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TP53 is the most commonly mutated gene in cancer; therefore, small molecule
restoration of wild type structure and function to mutant p53 (hereafter referred to
as “reactivation”) is a highly sought-after goal in cancer therapeutics. Mutations
that impair the p53 protein’s ability to bind zinc (zinc deficient mutants) are
exceedingly prevalent in cancer. Zinc metallochaperones (ZMCs) are a class of
small molecules that reactivate zinc deficient p53 mutants by restoring zinc
binding. ZMCs raise intracellular zinc levels by functioning as zinc ionophores,
causing mutant p53 to refold properly, which we have termed the “ON” switch.
Here we have investigated the cancer cell’s response to this zinc surge and
demonstrate that within hours, cellular zinc homeostatic mechanisms normalize
zinc levels leading to mutant p53 misfolding and inactivation of the drug, which
we have termed the “OFF” switch. This ON/OFF switch imparts a pulsatile nature
to the mechanism of ZMCs which indicates that only a brief exposure of a ZMC is
necessary for its p53-mediated cell kill. Cell growth inhibition experiments in
which we varied the time of exposure to ZMC1 demonstrate an on-target effect in
as little as 15 minutes. This switch mechanism is unique in cancer therapeutics
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and imparts an advantage over other targeted therapeutics in that efficacy can be
achieved with minimal exposure which minimizes toxicity and maximizes the
therapeutic window. We have extended our understanding of the role of cellular
zinc homeostatic mechanisms in ZMC function to serving as a source of innate
resistance. HCC1395 is a human triple-negative breast cancer cell line that
expresses a zinc-deficient mutant p53 (p53-R175H) but is resistant to ZMC1 with
no evidence of refolding of the p53-R175H. We observe that the ZMC1-induced
zinc kinetics are markedly reduced when compared to a ZMC1-sensitive cell line.
Expression of several cytosolic zinc binding proteins are higher in the resistant
cell line, and knockdown of their expression markedly increases the zinc levels in
response to ZMC1. Supplementation of ZnCl2 results in a large zinc influx which
causes refolding of p53-R175H and sensitizes the cells to ZMC1.Together these
data support the hypothesis that cellular zinc homeostatic mechanisms function
as an “OFF” switch to regulate the mechanism of ZMCs and also contribute to
innate resistance to ZMCs. The latter indicates that high metallothionein levels
may serve as a biomarker of resistance to ZMCs.
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INTRODUCTION
TP53 gene/p53 protein
The TP53 gene is the most frequently mutated gene in all of human cancer,
with at least 50% of cancers harboring a mutation (Kandoth et al., 2013). The p53
protein is one of the most well characterized tumor suppressors and is commonly
referred to as the “Guardian of the Genome.” The protein functions as a
transcription that controls gene expression of a large number of cellular processes
and serves as an important response to cellular stresses including DNA damage,
oncogene activation, and reactive oxygen species (Bykov et al., 2018). Under
normal cellular conditions, p53 levels are kept low due to a negative feedback loop
involving MDM2, an E3-ubiquitin ligase and p53-target gene, which labels p53 for
proteasomal degradation. The p53 protein is primarily regulated at the posttranslational level, allowing for its function to be rapidly turned on and off. The posttranslational modifications (PTMs) of p53 include, but are not limited to,
phosphorylation, acetylation, methylation, di-methylation, mono-ubiquitination,
poly-ubiquitination, SUMOylation, and ADP-ribosylation (Gu and Zhu, 2012). A
classic example of the influence of PTMs on p53 stabilization and response to
cellular stress is the phosphorylation of p53 at residues Ser15 and Ser20, which
disrupt MDM2-mediated ubiquitination of p53 (Kruse and Gu, 2009). Acetylation of
p53 also occurs in response to stress, and levels of the acetylated protein correlate
with p53 activation and stabilization (Kruse and Gu, 2009). Multiple acetylation
sites exist on p53, each of which is associated with the induction of different p53-
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target genes and cellular responses (Kruse and Gu, 2009; Vousden and Prives,
2009).

Tumor suppressive functions of p53
Some of the principle pathways associated with the tumor suppressive
activity of p53 include cell-cycle arrest, cellular senescence, and apoptosis.
Additional roles of p53 include DNA repair, cellular differentiation, and stem cell
renewal (Vousden and Prives, 2009). Evidence continues to mount for the role of
p53 in tumor suppression beyond the classical cell cycle arrest, apoptosis, and
senescence. Wei Gu’s group generated mutant mice in which the three lysine
residues of the DNA-binding domain were replaced with arginine (Li et al., 2012).
These substitutions prevented acetylation of the DNA-binding domain and
abrogated the ability of p53 to induce apoptosis, cell-cycle arrest, and senescence
in vivo. Interestingly, these mutant mice did not succumb to early-onset
spontaneous tumors that are commonly observed in p53-null mice, suggesting that
apoptosis, cell-cycle arrest, and senescence are not the only p53-dependent
mediators of tumor suppression. The mutant p53 protein expressed in these mice
was still able to regulate the expression of metabolic p53-target genes, proposing
a role of metabolism regulation in tumor suppression (Li et al., 2012).

p53 mutations
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Germline mutations in TP53 are associated with Li-Fraumeni syndrome, an
inherited condition of increased predisposition for developing several types of
cancers (Malkin et al., 1990). Somatic mutations of TP53 are incredibly common
in tumors, suggestive of selective pressures for inactivation of p53 during tumor
development. In a majority of tumors bearing wild type p53, alternative
mechanisms exist to inactivate the tumor suppressor. For example, many DNA
oncoviruses produce proteins that inactivate p53 including: SV40 large T-antigen,
adenovirus E1B-55-kDa protein, and the E6 oncoprotein of human papilloma virus
(HPV) types 16 and 18 (Levine, 2009). Additionally, tumors can abrogate the
activity of wild type p53 by upregulation of negative regulators of p53. Mdm2 and
its homolog Mdmx have been shown to be upregulated in some tumors (Marine et
al., 2006).
The p53 protein is composed of three principle domains: the N-terminal
domain containing the transcriptional activation domain (TAD, residues 1-94); the
DNA-binding domain (DBD, residues 94-292); and the C-terminal tetramerization
domain (TAT, residues 292-393) (Joerger and Fersht, 2008). The majority of TP53
mutations (75%) are missense mutations, which differs from other tumor
suppressors such as RB1, APC, and PTEN (Bouaoun et al., 2016; Leroy et al.,
2014). Ninety-five percent of the missense mutations occur within the DNA-binding
core domain (DBD) (Bouaoun et al., 2016). Many of the missense mutations of
p53 increase free energy of the protein, resulting in destabilization of its structure
(Ang et al., 2006). In fact, the 6 most frequently occurring mutations, referred to as
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the “hot spot” residues, all occur within the DBD (Freed-Pastor and Prives, 2012).
These “hot spot” residues include R248, R273, R175, G245, R249, and R282.
Missense mutations in p53 can either impair or completely abolish the
activity of wild type p53. Because p53 functions as a tetramer, mutant p53 may
also function as a dominant negative inhibitor over any remaining wild type p53
(Muller and Vousden, 2014). However, mutations in p53 may also result in gain of
function (GOF) activity. This concept was first suggested when mutant p53 was
introduced into p53 null cells and new phenotypes were observed (Dittmer et al.,
1993). The concept of GOF activity is further supported by the observation that
patients carrying a germline TP53 missense mutation for a mutant p53 protein
develop cancers significantly earlier than patients carrying TP53 mutations that
results in loss of p53 expression (Zerdoumi et al., 2013). Similarly, mice expressing
mutant p53 develop cancers that are more metastatic and aggressive than the
cancers observed in p53 null or wild type mice (Muller and Vousden, 2014). While
the majority of p53 mutations occur in the “hot spot” residues, mutations in nearly
every codon of the DNA-binding domain of p53 have been observed in cancer.
Accumulating evidence suggests that the wide range of p53 mutations have varied
consequences with respect to loss of wild type activity, ability to inhibit remaining
wild type protein function, and acquisition of GOF (Muller and Vousden, 2014).
Mutations in p53 can broadly be categorized as either DNA-contact,
structural/stability, or zinc-binding (Joerger et al., 2006). DNA-contact mutations,
like p53-R273H, have amino acid substitutions in residues that directly interact with
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DNA. While DNA-contact mutations do not significantly alter p53 structure (Cho et
al., 1994), they can affect protein thermostability as measured by melting
temperature (Bullock et al., 2000). Contrastingly, structural or stability mutants
often occur in the hydrophobic ß-sheet and substitute amino acids that impair
folding of the core domain (Ang et al., 2006; Cho et al., 1994). Structural mutants
more strongly reduce thermostability of the protein and more extensively distort
the protein structure (Bullock et al., 2000).
Zinc-binding mutations are classified based on their proximity to the loops
involved in coordination of a single zinc ion (Joerger and Fersht, 2007). The zinc
ion is coordinated by four amino acids (Cys-176, His-179, Cys-238, and Cys-242).
The L2 and L3 loops of the DBD are stabilized by this zinc ion (Joerger and Fersht,
2008). Mutations at any of these four amino acids impair zinc binding, and thus
disrupt protein folding (ex: C176F, H179R, C238S, C242S) (Joerger and Fersht,
2008). The most well studied zinc-binding mutant is R175H, which happens to be
the most frequently occurring missense p53 mutation in cancer (Freed-Pastor and
Prives, 2012). When the X-ray crystal structure of the DNA binding domain (DBD)
of p53 was solved, it was determined that the arginine at codon 175 is not directly
involved in zinc binding, but it is in close proximity to the zinc binding pocket, such
that substitution of a histidine at this location would sterically impair zinc binding
by 1000 fold. As a result, at 37 °C, the R175H DBD is in its apo (zinc free) form
and is misfolded (Butler and Loh, 2003).This suggests that other missense
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mutations that are in close proximity to the zinc binding pocket by also be of the
zinc deficient category.

The relationship between p53 structure/function and zinc
The structure of p53 is malleable by manipulating cellular zinc
concentrations. The structure of wild type p53 can be shifted to a misfolded form
through chelation of zinc, and the process can be reversed through
supplementation of zinc (Meplan et al., 2000). Further, depletion of homeodomaininteracting protein kinase 2 (HIPK2), an activator of p53-mediated apoptosis and
a negative regulator of metallothionein expression, results in misfolding of wild type
p53 and adoption of a “mutant-like” conformation (Puca et al., 2008; Puca et al.,
2010). Metallothioneins are a family of cytosolic zinc binding proteins, and their
overexpression due to loss of HIPK2 leads to chelation of cellular zinc (Puca et al.,
2009). Zinc supplementation to HIPK-2 depleted cells results in restoration of wild
type p53 structure and function, including consensus DNA-binding and
transcription of p53-target genes (Puca et al., 2009; Puca et al., 2008).
Furthermore, in human cancer cell lines bearing p53-R175H (SKBR3) and R273H
(U373MG), the mutant protein can be refolded through ZnCl2 supplementation
(Puca et al., 2011). Additionally, the refolded p53 gained the function of wild type
p53, including DNA binding and transcription of p53-target genes.
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Pharmacological reactivation of mutant p53: a “Holy Grail” in cancer
therapeutics
(Adapted from Kogan S, Carpizo D. Pharmacological target of mutant p53. Trans
Cancer Res 2016) (Kogan and Carpizo, 2016)
Missense mutant p53 accumulate to high levels in cells, indicating a
potential druggable target. Despite the overwhelming prevalence of p53 mutations
in cancer, no effective targeted anti-cancer drug exists in the clinic. The
identification of a small molecule capable of restoring wild type structure and
function to mutant p53 has long been regarded as a “holy grail” of cancer
pharmacology. Several research strategies have been pursued in attempts to
either restore the wild type structure and function of mutant p53 or to enhance the
activity of wild type p53 (Harrison, 2012; Muller and Vousden, 2014; Yu et al.,
2014b). Enhancing the activity of wild type p53 comes with its own concerns, as
the activation of wild type p53 in normal tissue may potentially be harmful to benign
tissue. While several small molecules capable of reactivating the wild type activity
of mutant p53 have shown promise in pre-clinical studies, most have failed in early
phase development. PRIMA-1 and its metabolite APR-246 demonstrated the
ability to reactivate mutant p53 in pre-clinical studies and went on to become the
first in-human clinical trial of a mutant p53-targeting drug (Bykov et al., 2002;
Lehmann et al., 2012). PRIMA-1 has completed Phase I/IIa trials for refractory
hematological malignancies and prostate cancer, which showed that the drug is
relatively well tolerated, with mild and transient side effects (NCT00900614). This
trial involved 22 patients with either hematological malignancies or prostate
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cancer, who received 2-hour intravenous infusions once per day for 2 consecutive
days. While 113 adverse events were recorded in 18 of the 22 patients, only 38
adverse events in 12 patients were judged as being related to the drug, whereas
all others were deemed to be a result of the primary malignancy(Lehmann et al.,
2012). PRIMA-1 has now entered Phase Ib/II trials and is being tested in
combination with carboplatin and pegylated doxorubicin in high-grade serous
ovarian cancer, a malignancy with 95% frequency of p53 mutations (Lehmann et
al., 2012)(NCT02098343). Despite the clear indications for targeting mutant p53,
developing drugs that restore the wild type structure and function of mutant p53
have proven exceedingly difficult, but most recently a number of new molecules
have been introduced to the landscape of developing mutant p53 reactivators that
are important to discuss.

Small peptide conformational stabilization of mutant p53
Tal et. al developed a system using phage display to select mutant p53
reactivating peptides (Tal et al., 2016). Briefly, their system involved the incubation
of PAb1620 (WT p53-specific antibody) cross-linked beads in a solution with a
phage library and purified recombinant mutant p53 (p53 R175H, R249S, V143A).
While mutant p53 fails to be recognized by PAb1620, if the mutant protein were to
bind to a peptide that stabilized its wild type conformation, mutant-p53 would then
be expected to be detected by PAb1620 staining(Tal et al., 2016). Binding of
PAb1620 cross-linked beads to the phage displaying mutant p53 would result in
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an immobilized PAb1620-mutant p53-phage complex, which could be extracted
for identification of the particular phage particle. An inherent downside of the phage
display system is the relatively high rate of false positive phage bindings to nonspecific elements within the experimental system (Menendez and Scott, 2005). To
overcome this hurdle, the researchers replaced PAb1620 with immobilized p53
response elements (p53RE, short segments of DNA specifically bound by WT p53)
or SV40 large T antigen (LT-Ag) which also binds preferentially to WT p53. The
researchers alternated between all three selection processes to increase the
likelihood of identifying a biologically relevant peptide.
Three hundred and fifty p53 conformation activating peptides (pCAPs) were
advanced to the next stage of semi high-throughput functional screening. Cell-free
ELISA assays were used to evaluate the effect of the peptides on mutant p53 DNA
binding and WT conformation reactivation in vitro. A subset of peptides was
capable of shifting PAb240 (mutant p53-specific) to PAb1620 (WT p53-specific)
staining as well as restore sequence-specific DNA binding to mutant p53. To
evaluate whether the peptides had reactivating effects in live cells, the researchers
employed a crystal-violet based viability assay using H1299 cells expressing
R175H. 30 of the most promising lead peptides were identified through this next
screen.
In a cell-based model, the peptides were able to induce p53 target gene
activation

including

p21,

PUMA,

and

Mdm2.

