocket (Figure 4F). Specifically, Cys141 adopts
one of two favored alternative conformations to bind As. This Cys141 rotamer points
towards Met133, which in turn displays a preferred rotamer conformation that avoids
steric clash (Figure 4F, left panel). Cys135 rotates away from the usual As-free con-
formation and appears to adopt two rotamer conformations to bind As (Figure 4F, right
panel). In both cases, the sulphur atoms of the cysteines form the bases of triangular

pyramids with As at the apex of each pyramid (Figures 4A, 4B, and 4F).

Mechanism of Regulation and Rescue
We proceeded to investigate the As-binding allosteric site in ATO-mediated rescue.
As expected, single alanine substitution of each of the three As-coordinating cysteines
(Figure 4G) and concurrent alanine substitutions of Cys135 and Cys141
(C135A/C141A) (Figure 4H) largely prevented ATO-mediated display of the PAb1620
epitope on p53-R175H. Conversely, mutations of the other two cysteine clusters
(C238A/C242A and C275A/C277A) in the p53 DBD did not appreciably diminish As-
induced PAb1620 reactivity (Figure 4H).

Previous efforts to engineer stabilizing p53 mutations inspired by evolution con-
verged on alterations of ABP residues, including M133L (Nikolova et al., 1998), C135V

(Petty et al., 2011), and C141V (Petty et al., 2011) (Figure S4). In line with these find-

Page 11 of 51



ings, in our PAb1620 assay, valine substitutions C135V, C141V, and, to a lesser ex-
tent, C124V all increased the PAb1620 reactivity of p53 mutant R175H (Figure 41). A
leucine at position 133 coupled with a tryptophan at codon 124 seems a prominent
feature of p63, p73, and some invertebrate p53 orthologues (Figures 4J), and an ap-
parently favorable arrangement for structural stability (Figures 4K).

Therefore, the covalent As incorporation at the ABP seems to compensate for the
relatively small and less hydrophobic side chains of cysteines in this hydrophobic
pocket of human p53, in a way similar to the bulkier and more hydrophobic residues
found at equivalent positions throughout evolution. It locks the side chains of the ABP
residues in position, thereby stabilizing the LSH motif, the B-sandwich fold, and notably
the anchor of LSH to the B sandwich integrating the LSH motif with the 3-sandwich

backbone into a rigidified DNA-binding posture.

Transcriptional Reactivation by ATO

Transcriptional activities are central to p53-mediated tumor suppression. In a classical
luciferase reporter assay, ATO preferentially reactivated the structural mutants on the
representative p53 response elements (REs) of BBC3/PUMA and CDKN1A in p53-
null H1299 cells (Figures 5A and S5A). In comparison, the effects of ATO on the DNA-
contact mutants were less pronounced. More detailed analyses of the structural mu-
tant R282W showed ATO-mediated transcriptional reactivation in all tested cell lines
despite RE- and cell line-specific variations (Figure 5B), and in a dose-dependent
manner (Figure 5C). Consistent with structural observations, alanine substitution of
each of the As-coordinating cysteines largely abolished the reactivation of R282W by
ATO (Figure 5D). As discussed above, the surface-exposed As-coordinating Cys124
of human p53 is substituted with a tryptophan in paralogs p63 and p73, and ATO did
not rescue p53 R282W-equivalent mutation in p63 (R352W) (Figure 5E, left panel).
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p63(CMCC)-R352W (p63-R352W with the p53 ABP-equivalent residues) was tran-
scriptionally rescued by ATO, and p53(WLCC)-R282W (p53-R282W with p63-equiva-
lent residues at the ABP) was not (Figure 5E, right panel).

To demonstrate reactivation of endogenous mutant p53 by ATO, we further as-
sayed expression of classical p53 transcriptional targets at RNA (Figures 5F and S5B)
and protein (Figures 5G and S5C) levels using the panel of cancer cell lines tested in
the IP experiment (Figure 1H). Broadly speaking, reactivation of the tested p53 targets
(p21, PUMA, and MDM2) was evident in cell lines with structural p53 mutants but was
less marked in those with DNA-contact mutants (Figures 5F, 5G, S5B, and S5C; sum-

marized as Figure S5D), consistent with the reporter assay.

ATO Reactivates Mutant p53 for Tumor Suppression

We next used cell line-derived xenograft (CDX) and patient-derived xenograft (PDX)
mouse models to study mutant p53 reactivation by ATO in tumor suppression. 5 mg/kg
ATO was used because this dosage was widely used in APL mouse models (Jing et
al., 2001; Lallemand-Breitenbach et al., 1999). In addition, this dosage yielded 0.05—
0.2 ug/ml As plasma concentration in mice (Hughes et al., 1999; Modi et al., 2005),
which can be achieved in ATO-treated APL patients without profound toxicity (Hu et
al., 2009; Zhu et al., 2013).

CEM-C1 cells expressing endogenous p53-R175H—which showed ATO-mediated
rescue in our cellular assays (Figure S5D)—was tested in the CDX model. CEM-C1
cells were intravenously injected into the NOD/SCID mice on day 1 (Figure 6A and
S6A). CEM-C1 (human CD45+) clonal expansion was detectable in peripheral blood
(PB) at day 22, accounting for > 0.05% of PB cells (Figures 6B and S6B). Daily ad-
ministration of ATO from day 23 onwards significantly extended the lifespan of ATO-
injected mice with a median survival increased from 32 to 46 days (Figure 6C). The
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lifespan extension of ATO-treated mice inversely associates with CEM-C1 clonal ex-
pansion in PB as the averaged percentages of CEM-C1 cells in PB on day 26 are 0.6%
in the control mice and 0.1% in the ATO-treated mice (Figure 6B and S6B).