Furthermore,

chromatin

immunoprecipitation (ChIP) analysis revealed the ability of the peptides to restore
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the binding of mutant p53 to p53REs within living cells. Likewise, using Annexin V
and propidium iodide (PI) stains, the authors were able to demonstrate that the
peptides were able to induce apoptosis in mutant p53 cells, providing more
evidence of reactivation of p53-dependent apoptosis.
To evaluate the anti-tumoral effects of the peptides, subcutaneous human
xenograft models in nude mice were injected intratumorally with either active or
control peptides. Intratumoral injection of three p53 reactivating peptides, but not
control peptides, resulted in a decrease in tumor cells, as inferred by luciferase
intensity. Notably, 12 days after treatment the average tumor luminescence
decreased by 93%, with 11/18 tumors showing a complete response. Additionally,
analysis of excised tumors revealed that those treated with p53 reactivating
peptides were smaller than control peptide-treated tumors, as well as displaying
significantly higher levels of the p53 targets p21 and MDM2. In total, the
researchers examined the peptides’ in vivo activity in 3 mouse cancer models—
breast (R280K and R175H), ovarian (R241H), and colon (R273H/ P3092)—each
showing significant anti-tumoral activity (Tal et al., 2016). The R280K and R273H
are reported as contact mutants, making it unclear why these mutants would
provide hits with peptides in this assay, as this assay was a screen for
conformational mutant reactivation.

Fungal extract (CTM) reactivates mutant p53-R175H
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Hiraki et al. screened a chemical library containing 20,000 compounds and
36,256 natural extracts from the National Cancer Institute Natural Products
repository through the use of a luciferase report system expressing the p53 DNA
binding site of the PUMA promoter in a stable cell line with mutant p53 R175H
(Hiraki et al., 2015). Chetomin (CTM), was identified as the fungal- derived
compound which produced the largest increase in luciferase activity in their
system, suggesting CTM is capable of restoring WT p53 activity to mutant p53R175H.
The anticancer activity of CTM was evaluated by treating human cancer cell
lines with p53 R175H, R273H, WT p53, p53 null, and also normal cells. CTM was
most cytotoxic to p53-R175H cell lines, and p53 target genes (p21, PUMA, and
MDM2) were significantly induced upon CTM treatment. Furthermore, CTM
induced the protein expression of p21 and PUMA in a dose-dependent manner in
a variety of p53-R175H cell lines, whereas minimal or no induction was measured
in cancer cell lines with other p53 mutations, WT p53, or p53 null cells. siRNA
knockdown of p53-R175H resulted in the loss of induction of the proteins of the
p53 target genes p21, PUMA, and NOXA Furthermore, in p53-R175H cells, CTM
increased the p53 promoter occupancy at p21, PUMA, and MDM2 promoters,
indicating CTM restores DNA binding activity of mutant p53-R175H. Together,
these results suggest CTM functions through a p53-R175H-dependent manner
(Hiraki et al., 2015).
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The antitumor effects of CTM were investigated using mouse xenografts of
a variety of tumor cell lines carrying mutant p53-R175H, R273H, or p53 null cells.
In p53- R175H tumors, CTM treatment significantly decreased tumor volume and
weight; however, CTM failed to inhibit p53-R273H or p53 null tumor growth,
providing further evidence of the allele-specific effects of CTM.
The authors next set out to decipher the mechanism of CTM reactivation of
mutant p53-R175H. CTM failed to bind p53 directly, so they explored whether CTM
binds to p53 binding partners through a co-immunoprecipitation-coupled mass
spectrometry analysis. This assay revealed that upon CTM treatment, some p53
binding partners displayed increased p53 binding—among these proteins was
Hsp40. Heat-shock proteins have been known to be p53 binding partners, and also
to function as chaperones to regulate protein conformation and stability(King et al.,
2001; Sugito et al., 1995). Hsp40, but not Hsp90, showed increased binding to
p53-R175H upon CTM treatment. Hsp40 did not show increased p53 R175H
binding in response to DNA-damaging agents (etopoisde and camptothecin) or
mutant p53 reactivators (MIRA-1 and PRIMA-1). siRNA knockdown of Hsp40
resulted in impaired protein level induction of p53 target genes after CTM
treatment. The Biocore assay, which measures surface plasmon resonance,
showed CTM binds to Hsp40 with a Kd value of 3.7 μM. Using the same assay, the
binding of CTM to mutant p53-R175H was analyzed, which failed to detect a
significant interaction. The authors conclude that CTM reactivated mutant p53R175H without directly binding p53, but rather by increasing the binding of Hsp40
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to the mutant p53. The CTM-Hsp40-p53 R175H complex can be recognized by the
WT p53-specific antibody PAb1620.

Dietary extract phenethyl isothiocyanate (PEITC)
The dietary extract PEITC, found in watercress and cruciferous vegetables,
has long been observed to have cancer chemopreventive effects in animal models,
and epidemiological studies have supported the consumption of isothiocyanates
in protection against human cancers. Despite PEITC having been studied in both
phase

1

and

phase

2

clinical

trials

(http://www.clinicaltrials.gov/ct2/

results?term=PEITC), its mechanism of action is still unknown.
To begin to explore the mechanism of PEITC, Aggarwal et al. screened
PEITC against a panel of cancer cell lines harboring the p53 hotspot codons 175,
248, and 273(Aggarwal et al., 2016). PEITC had the largest anti-proliferation effect
in cells expressing p53-R175H, with IC50 values approximately 2.5-5-fold lower
than in cells with the 248 and 273 mutations. siRNA knockdown of p53-R175H
resulted in reduced sensitivity to growth inhibition by PEITC. WT- p53 cells treated
with PEITC had no significant difference in proliferation whether transfected with
p53 siRNA or nonspecific siRNA. Taken together, this data suggests that the antiproliferation activity of PEITC is at least partially dependent on p53R175H(Aggarwal et al., 2016).
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After observing that PEITC induced apoptosis most strongly in p53-R175H
cancer cells, the authors sought to determine whether restoration of WT structure
and function triggered the induction of apoptosis. Conformation specific antibodies
are commonly used to evaluate the ability of compounds to restore the WT
structure to mutant p53 (24,28,29). In both an ELISA and cell-based assay, PEITC
increased the PAb1620 (WT) staining and decreased the PAb240 (mutant)
staining of mutant p53-R175H, demonstrating that PEITC induces reactivation of
WT p53 structure.
To evaluate whether the WT function of p53 is restored to p53-R175H by
PEITC, the researchers measured whether the molecule could increase the
amount of chromatin-bound p53-R175H. PEITC increased the chromatin-bound
fraction of p53-R175H in SK-BR-3 cells, as well as enhanced the expression of the
p53-target genes p21, MDM2, PUMA, NOXA, BCL2 and BAX (Aggarwal et al.,
2016).
High doses of PEITC (>10 μM) have been shown to selectively deplete
levels of mutant p53 protein, but not WT p53; however, this mechanism is not yet
understood (Wang et al., 2011). SK-BR-3 cells treated with both PEITC and
MG132 (proteasome inhibitor) displayed a significant accumulation of p53 in both
the insoluble fraction, as well as the whole-cell lysate, as compared to cells treated
with either drug alone. Further experimentation showed that doses of PEITC ≥8
μM resulted in aggregation of p53-R175H. Protein aggregates are typically cleared
by autophagy, so the authors investigated whether p53-R175H protein aggregates
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undergo autophagy. SK-BR-3 cells treated with 8 μM PEITC and 50 μM
chloroquine (inhibitor of autophagy) displayed an increase in p53 in the whole cell
lysate, compared to cells treated with either drug alone. Taken together, the data
suggests that PEITC reduces mutant p53-R175H protein levels by both the MDM2mediated proteasomal degradation pathways and autophagy (Aggarwal et al.,
2016).
Peptide inhibitors of mutant p53 aggregation
Recent discoveries have revealed that p53 aggregates in vitro (Silva et al.,
2014), and several p53 mutants form amyloid aggregates in both cancer cell lines
(Xu et al., 2011)and breast cancer biopsies (Levy et al., 2011). Structural mutations
of p53 uncover the highly adhesive residues 252–258, resulting in the highly
favorable process of protein aggregation, where the exposed residues adhere to
one another on different mutant p53 proteins (Bullock and Fersht, 2001; Bullock et
al., 1997). Aggregation of p53 depletes the cell of the functional protein, resulting
in loss of its transcriptional capacity and apoptosis-promoting activity (Xu et al.,
2011).
While many of the approaches to reactivate mutant p53 have focused on
stabilizing the native folding, Soragni et al. developed a peptide (ReACp53) to halt
aggregation of p53 in cells (Soragni et al., 2016). Previously, it has been reported
that the residues 252–258 are the most aggregation-prone in the DNA binding
domain (DBD) of p53 (Goldschmidt et al., 2010). The authors first synthesized the
aggregation-region

and

observed

formation

of

amyloid-like

fibrils

and
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microcrystals, which allowed for their structure determination. Using a rationaldesign approach, the investigators synthesized peptide inhibitors of p53
aggregation, with the p53 sequence as a backbone, and incorporating
aggregation-inhibiting sequences (Soragni et al., 2016). To improve entrance into
cells, they fused an N-terminal poly-arginine cell-penetrating tag, followed by a
three-amino acid linker to the peptide—this candidate peptide was termed
ReACp53.
Primary cells were isolated from high-grade serous ovarian carcinoma
(HGSOC) patients harboring a variety of p53 mutations. After confirming that
ReACp53 could penetrate the primary cells, they tested its ability to prevent
aggregation of mutant p53. Cells from patients with the R248Q mutation all
exhibited p53 aggregation in the cytosol, and 16–24 hours after ReACp53
treatment, cytosolic aggregation of p53 was markedly reduced, and p53 could be
detected in the nucleus of 70–100% of cells. One major criticism of these
experiments is that inhibiting aggregation of mutant p53-R248Q will not solve the
fundamental defect of impaired DNA binding at the p53 response element, as
R248 missense mutations produce DNA contact mutants.
To more closely recapitulate the conditions of a tumor, the researchers
developed organoids from a panel of mutant p53, WT p53, and p53 null cancer
cell lines, as well as patient derived cells and treated them with ReACp53. When
treated with ReACp53, organoids bearing aggregation-prone p53 mutations had
reduced viability, loss of organoid morphology, and increase in apoptosis.
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Organoids derived from cell lines with WT p53 or p53 null cells did not display the
same sensitivity to ReACp53, suggesting the activity of the peptide is specific for
p53 aggregation. RNAseq was performed on ReACp53-treated organoids
harboring either mutant p53 or WT p53. Only the mutant-p53 organoids treated
with ReACp53 showed an increase in expression p53-target genes (p21,
GADD45B, PUMA, THBS1, NOXA, and DRAM1)— no such increase was seen in
the treated WT organoids. Taken together, this suggests that ReACp53 specifically
acts on aggregation of mutant p53 and restores structure and function, while
having no effect on WT p53.

Table 1. Compounds targeting mutant p53

Table adapted from: Kogan S, Carpizo D. Pharmacological target of mutant p53.
Trans Cancer Res 2016) (Kogan and Carpizo, 2016)

Zinc metallochaperones as mutant p53 reactivating drugs

18
Zinc metallochaperones (ZMCs) have been identified as a novel approach
to targeting p53 mutants that have lost the ability to bind zinc (Yu et al., 2012).
ZMCs have the ability to bind zinc outside the cell, transport the zinc into the
cytoplasm, and donate the zinc ion to the mutant p53 to enable proper folding
(Blanden et al., 2015b; Yu et al., 2014b). ZMC1 is capable of restoring the wild
type structure and function to p53-R175H, the most commonly occurring mutation
of p53. The R175H mutation results in inactivation of p53, as the mutated protein
has reduced affinity for zinc, resulting in loss of zinc binding in the low-zinc
concentration of the cell. Additionally, in vitro and in vivo experiments with ZMC1
have shown that the small molecule is capable of mutant-p53 specific cell killing
and xenograft tumor regression (Blanden et al., 2015b; Yu et al., 2014a; Yu et al.,
2012).
ZMC are defined by two properties—they must increase the free
concentration of zinc within the cell, and buffer the zinc concentration to the range
most appropriate to donate zinc to the target protein (Blanden et al., 2015a)
(Blanden et al., 2015b). This model for ZMC rescue of p53 structure is based on
the presence of two zinc ligation sites on p53: native (Kd1) and non-native (Kd2).
The Kd1 of the DBD of p53-R175H has been determined to be approximately 2 nM
(Yu et al., 2014a), which is 1000-fold higher than physiologic zinc concentrations
(typically picomolar range) (Bozym et al., 2006). The difference between cellular
zinc levels and the Kd1 of the DBD explain why R175H exists in the apo (zinc-free)
form in the cell. In theory, raising intracellular zinc above 2 nM can restore wild

19
type conformation to the DBD of p53-R175H. However, elevating cellular zinc
levels beyond the zinc binding constant of the non-native ligation site (Kd2 ~ 1 µM)
would also cause the protein to misfold (Yu et al., 2014a). While it has been shown
that supplemental zinc alone can restore wild type conformation in some mutant
p53 cell lines, this is not a useful strategy as the therapeutic window of zinc
supplementation is too narrow to avoid zinc-induced misfolding (Puca et al., 2008;
Puca et al., 2010; Puca et al., 2011). The key to ensure precise zinc-mediated
refolding of mutant p53 is to design a ZMC whose affinity for zinc is less than that
of the native site (Kd1), but greater than that of the non-native site (Kd2).
Furthermore, a ZMC does not bind the target protein; rather, it acts solely through
the binding and release of free zinc ion (Blanden et al., 2015b). ZMCs function as
ionophores, transporting extracellular zinc across the plasma membrane into the
cell (Blanden et al., 2015b).
The anti-cancer mechanism of ZMCs is actually twofold: (I) restoration of
wild type structure to mutant p53 by providing the optimal free zinc concentration
for proper folding of p53-R175 and (II) increasing reactive oxygen species (ROS)
via Fenton chemistry, which induces the DNA damage response through ATM,
which results in the post-translational phosphorylation (serine-15 and serine-46)
and acetylation (lysine-120) that activate the transcription of genes in the apoptotic
program (Blanden et al., 2015a; Blanden et al., 2015b; Yu et al., 2014a; Yu et al.,
2012) (Fig. i). p21, PUMA, and BAX are among the p53-dependent genes that are
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expressed in both cells and tumors bearing the p53-R175H mutation after ZMC1
treatment.
By functioning as a zinc ionophore, ZMCs raise intracellular zinc levels that
in turn allow zinc to bind to mutant p53. This necessitates the cell to normalize zinc
levels. Centrals questions that are investigated in this thesis are 1) How does the
cell respond to this zinc increase? 2) How do cellular zinc homeostatic
mechanisms affect the pharmacodynamics of ZMCs?

(Figure and description from Blanden et al. 2015. Drug Discovery Today)
Figure i. Model of the ZMC1 dual mechanism. (a) The p53–R175H is
misfolded owing to impaired zinc binding (apo form) and, as result, no sitespecific DNA binding occurs (and no transcription of p53 targets). ZMC1
functions as a zinc metallochaperone (ZMC) by providing a source of zinc to
facilitate refolding of the p53–R175H to a WT-like structure (holo form). (b)
ZMC1 boosts reactive oxygen species (ROS) levels, which activates a stress
response (i.e. ATM) that transactivates the p53–R175H through amino-terminal
phosphorylation (P) and acetylation (A) events. (c) The newly conformed and
transactivated p53–R175H can now bind DNA in a site-specific manner,
causing transcription of apoptotic effectors that leads to tumor cell death. Kd1 =
Kd of the native binding site, Kd2 = Kd of the non-native binding site.
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Cellular zinc homeostasis
Zinc, an essential trace element, is bound by 3000 human proteins (~10%
of the entire human proteome) and plays a critical role as an enzymatic, structural,
and signaling component in countless physiologic processes (Kimura and Kambe,
2016). Zinc is essential in immunity, tissue maintenance, growth, and wound
healing (Kogan et al., 2017; Shankar and Prasad, 1998).
ZMCs restore wild type structure and function to mutant p53-R175H by
increasing intracellular zinc sufficiently high enough to allow zinc binding in the
native ligation site (Kd1) of the DBD. This is potentially toxic to cells which leads
to a central question of this thesis: How do cells respond to such large
increases in free zinc and what is the effect on the activity of ZMCs if zinc
levels are normalized?
Eukaryotic cells have evolved sophisticated zinc buffering and muffling
mechanisms to ensure tight control of zinc concentration. Cytosolic free zinc is
maintained at very low concentrations within the cell (pM – low nM levels)
(Vinkenborg et al., 2009). Cellular zinc homeostasis is regulated by three protein
families: zinc importers (ZIP/SLC39) (Jeong and Eide, 2013), zinc exporters
(ZnT/SLC30) (Huang and Tepaamorndech, 2013), and cytosolic zinc-binding
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molecules (metallothioneins, MT) (Babula et al., 2012). Additionally, zinc-sensing
molecules, such as metal-responsive element-binding transcriptional factor-1
(MTF-1), regulate the expression of the other family members (Andrews, 2001).

ZIP/SLC39 family
The primary function of the ZIP/SLC39 family of proteins is to increase
cytoplasmic zinc concentrations (Jeong and Eide, 2013). They accomplish this by
delivering zinc into the cell from the extracellular environment (influx) or from
organelles and vesicles (efflux). Fourteen ZIP transporters (SLC39A1-14) are
encoded in the human genome, producing proteins ZIP1-ZIP14. The various
SLC39 genes are expressed in distinct tissues and cell types, and their proteins
are found in specific subcellular compartments (Jeong and Eide, 2013). Mutations
in the ZIP genes are associated with two human diseases. Loss of function
mutations in SLC39A4 (ZIP4) cause acrodermatitis enteropathica, a disorder
characterized by an inflammatory rash around the mouth and anus, diarrhea, and
hair loss (Kury et al., 2002). Loss of ZIP4 function impairs intestinal zinc absorption
and results in a systemic zinc deficiency. Acrodermatitis enteropathica can be
treated with oral zinc supplementation. Mutations in SLC39A13 (ZIP13) are
associated with a rare subtype of Ehlers-Danlos Syndrome (EDS) called
spondylocheiro dysplastic-EDS (Giunta et al., 2008).

ZnT/SLC30 family
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The ZnT/SLC30 family of transporters work in an opposing fashion to the
ZIP/SLC39 family. The ten members of the ZnT/SLC30 family (SLC30A1-10)
function to export zinc out of the cell or into organelles and vesicles (Huang and
Tepaamorndech, 2013). ZnT1 is the only member of the family that functions
exclusively as an exporter on the plasma membrane to transport zinc across the
membrane and into the extracellular space. While other ZnT proteins may be found
on the cell membrane, they are primarily located on the membranes of organelles
and secretory vesicles and sequester zinc for vital cellular functions. For example,
ZnT2 (human) and ZnT4 (mouse) are expressed on epithelial cells of the lactating
mammary gland and transports zinc into secretory vesicles that are secreted into
milk. Loss of function mutations in ZnT2 or ZnT4 cause zinc deficiency in nursing
infants of affected mothers (transient neonatal zinc deficiency) (Chowanadisai et
al., 2006). Point mutations in the mouse Slc39a4 gene were determined to be the
cause of the lethal milk mutant, an observation from 1969 where suckling pups
from affected mothers died of zinc deficiency before weaning (Huang and
Gitschier, 1997). Genome-wide association studies have discovered a particular
allele of SLC30A8 (R325W) to be a susceptibility locus for type 2 diabetes
(Diabetes Genetics Initiative of Broad Institute of et al., 2007). ZnT8 is the principle
transporter responsible for secretion of zinc into secretory granules of pancreatic
ß-cells, where insulin binds zinc and forms crystalized structures for storage and
secretion (Chimienti et al., 2004; Dunn, 2005). Mutations in ZnT8 disrupt zinc
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secretion into the secretory granules, impacting the maturation and storage of
insulin (Dunn, 2005)

Metallothionein family
The MT proteins are low-molecular weight (~6 kDa) metal-binding proteins.
They are highly cysteine rich, allowing for the binding of 7 moles of Zn2+ per mole
of MT protein. There are 4 major isoforms of mammalian MT genes (MT-1 through
MT-4), and approximately 14 total genes in the family (MT1-A, B, E, F, G, H, I, J,
K, L, X; MT2A; MT3; MT4) (Babula et al., 2012). The MT-1 and MT-2 isoforms are
more widely expressed, whereas MT3 and MT4 have limited cell-specific
expression. MT3 is specific to neuronal tissue and is also called neuronal-growth
inhibitory factor, which plays a role in limiting the outgrowth of neuronal cells
(Huang, 2010). MT4 is believed to be a non-inducible protein, primarily expressed
on squamous epithelium (Vasak and Meloni, 2011).

Metal Transcription Regulatory Factor 1 (MTF-1)
MTF-1 is zinc finger transcription factor that regulates the expression of
metal-responsive genes (Kimura and Kambe, 2016). The protein contains six
Cys2His2 zinc fingers and has low binding affinity to Zn2+. It only binds zinc under
conditions of zinc excess. In this way, it functions as a zinc sensor. MTF-1
regulates the transcription of the MT-1 and MT-2 genes. Knockout of MTF-1
ablates expression of the MT-1 and MT-2 genes. Additionally, MTF-1 regulates the
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expression of SLC30A1 (ZnT1) and SLC30A2 (ZnT2) (Guo et al., 2010; Langmade
et al., 2000), while repressing the expression of SLC39A10 (ZIP10) (Lichten et al.,
2011; Wimmer et al., 2005). Recently, another zinc finger transcription factor,
ZNF658, was identified as a transcriptional regulator of zinc transporter expression
(Ogo et al., 2015). It is possible that ZNF659 works in a cooperative fashion with
MTF-1 to respond to changes in cellular zinc concentration to coordinate zinc
muffling and buffering mechanisms.

Dysregulation of zinc homeostasis in cancer
Zinc homeostatic genes have altered expression in many cancers.
Concurrently, alterations in intracellular Zn2+ levels are associated with tumor
growth and progression (Jeong and Eide, 2013). This is believed to be due to the
role of zinc as a cofactor for enzymes involved in angiogenesis, cell proliferation
and metastasis. Matrix metalloproteases and carbonic anhydrase all require zinc
for proper functioning. Breast cancer is associated with zinc hyper-accumulation
and increased expression of the importers ZIP6, ZIP7, and ZIP10 (Taylor et al.,
2007). Likewise, increased ZIP4 expression is observed in pancreatic cancer (Li
et al., 2007; Zhang et al., 2010). Not all cancers follow a pattern of increased
intracellular Zn2+. For example, prostate cancer is associated with decreased zinc
accumulation, which is believed to be due to downregulation of ZIP1 (Huang et al.,
2006; Johnson et al., 2010). Expression of ZIP1 is correlated to zinc levels in the

26
prostate gland, suggesting that it may function as a principle regulator of
intracellular zinc (Golovine et al., 2008; Johnson et al., 2010)
ZnT4 has also been implicated in prostate cancer. There appears to be a
correlation of ZnT4 expression with the transition from normal tissue to prostate
disease. Benign prostate hyperplasia has lower ZnT4 expression than normal
prostate tissue (Beck et al., 2004). ZnT4 levels further decrease in the progression
from benign, to localized, to metastatic prostate cancer (Henshall et al., 2003).
There is a substantial body of literature on the expression changes of the
MT genes in human cancers. Broadly, increased MT expression has been
observed in many tumors and cancer cell including breast, kidney, nasopharynx,
lung, prostate, testes, urinary bladder, cervix, endometrium, salivary glands,
pancreas, acute lymphoblastic leukemia, and melanoma.
(Babula et al., 2012). MT expression is directly correlated with the grade
and prognosis of disease (Krizkova et al., 2009; Pedersen et al., 2009). MT-3
staining in urinary cytology showed that patients with urothelial cancers shed MT3 positive cells, but that control patients rarely did (Somji et al., 2011). The MT-3
gene is silenced in non-transformed urothelial cells by histone modification of the
MT-3 promoter (Somji et al., 2011). Urinary cytology for MT-3 expression may not
assist in the diagnosis of disease, but it can be a useful biomarker of tumor
progression. Serum metallothionein levels were measured in pediatric patients
with solid tumors. A five-fold increase in the levels of metallothioneins were
measured in serum from patients with tumors compared to serum from healthy
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donors (Adam et al., 2008). MT levels may potentially be considered a useful
biomarker in the setting of childhood tumors (Krizkova et al., 2010). Taken
together, another central question of this thesis is: What effect might zinc
dysregulation have in a particular cancer cell’s sensitivity or resistance to
ZMCs?
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MATERIALS AND METHODS
Cell lines and culture conditions
TOV112D and K8484 cells were cultured in DMEM with 10% FBS.
HCC1395 and hM1_2D cells were cultured in RPMI with 10% FBS.
HCT116 p53 +/+ and -/- cells were cultured in McCoy’s 5A with 10% FBS.
MEF p53 +/+ and -/- cells were cultured in DMEM with 10% FBS.
TOV112D and HCC1395 were purchased from ATCC.
K8484 cells were gifted by Dr. Kenneth Olive from Columbia University.
HCT116 cell lines were gifted by Dr. Bert Vogelstein from Johns Hopkins
University.
MEF cells were previously generated in the Carpizo laboratory.
hM1_2D cells were gifted by Dr. David Tuveson from the Cold Spring Harbor
Laboratory. This is a 2D cell line developed from a tumor-tissue derived organoid
from a human pancreatic cancer patient.

Chemicals
ZMC1 and A6 were synthesized by the Rutgers Translational Sciences group.
Nutlin and Etoposide were purchased from Sigma-Aldrich (St. Louis, MO).
FluoZin-3 AM was purchased from Life Technologies Corporation (Norwalk, CT).
MTS reagent was purchased from Promega (Madison, WI).
Calcein-AM reagent was purchased from Trevigen (Gaithersburg, MD).
All other chemicals were purchased from Sigma-Aldrich or otherwise indicated.
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Western blot
The cell lysates were run on SDS-PAGE and transferred onto PVDF membranes.
The detection of the protein level was performed with the manufacturer's
instructions (Western Lightning® Plus-ECL, Perkin-Elmer). The p53 antibody (FL393) was purchased from Santa Cruz Biotechnology (Dallas, TX).

The p21

antibody was purchased from Cell Signaling (Danvers, MA). The GAPDH antibody
was purchased from Santa Cruz Biotechnology (Dallas, TX). The density of the
bands was quantitated by ImageJ software.
RNA extraction and qPCR
RNA was extracted from the cells using RNeasy kit (Qiagen, Valencia, CA) and
gene expression level was measured by quantitative RT-PCR using TaqMan gene
expression assays (Life Technologies/Applied BioSystems). The gene expression
level was normalized with β-actin and the average was presented with standard
deviation. Statistical significance of the data was calculated by Student’s t-test.
siRNA transfection
siRNA was purchased from Santa Cruz Biotechnology (Dallas, TX). The siRNA
transfection were performed using RNAiMAX (Invitrogen, Carlsbad, CA), following
the manufacturer’s instructions. The efficiency of the knockdown was measured
by quantitative PCR.
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CRISPR-cas9 knockout
The CRISPR cas9 plasmid was purchased from Santa Cruz Biotechnology (Dallas,
TX). Transfection of TOV112D cells was performed using Lipofectamine 2000
(Thermofisher Scientific, Waltham, MA). Twenty-four hours after transfection, cells
were sorted based on GFP expression, and single cells were sorted directly into
96 well plates containing DMEM and 10% FBS. The plates were incubated until
single cells developed into colonies.