To investigate further whether ATO is able to suppress solid tumor growth by reac-
tivating p53-R175H, we used an engineered H1299 cell line (p53-R175H-Tet-Off), in
which the expression of p53-R175H can be silenced by doxycycline (Dox) treatment
(Figure S6C) (Yap et al., 2004). We confirmed that ATO could restore transcriptional
activity to p53-R175H (Figure S6D), induced the protein expression of p53 targets
(Figures S6E), and reduce cell viability (Figure S6F). With this in vitro confirmation,
the H1299 p53-R175H-Tet-Off cells were subcutaneously injected into nude mice on
day 1 and tumor growth was monitored (Figures 6D and S6G). From day 21 onwards,
ATO was administered daily. The most profound tumor-suppressive impact of ATO
was observed in high p53-R175H expressing H1299 tumors (without Dox treatment;
Figures 6E and 6F). Despite large variations, the averaged tumor size and tumor
weight of ATO-treated high p53-R175H-expressing H1299 tumors on day 48 were ap-
proximately 10-20% of those of untreated tumors (Figures 6E, 6F, and S6H). Addition
of Dox in drinking water resulted in low p53-R175H-expressing H1299 tumors (Figure
6E), wherein ATO had minimal impact on the averaged tumor size and tumor weight
(Figures 6E, 6F, and S6H). These results illustrated that ATO suppresses tumor
growth by reactivating p53-R175H.

We next employed non-small cell lung carcinoma (NSCLC) PDX harboring p53-
R282W. Initially, 48 nude mice were inoculated with NSCLC tumor tissues on day 1
(Figures 6G and S6l1). On day 37, 16 mice with similar tumor sizes were selected to
carry out randomized drug treatment to minimize the variation in initial tumor sizes

caused by heterogeneity among mice. Treatment with ATO daily reduced tumor size
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and weight by 42.9% and 25.6%, respectively, on day 57, with minimal effect on mouse
body weight (Figures 6G, 6H, S6J, and S6K). Cisplatin, a first-line chemotherapeutic
agent for NSCLS in clinics, was used as a positive control. Interestingly ATO and cis-
platin suppressed tumor growth at a similar level (Figures 6G, 6H, and S6K), and nei-
ther treatment affected the amount of p53-R282W detected in the isolated tumors,
using immunoblotting and immunohistochemistry staining (Figures 61-6K). Upregula-
tion of p21 was mainly detected in ATO-treated but not in cisplatin-treated PDX tumors
(Figures 61-6K). In contrast, enhanced y-H2A.X (phosphorylated Ser139 H2X, a
marker of DNA damage) expression was more profound in cisplatin- but not in ATO-
treated tumors in comparison to PBS controls. Thus, ATO and cisplatin likely sup-
pressed tumor via different mechanisms. Taken together, ATO has the potential to
treat leukemia more widely as well as inhibit solid tumor growth in vivo, which we at-

tribute, at least in part, to ATO reactivating structural mutant p53.

Applicable Spectrum of p53 Mutations

We next assessed the 25 most frequent p53 mutations found in cancer (Figure 7A; as
collated in the IARC, R19) for ATO-mediated rescue. These 25 mutant alleles collec-
tively account for 40.87% of p53 missense mutations in cancers, and all map to the
p53 DBD (Figures 7A and S7A). Our structural analysis of these mutations predicted
that all, except mutations at DNA-contacting Ser241, Arg248, and Arg273, compro-
mise the wild-type p53 structure. Indeed, all the 19 structural p53 mutants showed
reduced PAb1620 reactivities, most of which are rescued, albeit to varying extents, by
ATO (Figures 7B). Apparently, mutations V157F, R158H, Y205C, and Y220C, which
are distant from the As-binding site and in the vicinity of the PAb1620 epitope (Wang

et al., 2001), were not rescued by ATO in PAb1620 IP (Figures 7B), yet it is not clear
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whether these results reflected overall p53 folding or local structural changes that pre-
cluded PAb1620 binding. Intriguingly, specific mutant alleles affecting DNA-contacting
p53 residues (S241F and R248W) displayed attenuated PAb1620 IP signals (Figure
7B), in line with a previous proposal that certain DNA-contact p53 mutants are also
structural (Bullock and Fersht, 2001; Wong et al., 1999). The folding of these mutants
appeared to be partially rescued by ATO (Figure 7B).

In the luciferase reporter assay, ATO did not significantly reactivate any DNA-con-
tact p53 mutants (Figure 7C). In contrast, the structural p53 mutations V272M, R282W,
E285K, and Y234C were rescued potently by ATO in transactivation (Figure 7C). Cu-
riously, these mutations showed less impressive absolute increases in PAb1620 re-
activity (Figure 7B). We speculate that such LSH mutations have disproportional im-
pacts on PAb1620 recognition because of the DBD topology (i.e. strand 10 connecting
a loop in the vicinity of PAb1620 epitope to the C-terminal helix). This notion is further
supported by PAb240 analysis where such mutants demonstrated substantial loss of
PAb240 reactivity upon ATO treatment, similar to R175H (Figures 1H, 11, and S7B).
Of note, these mutations were described as more promising targets for rescue by ge-
neric small-molecule drugs (Joerger et al., 2006). The remained mutations, such as
R249S and G245S, were rescued with transcriptional activity to considerably varying
degrees.