Intracellular free zinc concentration measurements (FluoZin-3)
Cells were plated on eight-chamber BD Falcon CultureSlides (ThermoScientific,
Waltham, MA). 24 hours after seeding, cells were treated with 1 µM ZMC1 for a
range of times, and then cells were washed and incubated in serum-free, phenolfree medium with 1 µM FluoZin-3 AM for 30 minutes at 37 °C. Cells were then
washed with the serum and phenol-free media to remove any excess dye before
imaging. Cells were imaged using a Keyence microscope (BZ-X710). FluoZin-3
AM was excited at 488 nm. To determine the kinetics of fluorescence change, the
fluorescence of each cell was normalized (subtracted) the background
fluorescence in each image in ImageJ Software (National Institutes of Health,
Bethesda, MD). For quantification of intracellular [Zn2+]free, each cell was analyzed
in the treated, 50 mM pyrithione (PYR) / ZnCl2 (1:1), and 100 mM N,N,N9,N9tetrakis(2-pyridylmethyl)ethane-1,2-diamine (TPEN) images by taking the mean
fluorescence of a region of interest inside the cell subtracted by a region of interest
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immediately outside the cell measured in ImageJ. The [Zn2+]free for each cell was
then calculated by the following equation (Manufacturer’s instruction):

[ Zn 2+ ] free =

F - Fmin
× Kd
Fmax - F

Where F, Fmax, and Fmin are fluorescence in the treatment, PYR / ZnCl2, and TPEN
images, respectively, and Kd is that of FluoZin-3 for Zn2+ (15 nM). To minimize the
effects of outliers the lowest and highest 5% of cells in each series were rejected,
and the remaining values averaged to give the value from that experiment. The
number of cells analyzed in each trial ranged from 40-60.
Cell growth inhibition assay
Five thousand cells per well were cultured in 96-well plates in order to reach 50%
confluence on the second day, at which point they were treated with serial dilutions
of the compound. Growth was measured either by MTS reagent (Promega,
Madison, WI) or Calcein-AM assay (Trevigen, Gaithersburg, MD), and read on a
Victor Plate reader instrument (PerkinElmer, Boston, MA) after incubation for 3
days.
Cell viability assay
Viability assays were performed according to the manufacturer instructions for
Guava ViaCount (Millipore, Burlington, MA). 5x104 cells per well in 1 mL media
were cultured in a 12-well plate to reach approximately 50% confluence on the
second day, at which point the cells were treated with serial dilutions of the
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compound and allowed to incubate for three days. Cell growth was measured
using the Guava ViaCount reagent on the Guava PCA instrument.
p53 conformation specific immunofluorescent staining
Cells were grown on coverslips, followed by treatment for 6 hours. The coverslips
were fixed with 4% paraformaldehyde for 10 minutes and then permeabilized with
0.5% Triton-X100 for 5 minutes. The conformation of the mutant and wildtype p53
proteins were recognized specifically by the antibodies PAB1620 (1:50,
recognizing

WT

conformation)

and

PAB240

(1:400,

recognizing

misfolded/unfolded conformation) stained overnight, respectively. The secondary
antibody, goat anti-mouse IgG was incubated for 40 minutes. PAB1620 and
PAB240 were purchased from EMD Chemicals (Gibbstown, NJ). The fluorescent
staining intensity was quantified using ImageJ software (NIH).
Colony formation assay
For long-term viability, one thousand cells per well on 6-well plates were treated
with the compounds with various concentrations for varying lengths of time, then,
cells were cultured with drug-free complete medium for 10 days with fresh medium
without interference. Cells were fixed with 10% formalin and stained with 0.05%
crystal violet at the end of 10-day period of cell culture (Cite Franken PMID
1740673).
RNAseq and analysis
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RNA was extracted using Qiagen RNeasy kit and quantified by Agilent RNA Nano.
The library preparation was performed with the Illumina TruSeq RNA Library
Preparation Kit V2. The library was sequenced on the Illumina NextSeq (high
output kit) and 2x150bp paired end sequencing. RUCDR performed library
preparations and sequencing. Ying Chen from Rutgers CINJ Bioinformatics
performed all sequencing analysis.
Quantification of ZMC1 in cell pellets
Quantitation of ZMC1 in cell pellets was performed using a validated LC/MS/MS
assay as previously reported (Lin et al., 2015). Hongxia Lin performed the
LC/MS/MS assay. ZMC1 and internal standard was detected in single reaction
monitoring mode at m/z of 235.2/178.0 and 231.0/150.0. Briefly, the cell pellets
were resuspended in 200µL ice-cold 50% acetonitrile with 4 µL EDTA, vortexed,
and incubated on ice for 10 minutes. After centrifugation at 13,000 rpm for 10
minutes, the supernatant was spiked with 20 µL ABBT for ZMC1 analysis.
Histology and immunohistochemistry (IHC)
Human cancer and normal adjacent tissue sections were formalin-fixed and
paraffin-embedded by the Rutgers Cancer Institute of New Jersey Histopathology
Shared Resource. Standard deparaffinization and antigen retrieval protocols
were used to process the samples. ZIP1, ZIP10, ZIP11, and ZIP12 antibodies
were purchased from Sigma Aldrich (Billerica, MA). ZnT8 and ZnT9 antibodies
were purchased from Santa Cruz Biotechnology (Dallas, Texas).
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Chapter 1: Cellular zinc homeostatic mechanisms
influence ZMC1 pharmacodynamics
The pharmacodynamics of ZMC1 in cells over 24 hours mirrors the zinc
kinetics
The activity of ZMC1 in the cell is transient, and the pharmacodynamics are
reflected by mutant p53 and p21 protein levels over time (Yu et al., 2014a; Yu et
al., 2012). The levels of mutant p53 protein decreases after ZMC1 treatment due
to restoration of MDM2-mediated negative regulation of p53. Concurrently, p21
levels rise after ZMC1 treatment, as p21 is a p53-target gene. ZMC1 has maximal
activity in tumor cells between 6-8 hours, followed by loss of activity by 12 hours
(Fig. 1A). These kinetics are not unique to TOV112D cells, as a similar pattern of
transient reactivation of p53 and induction of p21 levels were observed in the
mouse cell line K8484, which harbors p53-R172H, the murine homologue of
human p53-R175H (Fig. 1A).

Figure 1A. In vitro pharmacodynamics of ZMC1. The p21 and p53 protein
levels were examined using Western blot in human TOV112D (p53R175H) and
murine K8484 (p53R172H) cells in a time course of treatment with 1 µM ZMC1
for a 24 hour period. Actin or GAPDH are used as an internal loading control.
ZMC1 is a metallochaperone that functions as a zinc ionophore. Two
molecules of ZMC1 surround a single Zn2+ ion, shielding its positive charge and
allowing for transport through the cell’s lipid bilayer (Yu et al., 2014a). Cellular zinc
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levels rapidly rise in response to ZMC1 treatment. The kinetics of ZMC1-induced
zinc influx were measured using the FluoZin-3 AM fluorescent zinc indicator in
TOV112D cells. Zinc rapidly rises at two hours, and peaks to approximately 15 nM
by four hours, with a return to baseline by eight hours (Fig. 1B). Importantly, the
increase in cellular zinc to 15 nM is sufficient to induce zinc binding to the native
ligation site (Kd1) of p53R175H, thus causing a re-folding of the mutant protein to a
wild type conformation. When we plot the kinetics of zinc influx to those of p21
protein levels (a marker of ZMC1 pharmacodynamic activity) we observe that the
peak in zinc levels precedes the peak in p21 levels (Fig. 1B).

Figure 1B. Intracellular free zinc measurement in TOV112D following
ZMC1 treatment. Intracellular free Zn2+ concentration was measured using
FluoZin-3 fluorescent imaging. The TOV112D cells were treated with 1 µM
ZMC1 over a 24 hour period. At 0, 1, 2, 4, 6, 8, 12, 16, and 24 hours the cells
were imaged with FluoZin-3. The intracellular free Zn2+ concentration was
measured according to the manufacturer’s instructions. The scale bar = 25
µm. The quantification of Zn2+ concentration and the p21 protein levels are
shown on the right.
Cellular zinc levels are tightly regulated in eukaryotic cells, and significant
deviations from basal levels can be toxic. As such, eukaryotes have evolved
sophisticated zinc muffling mechanisms to respond to high free zinc levels. Three
protein families, with 36 total members, are responsible for a coordinated response
to changes in cellular zinc homeostasis – zinc importers (ZIP/SLC39 family,14
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members) (Jeong and Eide, 2013), zinc exporters (ZnT/SLC30, 10 members)
(Huang and Tepaamorndech, 2013), and zinc binding proteins (metallothionein
family, 12 members) (Babula et al., 2012). Additionally, metal-responsive elementbinding transcription factor-1 (MTF-1) is a zinc sensor that regulates the
expression of zinc homeostatic genes (Kimura and Kambe, 2016). We
hypothesized that the ZMC1-induced zinc influx would trigger activation of these
cellular zinc homeostatic mechanisms to counteract the increase in free zinc.
To test this hypothesis, we measured the expression of three of the most
ubiquitously expressed zinc homeostatic genes (exporter ZnT1, importer ZIP10,
and binding protein MT1A) in TOV112D cells after ZMC1 treatment. ZnT1 and
MT1A both function to decrease free zinc, so we anticipated their levels to
increase, whereas ZIP10 increases cellular zinc, so we predicted its expression to
decrease. We found that the changes in expression of these genes matched the
hypothesis (Fig. 1C). While this data matched our hypothesis, we next sought to
comprehensively survey the impact of ZMC1 on the entirety of cellular zinc
homeostatic genes by analyzing expression changes using RNAseq.
Analysis of the RNAseq dataset revealed that 16 of the 37 zinc homeostatic
genes displayed significant expression changes in response to ZMC1 treatment
(Fig. 1D and Table 2). ZnT1, ZnT2, ZnT3, ZIP1, ZIP9, MT1G, MT1X, MT2A were
markedly induced in TOV112D cells in response to ZMC1 treatment with kinetics
that correlated with the ZMC1-induced zinc influx. ZnT4, ZnT7, ZIP3, ZIP6, ZIP7,
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ZIP10, ZIP11, and ZIP14 had decreased expression in response to ZMC1-induced
zinc influx.

Figure 1C (top). Zinc homeostatic genes are induced upon ZMC1
treatment. The expression of the zinc homeostatic genes (ZnT1 and MT1A
which function to decrease free zinc, and ZIP10 which increases intracellular
free zinc) was measured by quantitative RT-PCR in TOV112D cells with
treatment of 1 µM ZMC1 over 24 hours.
Figure 1D (bottom). Global mRNA changes in zinc homeostatic genes after
ZMC1 treatment. RNAseq analysis of TOV112D cells at baseline, 4 hours, 8
hours, and 24 hours after ZMC1 treatment. The subset of the 37 zinc
homeostatic genes which were induced in response to ZMC1 treatment are
labeled with asterisks.
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Table 2. Zinc homeostatic genes significantly
upregulated or downregulated in TOV112D
after ZMC1 treatment, as determined by
RNAseq analysis.

In addition to examining the expression of the zinc homeostatic genes at
the mRNA level, we sought to detect their protein expression both at baseline and
after ZMC1 treatment. While Western blotting allows for the detection of the total
cellular amount of a specific protein, immunofluorescence allows for localization of
a protein within a cell. To that end, we performed immunofluorescent staining of
four ZIP proteins (ZIP1, 10, 11, and 12) and two ZnT proteins (ZnT8 and ZnT9) in
untreated and ZMC1-treated TOV112D cells. The annotated cellular localization
of these 6 proteins is summarized in Table 3. The immunofluorescence revealed
strong straining of all four ZIPs at baseline, with marked decrease in fluorescence
after ZMC1 treatment. ZnT9 staining also appeared to decrease after staining.
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However, ZnT8 expression was strongly increased after treatment, suggesting that
for TOV112D cells the response to the zinc influx included shuttling zinc into
cytoplasmic vesicles (Fig. 1E).

Protein
ZIP1

Cellular Localization
Plasma membrane, Endoplasmic Reticulum

ZIP10

Plasma membrane

ZIP11

Plasma membrane, Golgi apparatus, nucleus

ZIP12

Plasma membrane

ZnT8

Plasma membrane, cytoplasmic vesicles

ZnT9

Endoplasmic reticulum

Table 3. Annotated cellular localization of several zinc homeostatic
proteins, according to UniProt (www.uniprot.org).
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Figure 1E. Immunofluorescent
detection of ZIP and ZnT proteins
following
ZMC1
treatment.
Immunofluorescent staining of ZIP1,
ZIP10, ZIP11, ZIP12, ZnT8, and
ZnT9 in TOV112D at baseline and
after 4 hours of 1 µM ZMC1
treatment.

41
Cellular zinc ion homeostatic mechanisms function as the OFF switch in
ZMC1 pharmacodynamics
After establishing that zinc homeostatic genes are induced in response to
ZMC1 treatment, we sought to determine the functional relevance of the
homeostatic mechanisms in relation to ZMC1 pharmacodynamics. To that end, we
manipulated several zinc homeostatic genes using both a knockdown and
knockout approach. Using the CRISPR-cas9 system, we knocked out the MT1A
and MT2A genes in TOV112D. Metallothioneins function as cytosolic zinc buffers
and contain seven zinc binding sites (Babula et al., 2012), thus we reasoned they
would likely be important in lowering zinc levels induced by ZMC1. ZMC1 strongly
induces the expression of MT1A and MT2A, as validated by qPCR (Fig. 1F).
Knockout of MT1A and MT2A was confirmed by qPCR. Knockout of these genes
proved to be important for cell survival as only one out of 192 clones survived the
selection. One possible explanation for the survival of this clone was the
upregulation of the zinc exporter, ZnT1 as a compensatory mechanism (Fig. 1G).

Figure 1F. MT2A is more strongly induced than MT1A in TOV112D upon
ZMC1 treatment. The expression of the zinc homeostatic genes MT1A and
MT2A were measured by quantitative RT-PCR in TOV112D cells with treatment
of 1 µM ZMC1 over 24 hours. MT2A is more strongly induced in TOV112D cells
that MT1A by ZMC1 treatment.
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Figure 1G. Validation of knockout of MT2A and MT1A in TOV112D cells.
Using RT-PCR, the expression of these genes in the CRISPR-KO cells was
compared against the parental TOV112D cells. A 7-fold increase in basal
expression of ZnT1 was measured in the MT2A/MT1A KO cells compared to
the parental cells.
Given the role of MT genes in buffering cytoplasmic free zinc, we first sought
to determine whether loss of these genes affected the ability of TOV112D to
respond to the ZMC1-induced zinc influx. Indeed, after ZMC1 treatment zinc levels
increased earlier, peaked higher, and sustained longer in the knockout cells
compared to the parental cells (Fig. 2A). To determine whether the compensatory
increase of basal ZnT1 expression in these cells impacted zinc homeostasis, we
performed siRNA knockdown of MT1A or MT2A in TOV112D cells and observed
similar results for the zinc kinetics (Fig. 2B).
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Figure 2A (top). Intracellular free zinc measurements in TOV112D parental
cells and MT2A/MT1A KO cells. Intracellular free Zn2+ concentration was
measured using FluoZin-3 fluorescent imaging in TOV112D parental cells and
MT2A/MT1A KO cells. The cells were treated with 1 µM ZMC1 over an 8 hour
period. Scale bar = 50 µm.
Figure 2B (bottom). Intracellular free zinc measurements in TOV112D cells
with transient KD of MT1A or MT2A. Transient siRNA KD of either MT1A or
MT2A was performed prior to measuring intracellular free Zn2+ concentrations
following 1 µM ZMC1 over an 8 hour period. RT-PCR validation of KD shown
on the right.
Given the greater and prolonged increase in zinc levels, we hypothesized
that the pharmacodynamic response of ZMC1 would be greater. Indeed, in the
knockout cells p21 protein levels rose higher and sustained longer than in the
parental cells (Fig. 2C).