We then investigated reactivation of mutant p53 by ATO in growth inhibition of can-
cer cell lines (Figure 7D). ATO showed significantly stronger killing towards the cancer
cell lines with structural p53 mutations (Figure 7D). We noticed some lines without
structural p53 mutations were also somewhat sensitive to ATO treatment by showing

ICs0 < 1 ug/ml (Figure 7D, right panel), such as the MDA-MB-468 harboring the R273H
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mutant that was not rescued by ATO in our other assays. This implies p53-independ-
ent effects of ATO in inhibiting cancer cells. To ascertain the involvement of mutant
p53 in ATO-mediated growth inhibition, we ablated p53 using siRNA in these cells
(Figure 7E). The ablation of p53 substantially increased ICso of ATO in Loucy, but not
in MDA-MB-468 or A431. Therefore, growth inhibition by ATO is in part mediated by
p53-V272M in Loucy, but not apparently associated with p53-R273H in either MDA-
MB-468 or A431. We next characterized endogenous V272M and R273H activities in
response to ATO (Figures 7F-7H). In the ChIP-gPCR assay, we found elevated bind-
ing of V272M to all tested p53 response elements (REs) in Loucy, but not for the
R273H mutant in MDA-MB-468 or A431 (Figure 7F and S7C). In line with the ChIP
results, we found significant upregulation of the p53 targets on RNA and protein levels
in Loucy, but not in MDA-MB-468 or A431 (Figures 7G and 7H). Similar observations
were also made in other cancer cell lines (LK2 and TE-1) expressing endogenous
V272M (Figures S7TD-S7F).

To enable a glimpse of the transcription reactivation profiles by ATO, we generated
two isogenic cell lines in which p53-deleted HCT116 cells were introduced with either
p53-R282W or p53-V272M, two mutants transcriptionally reactivated by ATO. These
two isogenic lines were treated with ATO, followed by RNA sequencing (Figure 71).
Among the 116 consensus p53 targets (Fischer, 2017), the majority are upregulated
by ATO in both V272M and R282W lines (Figures 71 and S7G; Table S5). The two
transcription profiles are highly correlated (r = 0.61 and P = 0.00) yet exhibit mutant-
specific signatures (Figures 71, S7G, and S7H). Intriguingly RCHY1, encoding p53-
regulated ubiquitin ligase Pirh2 that promotes p53 degradation, was upregulated by

ATO (Figure S7G), in line with previous reports (Yan et al., 2014; Yan et al., 2011). In
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the pathway enrichment analysis for ATO-upregulated genes in NCI-Nature and Pan-
ther databases, direct p53 effectors and p53 pathway were the most enriched path-

ways, respectively (Figure S71).
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DISCUSSION

Here we report that As binds to a cryptic cysteine triad to rescue structural p53 mutants.
It is noteworthy that As-binding cysteine triad may exist in other proteins and contribute
to p53-independent anti-cancer activity or toxicity of ATO (Kitchin and Wallace, 2006).
A typical example is the one in the oncogenic PML-RARa fusion protein in APL (Zhang
et al., 2010). Notably, the specific binding of As to the cysteine triad of ABP pocket is
distinct from other single cysteine-reactive p53 rescue compounds such as APR-246
(Zhang et al., 2018), which promiscuously bind spatially-distant, surface-exposed cys-
teines.

Based on the extrapolation on the 25 most frequent p53 mutations, ATO has the
potential to rescue a broad spectrum of p53 mutations in cancer (Figures 7J and 7K;
22.7%, 1.3%, and 34.3% of missense mutants were rescued in structural stability,
transcriptional activity, and both, respectively). Despite the universal structural rescue
among structural mutants, their transcriptional activity was not always efficiently res-
cued. Crystal structures of three hotspot mutants upon global refolding provide some
clues—the efficiently rescued R282W mutant retains intact DNA-binding surface
(Joerger et al., 2006) whereas in our study R249S and G245S mutants that are less
efficiently rescued retain local alternations at the DNA-binding surface. Thus, the in-
tegrity of local DNA-binding surface, in addition to global folding, apparently deter-
mines the efficiency of ATO-mediated transcriptional activity rescue. In relation to pre-
cisely recruiting cancer patients that most likely benefit from ATO treatment, quantita-
tive determination of ATO rescue efficiencies for the hundreds of structural p53 muta-
tions is optimal.

Curing APL with ATO in combination with retinoid acid has provided a paradigm for

targeted cancer therapies (de The et al., 2017; Wang and Chen, 2008). Encouragingly,
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therapeutic potential of ATO was reported in other hematological (Hu et al., 2020;
Wang et al., 2013) and some solid tumors (Wang et al., 2015; Wang et al., 2017) in
clinics. Anti-cancer activity of ATO was also reported in p53-mutated cancer cells in
vitro (Liu et al., 2003; Yan et al., 2014; Yan et al., 2011). Our study, alongside these
previous works, suggests potential of repurposing ATO in treating p53-mutated cancer
patients. A phase | PANDA (P53 AND As) clinical trial for p53-mutated hematological

malignancy patients is ongoing (NCT03855371).
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FIGURE LEGENDS

Figure 1. Identification of arsenic compounds

(A) Codon distribution of nonsynonymous TP53 mutations (IARC; R18) (top left), the
most frequent mutations (bottom left), and locations of p53 mutational hotspots and
cysteines mapped onto a p53—-DNA complex (PDB: 1TUP).

(B) Screen overview.

(C) Chemical structures of the 4 compounds identified from the screen.

(D and E) Plot graphs of the Glso of the indicated compounds on the NCI-60 cell lines.
See STAR Methods for details.

(F and G) PAb1620 IP for the 4 hits. H1299 cells expressing the indicated p53 mutants
were treated with compounds overnight (1 ug/ml ATO used unless otherwise indi-
cated); cells were lysed, followed by PAb1620 IP and immunoblotting using DO1 and
a secondary antibody that specifically recognizes the light chain.

(Hand 1) PAb1620, PAb240, and PAb246 IP for cells expressing endogenous p53. (H)
Cells were treated with ATO overnight, followed by IP using the indicated antibodies.
Representative immunoblotting from two biological replicates was shown. (l) The sig-
nal density ratios of the immunoprecipitated p53 in (H) were quantified. Bars represent
mean (n = 2).

See also Figure S1 and Table S1 — S3.

Figure 2. ATO stabilizes p53 by covalent binding
(A) PAb1620 IP assay for p53-R175H in H1299 cells. Cells were treated with the indi-
cated compounds overnight under the concentrations shown in brackets (ug/mL). Bar

graph shows the mean PAb1620 IP efficiency (n = 2).
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(B) Recombinant p53 DBDs were mixed with ATO at indicated ratios in 20 mM HEPES
(pH 7.5) containing150 mM NaCl overnight. Melting curves were measured by DSF.
Right panel shows the calculated Tm.

(C) Calculated Tm of p53-R175H upon incubation with the indicated compounds in 20
mM HEPES (pH 7.5) overnight.

(D) The indicated DBDs after ATO incubation was mixed with thioflavin T dye. Aggre-
gated protein signal was measured at 37°C for 1 h.

(E) Detroit 562 cells (R175H) were treated with indicated concentration of ATO, fixed
with or without 0.03% (v/v) glutaraldehyde, followed by p53 immunoblotting.

(F and G), Denaturing (F) and native (G) MS spectra of the purified R249S DBD before
or after ATO incubation (1:5 molar ratio).

In (B and C), bars represent mean £ s.d. (n = 3). In (D), representative results from
two independent experiments was shown.

See also Figure S2.

Figure 3. Structures of As-Bound p53 Mutants

(A) Cartoon representation of a p53—DNA complex (wild-type DBD, 1TUP chain B).
The LSH motif is colored in blue while the L2 and L3 loops are in cyan. The Zn coor-
dinating residues and cysteines in the As-binding site are shown as sticks.

(B and C) Cartoon illustration of an As-bound G245S (chain D) (B) and cut-through of
surface representation of an As-bound R249S (chain A) (C) from a perspective equiv-
alent to (A).

(D—F) A close-up of the local structure of L3 loop. (D) An As-bound G245S DBD su-
perposed with wild-type DBD and As-free G245S DBD. The structural water molecule
observed for wild-type p53 is displaced by S245. (E) An As-bound R249S DBD super-
imposed with wild-type DBD and As-free R249S DBD. Zn from wild-type DBD is shown
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as a sphere. The dashed orange curve indicates a disordered region. (F) An As-bound
R249S DBD superimposed with wild-type DBD. The Ser249/Arg249, Glu171 and
Arg174 are shown as sticks. Salt bridges are indicated with dashed lines.

See also Figure S3 and Table S4.

Figure 4. The Cryptic As-Binding Pocket

(A and B) The As-coordination site of G245S DBD (A) and R249S DBD (B) with the
ABP residues shown as sticks. Electron density (2Fo—Fc map, contoured at 2 o) within
a 4-A radius of the As coordinates and for the side chains of ABP residues and the As
atom is illustrated as blue mesh. The covalent S—As bonds are indicated as dashed
lines.

(C) Cartoon representation of G245S DBD with the LSH motif colored in green while
the rest of the molecule is in grey.

(D) R249S DBD with ABP residues shown as sticks. Electron density (2Fo—Fc at 2 o)
for the As and the side chains of the ABP and surrounding hydrophobic residues is
illustrated as blue mesh.

(E) Nlustration of G245S DBD (left panel) and solvent-accessible surface representa-
tion of the ABP (upper right) and the Zn-coordination site (lower right). The side chains
of the ABP and the Zn-coordinating residues are shown as sticks, and are omitted
from the surface representation for clarity.

(F) An apo p53 DBD and a DNA-complexed p53 DBD are superimposed on the As-
bound DBD-R249S with ABP residues shown as sticks. Side chain rotations induced
by As binding are indicated by arrows.

(G —1) PAb1620 IP assay for the indicated p53 mutants in ATO-treated H1299 cells.

In (H), the vertical lines indicated the blots were cut and spliced together.
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(J and K) Sequence and structural alignments of p53 homologs. (J) The so-termed
conserved region Il of p53 homologs is shown with identical residues and the ABP-
corresponding residues highlighted. (K) Close-up views of the ABP-equivalent resi-
dues from crystal structures of p53 orthologs (left) and paralogs (right).

See also Figure S4.