Figure 2C. Comparison of ZMC1 pharmacodynamics in TOV112D and
MT2A/MT1A cell. The p21 and p53 protein levels in TOV112D parental cells
and MT2A/MT1A KO cells were measured by Western blot. Actin is used as an
internal loading control. The quantification of p21 levels normalized with actin is
shown on the right. The data of the parental cells is from Figure 1A.
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We sought to determine whether the increased activation of p53, as
measured by p21 levels, was associated with increased sensitivity to ZMC1. In a
cell growth inhibition assay, the knockout cells had a three-fold increase in
sensitivity compared to the parental cells (EC50 69.1 nM for parental cells vs. 22.9
nM for knockout) (Fig. 2D). A similar increase in sensitivity was observed with
siRNA knockdown of either MT2A or MT1X (Fig. 2E).

Figure 2D (left). Cell growth inhibition assay of TOV112D and MT2A/MT1A
cells. Cell viability measurement of TOV112D parental cells and MT2A/MT1A
KO cells upon treatment of the serial dilutions of ZMC1 for 72 hours using
Calcein-AM assays.
Figure 2E (right). Cell growth inhibition assay of transient KD of MT2A or
MT1X. Similar experiment, except using cells with transient siRNA KD of either
MT2A or MT1X.
In a crystal violet staining assay, we observed increased sensitivity after a
24 hour ZMC1 (1 µM) treatment. The MT1A/MT2A knockout cells showed a 45%
(19% vs. 42%) reduction in cell growth compared to the parental cells (Fig. 2F).
Taken together, these results support the hypothesis that the cellular zinc
homeostatic mechanisms function as an OFF switch to the ZMC mechanism.
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Figure 2F. Cell growth measurement of TOV112D parental cells and
MT2A/MT1A KO cells upon treatment of 1 µM ZMC1 for 24 hours. The cells
were fixed and stained with Crystal violet. The viable cells were counted using
automated cell counting on the Keyence BZ-X software. The average cell count
per field was normalized with the vehicle control samples. P value < 0.0001.

Ultra-short exposures of ZMC1 produces a durable cell kill
While examining the data of the transient pharmacodynamics of ZMC1
along with the evidence supporting the OFF switch mechanism of cellular zinc
homeostatic genes, we began to consider whether maximum or continuous drug
exposure would truly be necessary for effective reactivation of mutant p53 with a
ZMC. Oncologic drug development programs typically use 72 hour continuous
exposure cell growth inhibition assays for in vitro assays. We began to explore
colony formation assays to examine the long term durability of ZMC1 response. In
these assays, 1000 cells per well are seeded on 6 well plates, and 24 hours later,
they are challenged with drug exposure for varying lengths of time, followed by

46
“washout” of the drug with fresh media and incubation for approximately 10 days.
We found that at a range of doses from 1.0 µM to 0.1 µM, brief exposures of as
little as 2 hours were as efficacious as 72 hour continuous exposure to ZMC1 (Fig.
2G). Along these lines, a similar washout experiment demonstrated that a brief 2
hour exposure was sufficient to induce p21 expression, further providing evidence
of mutant p53 reactivation in these short exposures (Fig. 2H). Given these
promising results, we intended to repeat these experiments to determine the lower
limits of effective ZMC1 exposure. Exposure of ZMC1 from 1.0 µM to 0.1 µM down
to 1 minute were equally as potent as longer ones, with complete prevention of
colony formation.

Figure 2G (left). Colony formation assay of ZMC1-treated TOV112D cells.
Long term effect of different exposure times (72 hours, 24 hours, 6 hours, 2
hours) of 1.0 and 0.1 µM ZMC1 was evaluated by clonogenic assay. The cells
were incubated in drug free medium for 14 days to form colonies followed by
Crystal violet staining.
Figure 2H (right). p21 expression after “washout” exposures. “Washout”
1.0 µM ZMC1 exposure for as little as 2 hours is capable of inducing p21 protein
expression, suggesting brief exposures to ZMC1 are able to induce reactivation
of mutant p53.
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We then set out to determine whether the zinc metallochaperone activity of
ZMCs were essential for the cell kill activity observed in the colony formation
assays. The compound A6 is an analogue of ZMC1, identical except for the
replacement of the thiocarbonyl group with a carbonyl group. This substitution
results in a 100-fold reduction in its affinity for the Zn2+ ion (Kd = 3x10-8 for ZMC1
vs Kd = 1.1x10-6 for A6) (Fig. 2I). In a colony formation assay, 1.0 µM of the A6
compound had absolutely no effect, providing evidence for the necessity of the
zinc metallochaperone activity of ZMCs in their mechanism (Fig. 2I). The effect
seen in these colony formation assays are “on-target,” as they could be abrogated
by knockdown of p53 using an siRNA to p53 (Fig. 2J). These findings further
provide evidence that the OFF switch of ZMCs is determined by cellular zinc
homeostatic mechanisms. Importantly, these data have significant implications for
the translation of ZMCs in vivo, specifically that dosing of these drugs need not be
continuous, and short exposure are efficacious and will decrease unwanted offtarget effects.

Figure 2I. The ZMC1 analogue A6 is unable to prevent colony formation .
Long term effect of different short exposure times (2 hours, 1 hour, 30 min, 10
min, 5 min) of 1.0 µM A6 was evaluated by clonogenic assay. The cells were
incubated in drug free medium for 14 days to form colonies followed by Crystal
violet staining. A6 is an analogue of ZMC1, with a100-fold lower zinc binding
affinity. The inability of A6 to prevent colony formation suggests that the zinc
metallochaperone activity of ZMCs is essential for cell kill.
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Figure 2J. Long term clonogenic inhibition of ZMC1 are p53-mediated.
Long term effect of the different exposure time (15 min, 30 min, and 60 min) of
0.1, 0.05, and 0.01 µM ZMC1 was evaluated by clonogenic assay. The cells
were incubated in drug-free medium for 14 days to form colonies followed by
Crystal violet staining. The quantitation is shown on the right. The efficiency of
the p53 siRNA knockdown is measured by Western blot shown on the right.

Combination of Nutlin and Etoposide approximate ZMC1 cell kill
Given the transient nature of ZMC1 activity, we wondered whether brief
activation of wildtype p53 would be sufficient for cell kill. We explored this question
using HCT116 +/+, a human colorectal cancer cell line expressing wild type p53,
in a variety of colony formation assays. Nutlin, an inhibitor of the p53-MDM2
interaction, serves to prevent the degradation of wild type p53 and was unable to
prevent colony growth at any time point between 2 and 72 hours of continuous
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exposure (Fig. 2K). This suggested that stabilization of p53 alone was not
sufficient to induce cancer cell death in brief exposure periods. Next, we
investigated whether activation of p53 could replicate the activity of ZMC1.
Etoposide is an inhibitor of the topoisomerase II enzyme, and prevents the religation of DNA strands, resulting in double strand DNA breaks. This DNA damage
triggers activation of p53. In a colony formation assay, etoposide exhibited timedependent efficacy, with total ablation of colony formation at 72 hours of
continuous exposure, but significantly more remaining after 2 hours of exposure.
We hypothesized that the combination of Nutlin and Etoposide would more closely
replicate the activity of ZMC1. Indeed, the combination was highly efficacious, with
significant cell kill after just 2 hours of exposure (Fig. 2K). Combined with the
ZMC1 colony formation data, this suggests that drugs that either reactivate mutant
p53 or activate wild type p53 may be optimally dosed with short durations of
treatment, as p53 activity is pulsatile and greater durations of treatment confer no
benefit.
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Figure 2K. Stabilization and activation of wild type p53 is needed to
replicate effects of ZMC1. Colony formation assay of HCT115 p53 +/+ cells
exposed to either 10 µM Nutlin, 10 µM Etoposide, or both for 72 hours, 24 hours,
Additional work remains for this topic. Specifically, in order to demonstrate
6 hours, and 2 hours, prior to incubation in drug-free media for 14 days.
that the effects of combinatorial treatment of Nutlin and Etoposide are in fact p53dependent, the entire colony formation assay must be repeated in an isogenic
HCT116 p53 -/- cell line. Additionally, lower doses of the combinations should be
tested to examine whether efficient cell kill could be maintained.

The ON/OFF switch is unique in cancer therapeutics
Through a combination of cellular, genetic, and pharmacologic approaches,
we believe to have discovered another aspect of the mechanism of zinc
metallochaperones. Specifically, the response of cellular zinc homeostasis
impacts the pharmacodynamics of ZMC1. Figure 3 illustrates our updated model
of the mechanism of ZMC1, which bears functional parity to an ON/OFF switch. In
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a cancer cell expressing p53-R175H, a zinc-deficient mutation of p53, Zn2+ levels
are kept in the picomolar range (10-9 M). Our research group has previously
determined the zinc Kd of p53-R175H to be approximately 2 x 10-6 M (Yu et al.,
2014a), which would explain why the mutant protein is in its apo (zinc free) form
and is misfolded (Fig. 3A). Treatment with a ZMC causes an influx of Zn2+ ions,
raising intracellular zinc 1000-fold to approximately 1.5 x10-5 M, which is
sufficiently high enough to allow zinc binding in the native ligation site of p53R175H, resulting in a wild type conformation change (holo form). The zinc surge
and conformation change of mutant p53 is the ON switch that allows the newly
refolded protein to function like wild type p53 to induce apoptosis (Fig. 3B and
3C). In response to the massive zinc surge, cellular zinc homeostatic mechanisms
are activated to return zinc levels back to physiologically appropriate levels. This
includes upregulation of MT and ZnT genes that decrease intracellular zinc, and
downregulation of ZIP genes that serve to increase intracellular zinc. As a result
of the cellular zinc homeostatic response, zinc levels decrease and zinc can no
longer bind to p53-R175H, forcing the mutant protein to return to its apo (zinc free)
form, effectively turning the switch OFF (Fig. 3D).
This ON/OFF switch has important implications for the translation of ZMCs
from a pre-clinical investigatory molecule, to a pharmacological agent used in the
clinic. While most oncologic precision medicines are designed to specifically bind
a molecular target for as long of a duration as possible (i.e kinase inhibitors and
receptor blockers), ZMCs do not bind their molecular target (mutant p53) at all.
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Traditionally, targeted agents are precisely engineered to maximize drug exposure
(i.e T1/2, AUCmax). In contrast, the ON/OFF switch of ZMCs allows for brief
exposures to minimize toxicity. ZMCs will be optimized for a maximum
concentration in the serum (Cmax) in a brief period of time. The Cmax will need to
exceed the EC50 of the cancer cell expressing zinc-deficient p53 mutant.

Figure 3. The ZMC Switch mechanism. A) At physiologic zinc levels (10-9 M),
p53R175H is in its Apo (zinc free) state because the mutation weakens its binding
at the native ligation site. This causes the protein to misfold and lose wild type
transcriptional function. B) Upon treatment with a ZMC, intracellular zinc levels
increase approximately 1000 fold (1.5 x 10-5 M), and this allows zinc to bind in
the p53R175H native ligation site and the protein adopts a wild type conformation
(ON switch). C) Once the protein undergoes a wild type conformation change,
the p53R175H exhibits wild type transcriptional activity and an apoptotic
mechanism is induced. D) Within hours the cell responds to this zinc surge by
activating zinc homeostatic mechanisms (increasing expression of MTs and
ZnTs, decreasing expression of ZIPs) that function to lower cellular zinc levels
to physiologic range. Zinc is no longer at a sufficient concentration to remain
bound in the p53R175H and the protein returns to its Apo state (OFF switch).
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Discussion
ZMCs function via an entirely unprecedented mechanism. No other small
molecule operates through the donation of a metal ion to restore wild type structure
and function to a mutated protein. Metal ion chelators are used in the treatment of
human immunodeficiency viral (HIV) disease, but those drugs chelate a metal ion
to inactivate an enzyme, essentially working in an opposing mechanism to ZMCs
(Grobler et al., 2002). The anti-hypertensive drugs enalapril and catapril bind zinc
in the catalytic site of the metallopeptidase angiotensin I-converting enzyme (ACE)
to prevent conversion of angiotensin I to the vasopressor angiotensin II (Natesh et
al., 2004). The unique combination of zinc ionophore and metallochaperone
properties of ZMCs also contribute to challenges in their translation to clinical use,
particularly with respect to potential zinc toxicity. The data presented in this chapter
broadens our understanding of how ZMCs function, specifically in relation to the
cellular response of zinc homeostatic mechanisms. Figure 3 illustrates how the
cellular zinc muffling response to ZMC1-induced zinc influx contributes to the
ON/OFF switch of ZMC activity.
The exact mechanism of ZMC toxicity remains unanswered. It is
conceivable that the toxicity is due to the rapid surge of zinc, but chelation of other
redox activate metals such as iron or copper is another possibility. The toxicity of
the thiosemicarbazone (TSC) class of metal ion chelators (to which ZMC1 belongs)
has been attributed to iron chelation, leading to methemoglobinemia and bone
marrow suppression due to inhibition of the iron-dependent enzyme ribonucleotide
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reductase as dose limiting toxicities (Yu et al., 2009). If chelation of other metal
ions is in fact the principal cause of ZMC toxicity then the data presented here
supporting low dose and ultra-short exposures will go a long way in mitigating
these toxicities. Furthermore, ZMCs are not considered to be highly promiscuous
metal ion chelators, as they in principle tend to have specific binding preferences
for divalent metal cations. Thus, it should be possible to design variants of ZMC
with lower affinity for iron chelation, while maintaining an adequate affinity for zinc,
allowing the metallochaperone to sufficiently buffer zinc for refolding of mutant p53.
The findings regarding the relationship between the duration of exposure
and efficacy for ZMCs are particularly impactful to the application of the drugs in
humans and may have a broader relevance to pharmacologic strategies to turn on
or restore p53 signaling in wild type or mutant tumors (Bykov et al., 2002; Vassilev
et al., 2004). Here we provide evidence that with respect to p53, longer durations
of activity are not necessary. Precedence for this concept was first demonstrated
in the in vivo model of mouse hepatocellular carcinoma in which p53 expression
was silenced by a doxycycline regulateable p53 shRNA (Xue et al., 2007). In this
model, p53 expression was turned on for 4 days, and when turned off, rapid
regression of tumors was observed. This suggests that brief exposure to p53
induces an irreversible transcriptional program capable of tumor regression. This
parallels the transient period of reaction achieved with short durations of ZMC1
treatment. In the colony formation assays, equivalent cell kill was achieved with
shorter durations of exposure as longer ones, suggesting an upper threshold of
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activity that is achieved with minimal exposure. The effects of reactivating p53 may
be more akin to all-or-nothing, rather than a graded response.
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Chapter 2: Dysregulation of zinc homeostasis as a
mechanism of innate ZMC1 resistance
HCC1395 fails to respond to ZMC1 despite expressing mutant p53-R175H
Our laboratory has previously reported that not all cancer cell lines
expressing the p53-R175H mutant are sensitive to ZMC1 (Yu et al., 2012).
HCC1395 is a human triple-negative breast cancer cell line that fails to reach an
EC50 in the test dose range (Fig. 4A). Cellular zinc homeostasis has been reported
to be dysregulated in a variety of cancers. In particular, breast cancer is said to
have higher levels of cellular zinc compared to normal breast tissue (Taylor et al.,
2007). Furthermore, the expression of zinc homeostatic genes has been reported
to vary across different subtypes of breast cancer (luminal, basal, TNBC)
(Chandler et al., 2016). It is possible that breast cancers (and cell lines) have
evolved adaptations in their zinc homeostatic genes to accommodate for higher
levels of zinc. Specifically, higher levels of metallothioneins (cytosolic zinc buffers)
and ZnTs (zinc exporters) would allow these cells to more rapidly respond to zinc
surges, including those induced by ZMC1.