Figure 5. Transcriptional Reactivation by ATO

(A) Luciferase reporter assay of the indicated six p53 hotspot mutants for the indicated
targets upon ATO treatment for 24 h in H1299 cells. Bar graph shows normalized
relative luciferase unit (RLU). Immunoblotting shows the relative levels of transfected
p53.

(B—E) Luciferase reporter assays for p53-R282W in the indicated contexts. (B) assay
of the indicated promoters in the indicated p53-null cell lines. (C) assay of ATO con-
centration. (D) assay of the indicated p53 mutants. (E) assay of the indicated p53 and
p63 mutants.

(F and G) gPCR determination for the mRNA levels (F) and immunoblotting determi-
nation for the protein levels (G) of the indicated p53 targets upon ATO treatment. In
(F), PATUB988T cell line with relatively high 1Cso were treated with 2 pg/mL ATO. The
others were treated with 1 ug/mL ATO.

In (A)—(F), bars represent mean £ s.d. (n = 3, *P < 0.05).

See also Figure S5.

Figure 6. ATO Rescues Mutant p53 in Tumor Suppression
(A—C) CEM-C1 CDX model. (A) NOD/SCID mice were injected with CEM-C1 cells via
tail veins on day 1 and 5 mg/kg ATO was intravenously injected daily from day 23

onwards. (B) PB was harvested on the indicated days, followed by CEM-C1 (human
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CD45+) detection by FACS. (C) Mantel-Cox survival curve of the indicated mice. Bars
represent mean * s.d. (*P < 0.05).

(D-F) R175H-tet-off H1299 CDX model. (D) Nude mice were subcutaneously injected
with R175H-tet-off H1299 cells on day 1 and 5 mg/kg ATO was intraperitoneally in-
jected for 6 consecutive days per week since day 21. In Dox groups, drinking water
contained 0.2 mg/mL Dox. (E) Tumor sizes were measured every three days. Im-
munoblotting shows p53 level in isolated tumors on day 48. (F) Mice were sacrificed
on day 48 and isolated tumors weighed. Bars represent mean * s.e.m. (n = 4 for each
group, *P < 0.05, **P < 0.01, N.S., not significant).

(G—K) NSCLC PDX model. (G) 48 nude mice were subcutaneously implanted with
NSCLC tumor tissues on day 1. On day 37, 16 mice with relatively equivalent tumor
size were selected and randomly as-signed into 3 groups, followed by intraperitoneal
compound administration (PBS, daily injection, n = 8; ATO, 5 mg/kg per injection, daily,
n = 4, cisplatin, 5 mg/kg per injection, per week, n = 4). Tumor sizes were measured
every 3—4 days. (H) On day 57, all mice were sacrificed and isolated tumors weighed.
(I) immunoblotting for the indicated protein in freshly isolated tumors. (J) Immunohisto-
chemistry staining for the isolated tumors. Representative scopes were shown. Scale
bar, 50 ym. (K) Percentages of positive cells counted from (J). Each dot in the plot
represents sum of the positive cells counted from 3 scopes randomly picked. Each
scope includes at least 300 cells. Bars represent mean + s.d. (N.S., not significant).

See also Figure S6.

Figure 7. Applicable Spectrum of p53 Mutations

(A) Information of the 25 most frequent p53 missense mutations compiled from IARC.
(B and C) PAb1620 IP assay (B) and luciferase reporter assay (C) in H1299 cells
transfected with the indicated 25 p53 mutants.
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(D and E) Cell viability assay for the indicated cell lines upon ATO treatment for 72 h.
In right panel of (D), dots represent the calculated ICso. In (E), mutant p53 in the indi-
cated three cell lines were knocked down by siRNA, followed by cell viability assay.
(F-H) Responses of p53 targets in ATO-treated cell lines. (F) CHIP-gPCR determina-
tion for the percentage of DNA bound to mutant p53. The percentages for ATO-un-
treated samples were normalized as 1. IgG was used as control. (G and H) gPCR
determination for the mRNA levels (G) and immunoblotting determination for the pro-
tein levels (H) of the indicated p53 targets upon ATO treatment for 24 h and 48 h,
respectively. In (F) and (G), the ATO-sensitive line Loucy was treated with 0.04 pg/mL
ATO while the other two lines were treated with 1 ug/mL ATO.

(1) p53-null HCT116 cells were introduced with the indicated p53 mutants, followed by
ATO treatment for 24 h and RNA sequencing. Heat map showing gene expression
(FPKM values) for the reported 116 p53 targets.

(J) The log-log plot showing ATO rescue spectrum derived from the (B) and (C).

(K) The 25 most frequent p53 mutations (mutated residues shown as sticks) are
mapped onto a p53—DNA complex (PDB: 1TUP), and colored according to ATO-me-
diated rescue.

In (C) and (E)—(G), bars represent mean + s.d. (n = 3, *P < 0.05). Box plot in (D)
represents a five-number summary: minima, lower quartile, median, upper quartile and
maxima.

See also Figure S7 and Table S5.
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Table S4. Crystallographic Refinement, Related to Figure 3.

As-bound G245S As-bound R249S
Data collection
Space group P1211 P1211
Cell dimensions
a,b,c (A) 68.11, 68.24, 83.62 41.55, 68.77, 66.78
o, B,y (©) 90.00, 90.03, 90.00 90.00, 93.22, 90.00

Resolution (A) 50.00 —2.15 (2.22 - 2.15) 50.00 - 1.75 (1.81-1.75)
R merge 0.083 (0.260) 0.095 (0.490)
| /ol 12.7 (6.6) 11.1(2.1)
Completeness (%) 94.8% (93.3%) 94.3% (94.3%)
Redundancy 4.2 (6.6) 2.5(22.4)
Refinement
Resolution (A) 4821 -2.15 41.52-1.74
No. reflections 37578 34189
R work / R free 0.187/0.219 0.197/0.257
No. atoms

Protein 6151 3022

As®" 4 2

Zn** 4 2

SO,* 5 -

Water 517 462

GOL 42 18
B -factors(A%)

Protein 37.52 20.39

As 46.02 38.53

Zn** 53.6 21.41

S0,” 38.67 -

Water 36.22 28.22

GOL 48.64 43.19
R.m.s. deviations

Bond lengths (A) 0.009 0.01

Bond angles (°) 1.304 1.39




B

14

>

¢)

/

2]

N

©

o

o

N

%

/

»

-
e

[’

>

¢

I | -
O\ﬂ\R

o

t.

O\R
r | .
o—a—o

@

o

‘ (e}
X Cys
R(K(—DR%K(V o

(6}

0, 9
Y 8 O

Ry
X = -Cl, -Br, -

R,

Excluded
non-hotspot,

sensitive

®
o
-

Wild-type, DNA-contact

Sensitive

32 @ <
X X o
[’
>
[§)
o—
* 8
o~ =
» hd o
o
~
¢ t
/ bd <
- x oo
@
S |
2
o~ -
o [ 4
=
v —_ [d
o S >
3 %C
t ¢ o g
) X o
GO
% 2 ,
O3
X =
N " 7
& x x
RL &
o B
o od Fe)
x g @
1% 39 >
> IS O
[§) = 5T
V%R 28 =0
< ¢ <
T
t 2 t
MN
< n,v o
~ 5 g8 2
o7 /
o (oY)
N, uf <
=
X 18 MHO
x @
S S
(]
Q o
S o
2]
() @
= S o
3 N
S 2 g
S o o
Qo
- (
2
= 92}
S s} o
a o 3
9] o 2o
- <
@ § NTE
w °
. 2
w c
2 =}
)
o
o
a
[}
=
<] 8
a 3 S
a =% 2
s}
< 3 ol
< =
S S |
g F/>
=}
=
"
©)

PAb1620 IP

Input

p53-R175H

WT

p53-R175H

ZnCI2
Co2+

1866TOSN
00S72OSN
G¢T8COSN
TOOEEDSN
Sv8EYIOSN
8EVLYOSN
¥66650SN
0LT9090SN
8E0E0LOSN
LCSTYTOSN
6EEZ6OSN
Osna

L866TOSN
00S7¢IOSN
GVZT8ZOSN
TO0EEOSN
G¥8EY9OSN
8EVL¥OSN
¥66650SN
0LT909ISN
8E0€0L0SN
LeSTYTOSN
6EEC6OSN
oswna

cr
CoCI2

Curcumin
Zn-curc

NSC319726/Zn complex

p53

(DO1) ~”.~'~""“’ '

PADb1620 IP

Input

OH

p53-R175H

WT

p53-R175H

|

3-Benzoylacrylic acid and analogues,
R=-CH3,-OCH3,-C(CH3)3, -OCH2CH3, -C6H12

Piperlongumine
(Kss-19)

¥796¢LOSN
TZ0LLOSN
L66080SN
866080SN
€Tv/8OSN
98/80SN
9ET9990SN
LBEETIOSN

L2S0STOSN
60ESTOSN
Osia

¥¥962LOSN
TC0LLOSN
L66080SN
866080SN
€TrL80SN
98.80SN
9ET9990SN
L6EETOSN

L¢S0STOSN
60€STOSN
oswa

Cys-binding metal

a,B-unsaturated

carbonyl

PAb1620 IP

Input

ICH2CH3,

-CH20H, -CH20Ac

=-CH20(C0)

R

11213,

MIRA.

PRIMA-1/APR:

246 product

methylene quinuclidinone

p53-R175H

p53-R175H

5

©
§ — LT 1..r@
m S8 Qb@
5 %,
Q — TS %y s,
-4 ﬁ -a | . z\.&\ >
I Vs %
)
; : : : . 7
8§ 8 " 2 8 &8 %
g s & 8 ®
3
() *19
o
e3 —[ e
E 28] %,
o
L e R E ] (NN
R
& ) S ' &\&, %
= ] = - @
(W) "19
[V
29T87OSN 8219TZOSN
20L¥59SN 18V68Z0SN
198550SN Z12080SN :
508950SN osocosn |
6VSE90SN o | T | 658260SN 'm
~
98/£90SN m o | 18057E0SN
8908090SN m m. G9TSEOSN
L& 288ESE0SN
T88590SN TSOVSEOSN
TLE80L0SN 06€22E0SN
G/T9220SN 6£1570SN
- e
osia 2 7 oswa | |
29187OSN 82T9TZOSN
20250SN 18768Z0SN
198550SN ZTL089SN
508950SN 090£0SN
675690SN T | 658260SN
~
98/£90SN 5 | & | mosveosn
8908090SN £| g |see1se0sN
Z88EGEOSN
T86590SN TS0VSEOSN
TL680L0SN 06EZLEISN
SLT92L0SN 6EL570SN [
oswa 5 oswa |°
™ —~ (32 el
23 25
a a