Figure 4A. Cell growth inhibition comparison of TOV112D and HCC1395.
Cell viability measurement of TOV112D HCC1395 cells upon treatment of the
serial dilutions of ZMC1 for 72 hours using MTS assays. HCC1395 fails to
achieve an EC50, and is categorized as a ZMC1-resistance cell line.
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Kinetics of ZMC1-induced zinc influx differ between ZMC1-sensitive and
resistant cells
To test this hypothesis, we challenged HCC1395 with ZMC1 and tracked
the kinetics of ZMC1-induced zinc influx using the FluoZin-3 AM zinc indicator.
ZMC1 treatment failed to cause a significant increase in intracellular free Zn2+ in
HCC1395 (Fig. 4B). Since zinc levels did not rise after treatment, we questioned
whether the mutant p53-R175H was restored to wild type conformation. Using
conformation specific antibodies, we confirmed that unlike the ZMC1-sensitive
TOV112D cell line, there was no conversion of the conformation from mutant
(PAB240 staining) to wild type (PAB1620 staining) (Fig. 4C). Likewise, there was
no induction of p21, a p53-target gene, either at the mRNA or protein level (Fig.
4D).

Figure 4B. Comparison of ZMC1-induced zinc influx in TOV112D and
HCC1395. Intracellular free Zn2+ concentration was measured using FluoZin-3
fluorescent imaging in TOV112D cells and HCC1395 cells. The cells were
treated with 1 µM ZMC1 over an 8 hour period. Scale bar = 50 µm. HCC1395
have a significantly weaker zinc influx compared to TOV112D.
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Figure 4C (top). p53-R175H fails to be restored to wild type conformation
in HCC1395. Mutant p53 refolding was evaluated using conformation-specific
immunofluorescent imaging with PAB240 (mutant) and PAB1620 (wild type).
TOV112D cells undergo a conformation change with 1 µM ZMC1 treatment,
whereas HCC1395 does not.
Figure 4D (bottom). p53-target genes are not induced in HCC1395. p21
protein levels were evaluated by Western blot in both cell lines upon treatment
with 1 µM ZMC1 for up to 24 hours. While ZMC1 induced p21 expression in
TOV112D, it is unable to do in HCC1395.
To comprehensively investigate whether expression differences in the zinc
homeostatic genes impact sensitivity to ZMC1, we performed RNAseq analysis on
ZMC1-treated HCC1395 cells and compared the expression profile to TOV112D
(Fig. 4E). Expression of eleven of the thirty-seven zinc homeostatic genes were
significantly altered by ZMC1 treatment. ZnT1, ZnT9, ZIP1, ZIP6, ZIP7, ZIP14,
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MT1X, and MT2A were significantly upregulated in response to ZMC1 treatment.
Additionally, ZIP10, ZIP4, and ZIP13 were downregulated (Table 4).

Figure 4E. RNAseq analysis of zinc homeostatic genes in ZMC1-treated
TOV112D and HCC1395 cells. RNAseq analysis of TOV112D and HCC1395
cells at baseline, 4 hours, 8 hours, and 24 hours after ZMC1 treatment.
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Table 4. Zinc homeostatic genes significantly
upregulated or downregulated in HCC1395 after
ZMC1 treatment, as determined by RNAseq
analysis.

Knockdown of metallothioneins increases ZMC1-induced zinc influx and
reactivation of mutant p53-R175H in HCC1395
Since knockdown/knockout of the MT genes in TOV112D resulted in greater
levels of ZMC1-induced zinc influx, we hypothesized that knockdown of some of
the genes induced by ZMC1 treatment might have a similar effect on HCC1395.
Using siRNA, we silenced the expression of MT1A, MT1X, and MT2A (siMT group)
and measured the kinetics of ZMC1-induced zinc influx through a full course of
ZMC1 treatment (Fig. 4F). Compared to cells transfected with non-target siRNA
(siControl group), the siMT group had markedly increased intracellular zinc
concentrations in response to ZMC1 treatment. Transient knockdown of the three
MT genes diminished the cells’ ability to rapidly dampen the zinc influx. The
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increased levels of zinc in the HCC1395 siMT allowed for ZMC1-mediated wild
type conformation change in p53-R175H (Fig. 4G). The transfection conditions
appeared to be affecting some of the staining, so we next sought to recapitulate
these results without the need for acute gene knockdown.

Figure 4F. Effects of MT gene KD on ZMC1-induced zinc influx. siRNA KD
of MT1A, MT1X, and MT2A (siMT group) was performed prior to intracellular
free Zn2+ measurements using FluoZin-3. The cells were treated with 1 µM
ZMC1 over an 8 hour period.

Figure 4G. KD of MT1A, MT1X, and MT2A increases refolding of mutant
p53 after ZMC1 treatment. The effects of KD of MT1A, MT1X, and MT2A on
mutant p53 refolding was evaluated using conformation-specific
immunofluorescent imaging with PAB240 (mutant) and PAB1620 (wild type).
The quantification of the analysis is provided below.
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ZnCl2 supplementation markedly sensitizes ZMC1-resistant cells
The purpose of acute knockdown of MT1A, MT1X, and MT2A was to
overcome the cells’ ability to prevent a ZMC1-mediated zinc surge. Essentially, the
goal was to substantially increase intracellular zinc concentrations. We began to
investigate whether a combination of ZMC1 and ZnCl2 could achieve this goal.
First, we performed cell growth inhibition assays comparing a range of ZMC1
doses to ZMC1 plus supplemental ZnCl2. ZMC1 alone was insufficient for the cells
to achieve an EC50, but 50 µM and 25 µM of supplemental ZnCl2 dramatically
sensitized the cells, each achieving an EC50 of 0.02 µM (Fig, 5A). In a study of
zinc kinetics, 25 µM ZnCl2 + 1 µM ZMC1 had markedly increased and sustained
Zn2+ influx, whereas 1 µM ZMC1 had no such effect (Fig. 5B). Furthermore,
whereas neither ZMC1 nor ZnCl2 alone was able to induce a conformation change
in mutant p53-R175H, the combination of 25 µM ZnCl2 + 1 µM ZMC1 resulted in
detection of wild type p53 using the PAB1620 antibody (Fig. 5C).
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Figure 5A (top). ZnCl2 sensitizes HCC1395 cells to ZMC1. 72 hour cell
growth inhibition assay (Calcein AM) examining the effects of supplementation
of ZnCl2 to serial dilutions of ZMC1.
Figure 5B (bottom). ZnCl2 in combination with ZMC1 increases
intracellular free Zn2+. Intracellular free Zn2+ concentration measurements
using FluoZin-3 of ZMC1 and ZMC1+ZnCl2 treated HCC1395 cells.
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Figure 5C. Combination of ZnCl2 and ZMC1 restores wild type structure to
p53-R175H in HCC1395 cells. The effects of combinatorial treatment on
mutant p53 refolding was evaluated using conformation-specific
immunofluorescent imaging with PAB240 (mutant) and PAB1620 (wild type).
The quantification of the analysis is provided below.
The combination of 25 µM ZnCl2 with ZMC1 was so dramatic, that we next
set out to determine the lowest dose of zinc supplementation that would sensitize
the ZMC1-resistant cells. 10 µM and 5 µM ZnCl2 had similar cell-kill curves as 25
µM ZnCl2, and while 1 µM ZnCl2 had much less total kill at higher doses of ZMC1,
it was still able to sufficiently sensitize the cells to achieve an EC50 (Fig. 5D). In
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fact, 1 µM ZnCl2 + 1 µM ZMC1 was capable of inducing a wild type conformation
change of p53-R175H (Fig. 5E).

Figure 5D. Low concentrations of ZnCl2 are sufficient to sensitize
HCC1395 cells to ZMC1. 72 hour cell growth inhibition assay (Calcein AM)
examining the effects of supplementation of a range of low ZnCl2
concentrations to serial dilutions of ZMC1.

Figure 5E. The effects of combinatorial 1 µM ZnCl2 + 1 µM ZMC1 treatment on
mutant p53 refolding was evaluated using conformation-specific
immunofluorescent imaging with PAB240 (mutant) and PAB1620 (wild type).
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To determine whether the sensitization of HCC1395 to ZMC1 through ZnCl2
supplementation was mediated through p53, we knocked down p53 using siRNA
and repeated the cell growth inhibition assays. Neither the siControl or siP53
group responded to ZMC1 alone. Adding 1 µM ZnCl2 markedly sensitized the
siControl cells to ZMC1. However, in the siP53 group, 1 µM ZnCl2 did not have an
effect on cell viability except at the higher doses of ZMC1 (Fig. 5F). This
experiment needs to be repeated, but the data suggests that at lower doses of
ZMC1, the ZnCl2 sensitization is not merely zinc toxicity, but rather p53dependent.

Figure 5F. ZnCl2 sensitization of HCC1395 to ZMC1 is p53-dependent.
Knockdown of p53 abrogates the efficacy of combinatorial ZMC1 and ZnCl2
treatment in HCC1395.
ZMC1-sensitive and resistant cells have equivalent cellular distribution of
ZMC1
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An alternative hypothesis for the differential sensitivity to ZMC1 observed in
TOV112D and HCC1395 is that the two cell lines efflux the drug at different rates.
For example, given that HCC1395 fails to respond to ZMC1, it theoretically is
possible that the cell line quickly pumps out the drug, and thus it never accumulates
to sufficient levels within the cell. For this alternative hypothesis to be true,
TOV112D must have higher intracellular ZMC1 levels than HCC1395. We tested
this by treating both cell lines with the same dose of ZMC1 and harvesting cell
pellets at various time points. Using an LC/MS/MS protocol that was previously
described (Lin et al., 2015), it was determined that TOV112D and HCC1395 have
an equivalent cellular distribution of ZMC1 across a range of times (Fig. 5G). This
suggests that differences in rates of efflux of ZMC1 do not account for their variable
sensitivity to the drug.