endogenous mutant p53 in cancer cell lines

exogenous mutant p53

PAb1620 IP

Input

(18868N.LVYd)
MZ8zH

(3LYXAQ)
Meged

(89v-aN-va s_w
Heled

(1EVY)
HELZzd

(SL6TH-IDN)
Helzd

(95-90)
Séred

odt5im
(6v,518)
Sevzd
(L-1wnsey))
osre

(2-13N-XS)
SSveO

(10-W32)
HS/TY

(z9s Nonaq)
HS.TY

Meged
HELzd
Séved
Osvey
SSvZO
HS.Td

in H1299 cells

p53

€5.0TCOSN
TLYEYTOSN
€STYYTOSN
GE66STOSN
650€9TOSN
9/89TOSN
LTS69TOSN
8TG7.TOSN
950S8TOSN
L¢L6TOSN
TITL0ZOSN
Osna

p53-R175H

5|

€5L0TZOSN
TLYEYTOSN
ESTYYTOSN
S€665TOSN
65089TOSN
9/89TOSN
LTSB9TOSN
8TSPLTOSN
95098TOSN

1ZL6TOSN
TITL020SN
S OSWa

p53-R175H

mutant p53 level in the cells used in the PAb1620/PAb240 IP assay

KU80

p53
(DO1)

PAb1620 IP

Input

p53-R175H

WT

p53-R175H

5|

p53-R175H in H1299
3 10 1
Ya

0103 1
2

2

0
0

Duration (h)

Concentration (ug/ml)

LTLYEEDSN
CEBYYEOSN
L90L0TOSN
LBYSTTOSN
¥LT1ZTOSN
T8TZTOSN
€E9LETOSN
9¢2¢yTOSN
LegeyTOSN
oswa

LTLYEEOSN
CEBYYEOSN
L90L0TOSN
L6YSTTOSN
vLT2TOSN
T8TCTOSN
€E9LETOSN
9¢2eyTOSN
L2¢CyTOSN
osna

Input

PAblGZOIP‘ — - —

(legend on next page)



Figure S1. Identification of arsenic compounds, Related to Figure 1.

(A) NCI-60 cell lines were classified into three groups according to their p53 status. See STAR Methods for details.

(B) The eight substructures predicted to bind cysteine.

(C) Cartoon scheme representing the locations of PAb1620 and PAb240 epitopes in p53.

(D) PAb1620 IP result for the indicated 64 compounds.

(E) Chemical structure of the reported mutant p53 rescue compounds.

(F) Plot graphs of the G150 of PRIMA-1 and NSC319726 on the NCI-60 cell lines.

(G) Protein level of exogenous (Figure 1F) and endogenous (Figure 1H) p53 in the whole-cell lysate determined by
immunoblotting.

(H) H1299 cells expressing p53-R175H were treated with ATO under the indicated conditions, followed by PAb1620 IP.



B

Input 1620 IP

Compound SCH529074 PhiKan083 MIRA-1 NSC319726 CP31398 Ellipticine PRIMA-1 RITA STIMA-1 ATO A0 + -+
AT |
O(ug/ml) / 021 5 0215 021 5 02150215 0215 0215 02150.0201051 P53-Y220C
p53-R175H
(Input) | - - - - - ..’.b...- - - - . - - . Input 1620 IP
PhiKan083 - + +
p53-R175H .
(PAD1620 IP) - p53-Y220C 10 27
Input 1620 IP
p53-R175H —npt B
(PAD1620 IP, - - —q NSC310726
long exposure) p53-Y220C
R175H + ATO D R175H + ATO 6.7 E R175H + PK11007
) . 6.4 ° Duration
- ATO : DBD 100~ Duration . _
1 01 —oh Z * 00, _825h 57« o« s
= |81 ~ |--025h = --0. |
g S 801 2 ) 4
2% =201 < |—16h 5 < 801—16h
£ 6o £ o0 g4 * 2 601 o
o3 g < * 8. (3
3 2 g3 . 53 £ 27
2 401 3 401 <, 404 g
N N o i
= T o} 1
£ 3 1 N =
S 20 S 201 © 204 J
z z 0 13 0
o
04 1 04 -1 \ 2 Ot -1
15 25 35 45 55 0 1 2 4 8121620 15 25 35 45 55 0025051 2 4 81620 15 25 35 45 55 00251 4 16
Temperature (°C) ATO :DBD Temperature (°C) Duration (h) Temperature (°C) Duration (h)
G
58 42 74 (20, 6.3)
= 4
] 40 S—e
< 30 |
T 20 38
210 7 ~
2 0 : WT|| (i R175H G245s| £36
] LI B B B B L TT T T T T T T £
g 50 203040506070 =34
g 40 Bl
S 30 2 o [
g 20 ATO :‘ DBD 30 S
S oA / - 0:1 | =R282W
i R249S i R282W - 81 28 -1 -——--— 77—
O e e — 201 o1 81 204 °c3zg9y3IgygYIeNgNTeygQ
20 30 40 50 60 7020 30 40 50 60 70 (°C) : ATO:DBD (uM:pM) ISIRSIR-I=D--Jpr R Y
© e e Molar ratio (ATO:DBD)
450, —— G245S —— R249S ——— R282W
2 —— G2455 + ATO 2 —— R249S + ATO g %01 — resow+ATO
®~ ] T~ T~
g)D 400 53 53 200 1
5 5 5
o (o)) o
@O 350 Q9 ®O |
o~ ar~ o~ 350
8 (] 8 ™ 8 ™
© T ©
@ © 3004 @ 2 3001
Q. o o
250 ' 250
0 9 18 27 36 45 54 0O 9 18 27 36 45 54 0 9 18 27 36 45 54
Time (min) Time (min) Time (min)
J
100 R175H (22451.9) 100 G245S (22504.7) 100 R282W (22503.6) 100, R249S (22405.5)
123 [
8 801 .at0 801 . aTO 8071 _aT0 g 807 - Asl,
° 60 60 60 o 60
2 40 40 40 240
=4 =
8 20 20 20 820
0 0 T —tt r 044 T r 0
22200 22400 22600 22400 22500 22600 22400 22500 22600 22300 22400 22500 22600
Mass, Da Mass, Da Mass, Da Mass, Da
R175H (22451.7) G245S (22504.9) R282W+As (22576.0
100 100 100 ) SO0 Rosags+As (22476.6)
2 80 80 G2455+As 80 s
Asl
Lo} +ATO +ATO = * Asly
% 60 60 (22576.6) 60 o 60
= R175H+As 2
T 40 (22523.6) 40 40 ©
o) 3 20
o 20 20 20{ R282W (22504.1) a
0L T ¢ 0 0t ;i T ; 0y A M
22200 22400 22600 22400 22500 22600 22400 22500 22600 22700 22300 22400 22500 22600
Mass, Da Mass, Da Mass, Da Mass, Da

(legend on next page)



Figure S2. ATO stabilizes p53 by covalent binding, Related to Figure 2.

(A) H1299 cells expressing p53-R175H were treated with indicated agents at indicated concentrations, followed by PAb1620
IP.

(B) H1299 cells expressing p53-Y220C were treated with ATO, PhiKan083, or NSC319726 (1, 1, and 0.2 pg/mL, respectively)
overnight, followed by PAb1620 IP assay.

(C—E) Tm determination for recombinant R175H DBD in the indicated contexts. (C) Determination for ATO: DBD incubation
ratios overnight. (D and E) Determination for ATO and PK11007 incubation duration at 1:20 ratio.

(F) Assays as in Figure 2B. Salt-free HEPES buffer was used.

(G) R175H or R282W DBD was mixed with ATO at the indicated ratios in HEPES buffer overnight. Graph shows the calculated
change of Tm (ATm).

(H) Assays as in Figure 2D.

(I and J) Denaturing MS spectra of the indicated p53 DBD before or after treatment of the indicated compounds (1:5 molar
ratio).In (C)—(G), bars represent mean * s.d. (n = 3).
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Figure S3. Crystal Structures of As-Bound p53 DBD Mutants, Related to Figure 3.

(A and B) Crystallographic asymmetrical units of As-bound G245S DBD (A, four DBD copies) and As-bound R249S DBD
(B, two DBD copies). In both panels, As atoms are shown as red spheres while Zn atoms as black spheres.

(C—H) Structural alignment of each of the As-bound mutant p53 DBD molecules with the respective best matched DBD
in the database.
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Figure S4. Structure-Guided Sequence Alignment of p53 Orthologs and Paralogs, Related to Figure 4.
The amino-acid sequences of human p53 (UniProt: P04637-1), mouse p53 (UniProt: P02340-1), fly p53 (UniProt:
QIN6D8-1), worm p53 (UniProt: Q20646-1), human p63 (UniProt: Q9H3D4-1), and human p73 (UniProt:
015350-1) were aligned using the Expresso module of the T-Coffee server. Identical residues among the
homologs, zinc-binding residues, and ABP residues are highlighted in blue, black, and red, respectively. The
human p53 residues frequently mutated in cancer are framed (structural in red whereas DNA-contact in green).
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Figure S5. Transcriptional Reactivation by ATO, Related to Figure 5.

(A) Protein level of exogenous and endogenous p53 in the whole-cell lysate determined by immunoblotting.

(B and C) mRNA levels (B) and protein levels (C) determined as in Figure 5F and 5G, respectively. In (B), OVKATE cell line
with relatively high IC50 were treated with 2 uyg/mL ATO. The others were treated with 1 ug/mL ATO (note the immunoblotting
image of A431 is the same as Figure 7H).

(D) Fold change (FC) of p53 activities upon ATO treatment in the panel of 11 cancer cell lines with endogenous hotspot p53
mutants summarized from Figure 11, 5F-5G, and S5B-S5C. In (B), bars represent mean + s.d. (n = 3, *P < 0.05).
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Figure S7. Applicable Spectrum of p53 Mutations, Related to Figure 7.

(A) Summary of ATO rescue for the 25 most frequent p53 mutations. Data were derived from Figure 7B and 7C.

(B) PAb1620 and PAb240 IP assay for the indicated p53 mutants in H1299 cells.

(C) CHIP-gPCR determination as in Figure 7F, with more targets shown.

(D-F) Responses of p53 targets in ATO-treated LK2 and TE-1 cell lines as in Figure 7F-7H.

(G-1) RNA-seq result-based analysis as in Figure 71. (G) Heat map as in Figure 71, with each p53 targeted genes indicated.
(H) dot plot shows the RPKM fold change upon ATO treatment. (I) The indicated pathway enrichments for ATO-upregulated
genes (GFOLD > 1) against the human genome. In (C)—(E), bars represent mean + s.d. (n = 3, *P < 0.05).