Figure 5G. Evaluation of cellular distribution of ZMC1 over 8 hours in
TOV112D and HCC1395. Despite differences in sensitivity, the cell lines had
comparable levels of ZMC1 across all time points tested.
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Discussion
Targeted pharmacological therapies promise precise action within specified
cells. While this is certainly an advantage over traditional non-specific
chemotherapeutic agents, innate and adaptive mechanisms of resistance are
problems that still apply to these next-generation oncologic therapies. Early in our
work with ZMCs, we came to realize that some unknown mechanism of innate
resistance exists within some cancer cell lines expressing p53-R175H (Yu et al.,
2012). Using the knowledge generated here regarding the role of zinc homeostasis
in the pharmacodynamic response to ZMC1, we have uncovered a mechanism of
resistance that is specific to ZMCs. As ZMCs function by buffering intracellular Zn2+
concentrations above the Kd1 of the native zinc ligation site of p53-R175H, cellular
zinc buffering and muffling mechanism respond to the zinc influx. In ZMC1sensitive cells, like TOV112D, the zinc homeostatic response is not fast enough to
attenuate zinc levels prior to the refolding of mutant p53. Thus, mutant p53 regains
a wild type conformation, is activated by the induction of reactive oxygen species,
and p53-target genes are expressed. By tracking the kinetics of Zn2+ influx, we
observe a strong, but transient increase in concentrations of the cation.
Contrastingly, in ZMC1-resistant cell lines, such as HCC1395, zinc levels fail to
sufficiently rise to allow for a conformation change in mutant p53. Without refolding
of the protein, the mutant protein fails to activate wild type p53-dependent
transcription programs, including those that promote apoptosis.
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Despite the inability of ZMC1 to reactivate p53-R175H in HCC1395, we
have identified a simple method to overcome the innate resistance. As the problem
is of insufficient zinc influx, we can overwhelm the zinc homeostatic response by
combinatorial treatment of ZMC1 with ZnCl2. Doses as low as 1 µM ZnCl2 are
capable of sensitizing HCC1395, resulting in a dramatic response to ZMC1. With
the combination, Zn2+ levels rise in the cell, mutant p53-R175H adopts a wild type
conformation, and cells that previously failed to respond to treatment now die.
Importantly, this sensitivity is p53-mediated, as acute knockdown of p53 abrogates
the sensitivity. Upon knockdown of p53, cell death was only observed in the
highest doses of ZMC1, suggesting that ZnCl2 supplementation below 1 µM may
have efficacy at the higher doses of ZMC1, and this effect may be p53-mediated
and not zinc toxicity.
These findings have important implications for the translation of ZMCs into
the clinic. Not only will patients need to be pre-screened for expression of a p53zinc-deficient mutant, but we can envision a screen for zinc homeostatic genes.
Alternatively, dosing ZMCs with ZnCl2 may be a method to ensure response
regardless of zinc homeostatic gene expression. The combination may also allow
lower doses of ZMCs to be used, thus limiting the off-target effects associated with
thiosemicarbazones. Our group has synthesized a pre-formed complex of ZMC1
with Zn2+ in a 2:1 molar ratio, termed Zn-1. We have already demonstrated
increased efficacy over the ZMC1 monomer in a murine model of pancreatic ductal
adenocarcinoma expressing p53-R172H. Much work remains in the development
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of ZMCs as a viable precision medicine, but the work described here significantly
advances our understanding of the impact of cellular zinc homeostatic
mechanisms on the pharmacodynamics of ZMCs and innate resistance.
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Chapter 3: Other projects
3.1 Preliminary exploration of the relationship between p53 and zinc
regulation: Does p53 regulate zinc homeostatic mechanisms?
The p53 protein requires zinc binding for folding(Butler and Loh, 2003). Not
only can mutations that impair zinc binding result in a misfolded protein, but
chelation of zinc from a cell can cause wild type p53 to adopt a mutant
conformation (Meplan et al., 2000). Similarly, overexpression of metallothioneins
can cause wild type p53 to misfold, due to their ability to bind excess free zinc
(Puca et al., 2009; Puca et al., 2008).
Given the necessity of zinc for proper folding of p53, we hypothesized that
p53 might itself play a role in the regulation of zinc homeostasis. To test this
hypothesis, we compared the expression of MT1A, MT2A, and ZnT1 in the
isogenic cell lines HCT116 +/+ and HCT116 -/-. The mechanism of ZMC1 can be
pared down to two main components – zinc donation and p53 activation through
reactive oxygen species (ROS) generation. Because of the dual nature of its
mechanism, we contemplated analogues that could be studied independently and
alongside ZMC1. To that end, we challenged the HCT116 cell lines with ZMC1
(mixed stimulus), ZnCl2 (pure zinc stimulus), and Etoposide (DNA damage/p53
activation stimulus) and examined gene expression using qPCR. The p53 null cell
line (HCT116 -/-) had higher basal levels of both MT1A and MT2A. Additionally,
treatment with either ZMC1 or ZnCl2 more strongly induced the expression of these
genes (Fig. 6A).
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We next sought to examine whether these results were exclusive to cancer
or could be observed in a non-cancer model. Using isogenic mouse embryonic
fibroblasts (MEF) we compared zinc gene expression in cells expressing wild type
p53 (MEF +/+) and those null for p53 (MEF -/-). Notably, the MEF -/- cells had
higher basal expression of the metallothionein gene MT1. Additionally, both ZMC1
and ZnCl2 treatment resulted in greater induction of MT1 expression in the p53 null
cell line than the wild type p53 variant (Fig. 6B). These results are analogous to
what is seen in HCT116 cells.
Subsequently, we wanted to determine the functional consequences of
higher basal MT gene expression and greater induction after ZMC1 treatment in
the p53 null cells. We hypothesized that cells with greater MT expression would
have less free Zn2+ and would more rapidly respond to zinc influx. We treated MEF
p53 +/+ and -/- cells with ZMC1 and examined the kinetics of zinc influx using
FluoZin-3 (Fig. 6C). The MEF p53 +/+ cells had a dramatic increase in Zn2+ levels
in response to ZMC1 treatment that sustained for the duration of the 8 hour
treatment period. Contrastingly, the MEF p53 -/- cells had a markedly lower zinc
influx. These results match our hypothesis in that the p53 null cells with greater
MT gene expression could better respond to zinc influx.
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Figure 6A. Effect of p53 status on zinc gene expression in isogenic
HCT116 cells. HCT116 cells (WT or null p53) were treated with either ZMC1,
ZnCl2,x?:
or Type
Etoposide.
The
expression
of the zinc
homeostatic genes MT1A,
Figure
a figure
legend
here. Format
it accordingly
MT2A, ZnT1, and p21 were measured by quantitative RT-PCR.
Figure 6B. Effect of p53 status on zinc gene expression in isogenic MEF
cells. MEF (WT or null p53) were treated with either ZMC1, ZnCl2, or
Etoposide. The expression of the zinc homeostatic genes MT1, ZnT1, and p21
were measured by quantitative RT-PCR.
Figure 6C. Effect of p53 status on intracellular zinc concentration in
isogenic MEF cells. Intracellular free Zn2+ concentration measurements
using FluoZin-3 of ZMC1 treated isogenic MEF cells (p53 +/+ and -/-).
We have proposed a model in an attempt to summarize this data so far and
offer a possible mechanistic explanation (Fig. 6D). This model is not yet validated,
but it serves as a starting point for hypothesis testing. Based on the
aforementioned data, we suggest that p53 may negatively regulate the expression
of metallothionein genes, through a yet to be defined mechanism. By negatively
regulating expression of metallothioneins, p53 may serve to raise intracellular zinc
to a sufficient level to ensure proper p53 folding (Fig. 6D Panel A). Contrastingly,
without p53 present, the metallothionein genes may be more strongly expressed,
allowing for binding of free Zn2+, resulting in lower cellular zinc concentrations (Fig.
6D Panel B).
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Figure 6D. Theoretical model of p53 regulation of zinc gene expression.
Panel A) If p53 functions as a negative regulator of MT gene expression, then
when p53 is present, less MT is present in the cell, and higher levels of
intracellular zinc accumulate. Other zinc transporters (ZIPs and ZnTs) prevent
zinc levels from rising beyond physiological concentrations.
Panel B) When p53 is lost or its activity impaired, MT genes loss repression
and can be expressed at higher levels. Zinc levels are lower in the cell, as
more molecules are capable of being bound by the MT proteins.
Significant work remains for this project. Precise measurements of
intracellular zinc in p53 +/+ and p53 -/- cells would provide strong evidence in favor
or against this hypothesis. One possible way for p53 to negatively regulate MT
gene expression is by direct action as a negative repressor (Wang et al., 2010).
This would involve specific binding to p53-response elements (REs) within MT
genes. Using the p53MH algorithm, a validated p53-RE search algorithm that
identifies putative p53 transcription factor DNA-binding sites (Hoh et al., 2002), we
have identified the response elements in a handful of zinc homeostatic genes.
Upon querying the p53MH algorithm for all zinc homeostatic genes, the genes
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MT2A, MT1A, MT1H, MT1L, MT3, SLC30A1, SLC30A2, SLC30A5, SLC30A8,
SLC30A10, SLC39A2, SLC39A4, SLC39A5, and SLC39A8 were deemed to have
potential p53-REs. For most of these genes, the sequences had high match scores
(range 69% - 100%). To validate the functional significance of these REs, they
must be cloned into a reporter vector and transfected into wild type and null p53
cell lines.
The p53 protein has numerous roles within the cell, and the list of
physiologic processes it controls has expanded significantly since the discovery of
the tumor suppressor. However, cellular zinc homeostasis has not yet been
identified as a possible target of its function. In addition to the data presented here
(Fig. 6), we believe there is biologic plausibility for the p53 to have a role in
regulation of cellular zinc levels. The structure, and thus the function, of wild type
p53 is malleable and can be turned off by chelation of zinc (described in detail in
the Introduction). Likewise, supplementation of zinc to zinc-depleted cells can
restore p53 structure and function. Thus, if p53 were to be able to influence zinc
homeostasis, it could serve as a mechanism of regulation p53 activity.

3.2 Differential sensitivity across p53-R175H cell lines
As mentioned in Chapter 2, not all p53-R175H cancer cell lines are sensitive
to ZMC1. Furthermore, even among ZMC1-sensitive cell lines, significant variation
exists with respect to their EC50. We have tested ZMC1 against cancer cell lines
from numerous malignant tissue: breast, colon, leukemia, lung, kidney, ovary,
pancreas, pharynx (Fig. 7A). While some cell lines failed to respond to ZMC1
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across a wide dose range, others, like hM12D, had single digit nanomolar EC50
values. hM12D is a particularly interesting cell line that was derived from an
organoid of a patient’s pancreatic tumor. The kinetics of its ZMC1-induced Zn2+
influx are similar to those of TOV112D; however, the zinc influx is sustained even
at 8 hours (Fig. 7B). Unfortunately, the extreme sensitivity to ZMC1 is not p53dependent, as revealed by cell growth inhibition assay of cells with transient siRNA
knockdown of p53 (Fig. 7C). It is worth exploring whether zinc toxicity is the cause
of the extreme sensitivity, or whether a different mechanism is at play for this cell
line. If the latter is true, ZMC1 may be especially useful in cases of pancreatic
ductal adenocarcinoma, a notoriously chemotherapy-resistant cancer.
The majority of p53-R175H cell lines tested show sensitivity to ZMC1, but it
will be important to demonstrate that this sensitivity is through reactivation of
mutant p53. Repeating the cell growth inhibition assay after siRNA knockdown of
p53 will allow us to ascertain whether the ZMC1 sensitivity is p53-mediated.
Furthermore, it would be beneficial to test additional p53-R175H cell lines to so
that we have a better sense of the spectrum of sensitivity to ZMC1.
Previously it has been shown that cell lines expressing other zinc-deficient
mutant p53 are sensitive to ZMC1(Yu et al., 2014a). Testing more of those cell
lines will potentially expand the pool of patients who may benefit from treatment
with ZMC1.
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Figure 7A. Differential ZMC1 sensitivity of p53-R175H bearing cancer cell
lines. Cell viability measurement of a panel of human cancer cell lines
expressing p53-R175H. The MTS assay was used in this experiment.

Figure 7B. Variations in intracellular zinc concentrations in 3 p53-R175H
cell lines. Intracellular free Zn2+ concentration measurements using FluoZin3. TOV112D, HCC1395, and hM12D cells were treated with 1 µM ZMC1 and
imaged with FluoZin-3 at 0, 1, 2, 4, 6, and 8 hours.
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Figure 7C. p53-independent cell kill of hM12D. Cell viability measurement of
hM1_2D parental cells and transient p53 KD cells upon treatment of the serial
dilutions of ZMC1 for 72 hours using MTS assays. Right panel demonstrates
knockdown efficiency using Western blot. GAPDH used as an internal loading
control.

3.3 Exploring zinc dysregulation in cancer
For several decades, researchers have reported perturbations in cellular
zinc homeostasis in several cancer types. Prostate cancer is said to have lower
levels of zinc compared to normal prostate tissue (Huang et al., 2006). This is
believed to be due to loss of the zinc importer ZIP1 (Johnson et al., 2010).
Contrastingly, breast cancer has been reported to have higher levels of zinc than
normal breast tissue, with variation among the subtypes of breast cancer (Taylor
et al., 2007). Pancreatic cancer has elevated expression of ZIP4, which contributes
to its pathogenesis and progression (Li et al., 2007).
Our data suggests that the differential sensitivities to ZMC1 observed in
cancer cell lines expressing p53-R175H is in part due to mechanisms of zinc
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homeostasis. For example, HCC1395 expresses p53-R175H, but fails to undergo
a conformation change, has an attenuated ZMC1-induced zinc influx, and
resistance can be overcome with supplemental ZnCl2 (see Fig. 5) Combining this
knowledge with the data regarding altered zinc homeostasis in breast and prostate
cancer, we began to hypothesis that zinc dysregulation might occur more broadly
in cancer. First, we examined cBioPortal for mutation and expression changes
across the entire suite of zinc homeostatic genes in a wide range of cancers (Table
5). Mutations in these genes are exceedingly rare, and in most instances were not
observed at all in the database. Expression changes occurred more frequently but
were still relatively uncommon. However, a subset of the genes (SLC39A1,
SLC39A4, SLC39A11, and SLC30A8) displayed expression changes in a majority
of cancers examined.
Genes
Ovary
SLC39A1
8%
SLC39A2
6%
SLC39A3
4%
SLC39A4
33%
SLC39A5
2.30%
SLC39A6
5%
SLC39A7
5%
SLC39A8
1.90%
SLC39A9
1.30%
SLC39A10
5%
SLC39A11
5%
SLC39A12
5%
SLC39A13
1.30%
SLC39A14
8%
SLC30A1
6%
SLC30A2
1.60%
SLC30A3
4%
SLC30A4
2.30%
SLC30A5
5%
SLC30A6
4%
SLC30A7
1.60%
SLC30A8
32%
SLC30A9
3%
SLC30A10
6%
MT1A
0.60%
MT1B
1%
MT1E
0.60%
MT1F
0.60%
MT1G
0.60%
MT1H
0.60%
MT1L
0.60%
MT1M
1%
MT1X
0.60%
MT2A
0.60%
MT3
0.60%
MT4
1%
MTF1
8%
TP53
88%

Breast
21%
0.70%
0.20%
21%
0.60%
0.80%
1.10%
0.50%
0.20%
0.60%
7%
4%
0.80%
1.10%
23%
0%
0.60%
0.30%
1.30%
0.50%
0.40%
26%
0.40%
24%
0.80%
0.90%
0.80%
0.80%
0.90%
0.90%
0.80%
0.80%
0.90%
0.80%
0.70%
0.70%
1.10%
36%

Pancreatic
4%
0.70%
0%
13%
2.70%
6%
1.30%
0.70%
0.70%
1.30%
2.70%
2%
1.30%
1.30%
2.70%
0.70%
0.70%
0%
0%
0%
0%
11%
0.70%
2.70%
0.70%
1.30%
0.70%
0.70%
0.70%
1.30%
0.70%
1.30%
0.70%
0.70%
0.70%
0.70%
0%
70%

Skin
4%
1.40%
2%
8%
3.00%
2%
6.00%
1.70%
0.70%
4.00%
5.00%
5%
0.70%
2.80%
4.00%
1.70%
1.70%
3%
1%
2%
1%
12%
2.80%
8.00%
0.70%
0.70%
0.70%
1.00%
0.70%
1.40%
0.70%
0.70%
0.70%
1.40%
0.70%
2.40%
3%
17%

Bladder
6%
2.90%
1.20%
5%
1.70%
1.90%
0.70%
0.50%
0.50%
1%
4%
5%
1.20%
8%
1.70%
1.20%
2.40%
0.50%
2.20%
2.20%
1%
8%
1%
1.70%
0.50%
0.50%
0.50%
0.50%
0.50%
0.70%
0.50%
0.50%
0.50%
0.50%
0.50%
0.50%
2.90%
18%

Lung Adeno Lung Squamous
Liver
14%
7%
13%
1.70%
3%
1.10%
1.30%
1.10%
0.50%
6%
8%
16%
3%
0%
2.50%
3%
7%
1.10%
2.60%
1.10%
4%
0.90%
0.60%
1.90%
1.30%
0.60%
0.30%
1.70%
4%
2.50%
5%
6%
6%
8%
7%
4%
0.90%
1.10%
0.50%
7%
6%
9%
7%
0.60%
12%
3%
1.70%
1.40%
0.40%
3%
4%
3%
2.20%
0.80%
1.70%
2.20%
1.10%
0.40%
1.70%
1.60%
2.20%
1.10%
1.60%
7%
6%
19%
0.40%
2.80%
1.10%
10%
1.10%
9%
1.30%
0%
0.50%
1.30%
0%
0.50%
1.30%
0%
0.80%
1.30%
0%
0.50%
1.30%
0%
0.50%
1.70%
0.60%
0.50%
1.30%
0%
0.50%
1.70%
0%
0.80%
1.30%
0%
0.50%
1.70%
0%
0.50%
1.30%
0%
0.50%
1.70%
0%
0.80%
2.20%
1.70%
1.10%
46%
81%
33%

Colorectal
0.50%
1.80%
0.50%
5%
1.80%
1.80%
2.70%
0.90%
1.40%
1.80%
2.70%
1.80%
0.50%
6%
1.80%
0%
1.40%
2.70%
0.90%
1.40%
0.90%
7%
2.70%
1.40%
0%
0.50%
0%
0%
0.50%
0%
0%
0%
0%
0%
0.50%
0%
2.30%
55%

Head&Neck Esophagus
1.60%
4%
2%
1.60%
1%
1.60%
11%
16%
0.40%
1.60%
2.60%
7%
1.40%
5%
0.60%
1.60%
1.40%
1.10%
2.60%
2.20%
1.60%
5%
4%
5%
1.20%
0%
3%
3%
0.60%
3%
0.40%
2.20%
0.80%
0.50%
1%
1.10%
0.40%
4%
1.20%
0.50%
1%
1.10%
10%
13%
1.80%
3%
2.20%
5%
1.20%
1.60%
1%
1.60%
1%
1.60%
1%
1.60%
1%
1.60%
1.20%
2.20%
0.80%
1.60%
1%
2.70%
1%
1.60%
0.80%
1.60%
1%
1.60%
0.80%
1.60%
2%
3%
72%
84%

Prostate
1.60%
0.60%
1.20%
6%
1%
1.20%
0.20%
1%
1.60%
0.80%
2%
1%
1.60%
17%
1%
0.60%
0.60%
2.40%
6%
1.60%
2%
7%
2%
2.20%
2.80%
2.80%
2.80%
2.80%
2.80%
2.80%
2.80%
2.80%
2.80%
2.80%
2.80%
3%
1%
18%

Stomach
5%
2.30%
2.50%
7%
4%
4%
4%
2%
1.80%
3%
4%
4%
1.80%
3%
2.50%
1%
4%
1.80%
2.50%
2.50%
2.30%
9%
2%
1.50%
0.80%
1%
0.80%
0.80%
1.30%
0.80%
0.80%
1.30%
0.80%
0.80%
0.80%
1.30%
4%
49%

Kidney RenalKidney
Cell Papillary
GBM
1.60%
0.40%
0.70%
0%
1.10%
0%
0.70%
0%
1.10%
1.10%
0.70%
1.50%
0%
0.40%
1.10%
1.30%
0%
0%
0.40%
0.70%
0.40%
0.40%
0.40%
0%
0.70%
0.70%
0.40%
2.70%
0.70%
0%
1.30%
1.10%
0.40%
0.40%
0.40%
0%
0.20%
0%
0%
2%
0.40%
0%
0.40%
1.10%
0.70%
0.20%
0%
0%
0.70%
1.40%
0.40%
0.20%
0.40%
0.70%
0.20%
0%
0.70%
0.40%
1.40%
0.40%
0.20%
0.40%
0.40%
1.60%
0.40%
0.70%
2.20%
0.70%
0%
0.70%
0.40%
0.40%
0%
0%
0.70%
0%
0%
0.40%
0%
0%
0.40%
0%
0%
0.40%
0.20%
0%
0.40%
0.40%
0.40%
0.40%
0%
0%
0.40%
0%
0%
0.40%
0.40%
0%
0.40%
0%
0%
0.40%
0%
0%
0.40%
3%
0%
0.40%
0.90%
0.40%
1.50%
4%
2.90%
30%

Table 5. Mutational and expression changes of zinc homeostatic genes.
The cBioPortal was queried for the frequency of mutational and expression
changes in all zinc homeostatic genes and TP53 in 16 human cancers.
Mutations were exceedingly rare in the zinc homeostatic genes, but expression
changes in some of the genes were observed across cancer types.
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Next, we wanted to determine whether these 4 genes were normally
expressed in a variety of tissue types. For this analysis, we used the GTEx Portal
(Genotype-Tissue Expression), which contains expression data from all human
normal tissue samples. SLC30A8 is almost exclusively expressed in normal
human pancreatic tissue (Fig. 8, top), but is widely expressed across cancer, with
high levels in breast cancer that exceed the expression in pancreatic cancer.
Similarly, SLC39A4 has minimal expression in most tissue but is expressed in
significantly higher levels in the small intestine and colon (Fig. 8, bottom). When
examining RNAseq data across multiple cancer types, we see that SLC39A4 is
expressed more broadly in all cancer types, with greater variation in expression.

Figure 8. Normal tissue and cancer-specific expression of SLC30A8 and
SLC39A4. Expression of SLC30A8 and SLC39A4 in cancers (left) and normal
tissue (right). In normal tissue, both genes exhibit tissue specific expression,
with markedly increased expression in tumors, suggesting possible
dysregulation of expression.
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These preliminary studies provided some support for our hypothesis, but
greater bioinformatics expertise is needed to more comprehensively explore this
question. We hoped to directly compare expression changes between matched
tumor and normal tissue samples, as we thought this would provide the clearest
evidence of changes in expression between normal somatic cells and cancerous
ones. For that, we turned to Dr. Hossein Khiabanian and his graduate student,
Amartya Singh. The collaboration is in its infancy, but progress has already been
made. Amartya analyzed 13 tumor types that contained at least 19 samples of
matched normal and tumor samples. His analysis showed that indeed there were
consistent changes in expression between tumors and their matched normal
tissue. Particularly, the metallothionein family appeared to be downregulated in a
handful of cancers, while the ZIP family was upregulated. These changes may
suggest higher cellular zinc concentrations in tumors than in normal tissue.
In addition to the bioinformatics approach, we sought to determine whether
differences in the expression of zinc homeostatic proteins could be appreciated
between tumors and normal adjacent tissues. We examined surgical specimens
of human pancreatic ductal adenocarcinoma (PDAC) and normal adjacent tissue
and performed immunohistochemistry (IHC) for the detection of several zinc
homeostatic proteins. We observed increased expression of ZIP1, ZIP10, and
ZnT9 in the malignant tissue, compared to normal adjacent tissue (Fig. 9). With
respect to this particular experiment, a significant limitation was the restricted
amount of normal adjacent tissue, as PDAC is a highly aggressive disease.
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Combining genomic analysis with IHC staining of tumor and normal adjacent tissue
is a strong approach to testing whether zinc homeostasis is truly dysregulated in
cancer, and this project deserves to be expanded to include additional tumor types
and a greater number of proteins.
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Figure 9. Immunohistochemical staining of ZIP1, ZIP10, ZIP11, ZIP12, ZnT8,
and ZnT9 in human pancreatic ductal adenocarcinoma and normal adjacent
tissues.
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These studies are still early but show consistent results. To finish this
project, we will have to validate the data in cancer cell lines and in human tissue.
Immunohistochemistry staining of matched tumor and normal adjacent tissue will
be useful to show concordance between RNA and protein expression.
Knockdown/knockout studies in cancer cell lines of overexpressed ZIP genes may
provide evidence of the functional consequence of overexpression of these genes
in cancer. Much work remains to complete this story, but we are making progress
towards describing the dysregulation of zinc homeostasis in cancer.

3.4 Simultaneous detection of WT and mutant p53
Mutations in p53 impair consensus-DNA binding and proper folding of the
protein. One of the consequences of this is loss of MDM2-mediated degradation
of the mutant protein. Without MDM2 keeping the protein levels in check, mutant
p53 levels accumulate to levels far higher than what is observed in cells expressing
wild type p53. This explains why mutant p53 is detected so strongly at baseline in
TOV112D, and why the mutant protein levels fall after ZMC1 treatment. Under nondenaturing conditions, conformation specific antibodies may be used to detect wild
type (PAB1620) and mutant (PAB240) p53. This assay was used in the first studies
of ZMC1 activity to demonstrated its ability to induce a conformation change in
p53-R175H (Yu et al., 2012). Likewise, immunoprecipitation of ZMC1-treated cell
lysates

has

shown

a

greater

than

85%

reduction

in

mutant-specific
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immunoreactivity (PAB240) (Yu et al., 2012). The reduction in mutant p53
conformation coincides with refolding of the protein (detection with PAB1620).
As an alternative to immunoprecipitation studies, immunofluorescent
staining of fixed cells has the advantage of detecting the presence of both
conformations (wild type and mutant) of p53 in the same cell. To test this, we
performed serial-staining of untreated and ZMC1-treated TOV112D cells with
PAB1620, followed by PAB240 (Fig. 10). Using this approach, we confirm the
absence of PAB1620 staining in untreated TOV112D cells. Interestingly, while a
conformation change is evident after ZMC1 treatment, PAB240 staining persists
after treatment, suggesting that only a portion of the total mutant p53-R175H
population undergoes a conformation change. These results confirm our earlier
findings, but more importantly, they demonstrate the feasibility of the technique to
localize two populations of the p53 protein within a cell.
This approach has a critical potential application in future studies regarding
whether wild type p53 activity is conformationally regulated. Chapter 3.1 explores
our preliminary data on the role of p53 in the regulation of zinc homeostasis. We
hypothesize that in cells expressing wild type p53, the malleable structure of p53
alternates between folded (zinc-bound/holo) and unfolded (zinc-deficient/apo)
forms as a mechanism of regulation of p53 activity. If our hypothesis that p53 plays
a role in the regulation of cellular zinc homeostasis is correct, that provides a
mechanistic link between a genetic regulatory function of p53 (controlling
expression of genes that influence zinc concentrations) and a conformationally-
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based approach to mediating p53 activity. The serial immunofluorescent staining
of PAB1620 and PAB240 will be crucial in evaluating whether p53 structure can
switch between the two conformations as a result of induction or repression of zinc
homeostatic gene expression.

TOV112D
CTL

ZMC1

1620

240

Merge

Figure 10. Simultaneous detection of wild type and mutant p53
conformation. In order to detect the co-occurrence of mutant and wild type p53
in the same cells, serial staining of PAB1620 followed by PAB240 was
performed. PAB1620 (green), PAB240 (red), and merged (yellow). A significant
increase in PAB1620 staining was detected after ZMC1 treatment, but PAB240
staining persisted, suggesting presence of both conformations of p53.
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Chapter 4: Translation of ZMC mechanism to the clinic
The ON/OFF switch has important implications for the translation of ZMCs
to the clinic. While most targeted cancer therapeutics are designed to specifically
bind a molecular target for as long of a duration as possible (i.e kinase inhibitors
and receptor blockers), ZMCs do not bind their molecular target (mutant p53) at
all. Moreover, the traditional paradigm in targeted drug development is to optimize
compounds through medicinal chemistry for pharmacokinetic properties (i.e T1/2,
AUCmax) that maximize drug exposure to ensure the molecule is bound to its target
as long as possible. All ZMCs have some affinity for other divalent metal ions
including the chelation of redox active iron and copper which is a source of toxicity.
The ON/OFF switch of ZMCs is a considerable advantage because it allows for
brief exposures that minimizes toxicity. From a pharmacokinetic perspective,
ZMCs need not be optimized for maximal exposure, but rather to achieve the
optimal maximum concentration (Cmax) in serum to increase intracellular zinc
concentrations sufficiently to reactivate mutant p53 (above the EC50 of the tumor
cell).

The first in human ZMC clinical trial
ZMCs differ significantly from standard and targeted therapeutics on several
levels from the specificity of p53 mutants, to the way they engage their target, to
their transient pulsatile kinetics, and their pharmacokinetic profile. All of these
factors need to be considered when designing the first in human clinical trial.
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Patient selection
Patients will need to be sequenced to determine the p53 status of their
tumors and whether it harbors a zinc-deficient mutation. R175H will likely be the
most common mutation in the cohort, as it is the most common p53 missense
mutation, but other mutations will be included to enlarge the potential pool of
patients. While our research has expanded the spectrum of zinc deficient p53
mutants (Yu et al., 2014), the full spectrum is unknown. We hypothesize that a
number of other missense mutants within close proximity to the zinc binding pocket
may also impair the protein’s ability to bind zinc. Further research is needed to
define the spectrum of missense mutants that can be reactivated by ZMCs.

Proof-of-concept clinical trial
In today's highly competitive world of targeted drug development, there is a
heightened need to understand not only if a particular drug is safe, but more
importantly if there is evidence that it can hit its target. Thus proof-of-concept
clinical trials are taking the lead in early phase clinical development. We feel this
should also apply to the first in human clinical trial with a ZMC. While most phase
I trials employ a traditional dose escalation study to determine the maximum
tolerated dose (MTD), for a ZMC the MTD is not necessary and will induce offtarget toxicity. Dose modulations will be guided by their Cmax levels and the
endpoint will be a corresponding assay of mutant p53 reactivation in the tumor.
We have found that measuring p53 transcriptional targets is challenging as a
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biomarker of activity, and that markers of apoptosis are more optimal. Additional
study endpoints will include reduction in tumor size and disease-free survival.

Biomarkers of sensitivity/resistance
As with any cancer therapeutic, we expect to encounter responders and
non-responders. We have found (unpublished) a mechanism of innate resistance
to ZMCs in the dysregulation of expression of zinc homeostatic genes. Numerous
studies have described dysregulation of zinc homeostatic genes in breast (Taylor
et al., 2007), pancreatic (Li et al., 2007), and prostate cancer (Huang et al., 2006).
Cancer cells that express abnormally high levels of genes that function to lower
zinc levels (such as metallothioneins) will likely impair a ZMC’s ability to raise zinc
levels sufficiently high enough to reactivate mutant p53. Thus, for now it seems
that high metallothionein expression is a biomarker of resistance to ZMCs. In future
clinical trials, it is likely that patients will also be screened for the full suite of zinc
homeostatic genes as transcriptomic profiling becomes more widely employed.
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