
Chaperones and Ubiquitin Ligases Balance Mutant p53 Protein
Stability in Esophageal and Other Digestive Cancers

May San Martinho,1,2 Derek J. Nancarrow,2 Theodore S. Lawrence,1 David G. Beer,1,2 and
Dipankar Ray1

1Department of Radiation Oncology, University of Michigan, Ann Arbor, Michigan; and 2Section of Thoracic Surgery,
Department of Surgery, University of Michigan, Ann Arbor, Michigan
Abbreviations used in this paper: BE, Barrett’s esophagus; EAC,
esophageal adenocarcinoma; GI, gastrointestinal; GOF, gain-of-func-
tion; HCC, hepatocellular carcinoma; HGD, high-grade dysplasia;
HOP, Hsp70/Hsp90 organizing protein; HSP, heat shock protein; LGD,
low-grade dysplasia; LOH, loss of heterozygosity; MVP, mevalonate-5-
phosphate; RE, responsive element; UPS, ubiquitin proteasome sys-
tem; WT, wild-type.

Most current article

© 2020 The Authors. Published by Elsevier Inc. on behalf of the AGA
Institute. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
2352-345X

https://doi.org/10.1016/j.jcmgh.2020.10.012
SUMMARY

TP53 mutations stabilize its protein and are frequently
observed in Barrett’s adenocarcinoma and other gastroin-
testinal cancers. We examine mechanisms of the ubiquitin
proteasome system and chaperone machinery as key regu-
lators of mutant p53 stability and as potential therapeutic
opportunities.

The incidence of esophageal adenocarcinoma (EAC) and
other gastrointestinal (GI) cancers have risen dramatically,
thus defining the oncogenic drivers to develop effective
therapies are necessary. Patients with Barrett’s Esophagus
(BE), have an elevated risk of developing EAC. Around 70%–
80% of BE cases that progress to dysplasia and cancer have
detectable TP53 mutations. Similarly, in other GI cancers
higher rates of TP53 mutation are reported, which provide a
significant survival advantage to dysplastic/cancer cells.
Targeting molecular chaperones that mediate mutant p53
stability may effectively induce mutant p53 degradation and
improve cancer outcomes. Statins can achieve this via dis-
rupting the interaction between mutant p53 and the chap-
erone DNAJA1, promoting CHIP-mediated degradation of
mutant p53, and statins are reported to significantly reduce
the risk of BE progression to EAC. However, statins
demonstrated sub-optimal efficacy depending on cancer
types and TP53 mutation specificity. Besides the well-
established role of MDM2 in p53 stability, we reported
that individual isoforms of the E3 ubiquitin ligase GRAIL
(RNF128) are critical, tissue-specific regulators of mutant
p53 stability in BE progression to EAC, and targeting the
interaction of mutant p53 with these isoforms may help
mitigate EAC development. In this review, we discuss the
critical ubiquitin-proteasome and chaperone regulation of
mutant p53 stability in EAC and other GI cancers with future
insights as to how to affect mutant p53 stability, further
noting how the precise p53 mutation may influence the
efficacy of treatment strategies and identifying necessary
directions for further research in this field. (Cell Mol Gas-
troenterol Hepatol 2021;11:449–464; https://doi.org/
10.1016/j.jcmgh.2020.10.012)
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sophageal adenocarcinoma (EAC) incidence has

1
Eincreased over 700% in the last 4 decades. Unfor-

tunately, most patients experience poor prognosis when
EAC is diagnosed beyond stage I.2,3 The typical precursor
tissue for EAC is Barrett’s esophagus (BE), which is gener-
ally restricted to the lower esophagus, close to or over-
lapping the gastroesophageal junction. This condition is
characterized by a change in the esophageal epithelium
composition, in which columnar epithelial cells replace the
squamous epithelial mucosa. BE is highly correlated with
repeated acid exposure and prolonged gastroesophageal
reflux disease. Patients with BE may progress to dysplastic
states, termed low-grade dysplasia (LGD) and high-grade
dysplasia (HGD), and finally to EAC.4 BE affects a signifi-
cant number of people (about 1.6%–11% of adults); how-
ever, only a small fraction of these patients (w1.1%) will
progress to EAC.5 It is, therefore, important to use reliable
and efficient methods of detecting progression risk and
treating progressors early. Currently, detection relies on
collection of biopsies subject to histological screening. Pa-
tients who are deemed higher risk based on dysplasia
grading may then undergo more intense screenings or
procedures such as ablation or surgical esophagectomy.
This approach is not ideal, as histological grading is sub-
jective, and intensive screenings and interventions can be
expensive and invasive.6 Understanding additional reliable
markers of risk may lead to improvements in screening as
well as inform effective therapeutic strategies.
Significance of TP53 mutation in BE progression
Mutation in TP53 is a viable contender for this purpose.

TP53 mutation often occurs early in the development of
esophageal and gastric cancers and is associated with

https://doi.org/10.1016/j.jcmgh.2020.10.012
https://doi.org/10.1016/j.jcmgh.2020.10.012
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcmgh.2020.10.012&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jcmgh.2020.10.012


450 Martinho et al Cellular and Molecular Gastroenterology and Hepatology Vol. 11, No. 2
increased likelihood of progression from BE to EAC.3,7

Stachler et al6 compared tissue samples from BE pro-
gressors who eventually developed HGD or EAC with those
of BE nonprogressors. TP53 mutation was detected in the
nondysplastic BE tissue of progressors vs nonprogressors at
frequencies of 46% and 3.4%, respectively, and overall, BE
patients with TP53 mutation were more likely to progress
by a factor of 13.8-fold.6

Additionally, loss of heterozygosity (LOH) on chromosome
17p allows for the loss of wild-type (WT) TP53 allele (located
on chromosome 17p13) after acquiring an initial mutation.
Studies suggest that 17p LOH is an early event in BE pro-
gression, which contributes to the selection of genetically
aberrant cells that drive neoplastic transformation.8,9 In a
study using endoscopic biopsies from BE patients, 17p LOH
was detected in 6%of nondysplastic samples and 15%of HGD
biopsies. Furthermore, in BE patients with negative dysplasia,
indefinite dysplasia, or LGD, 17p LOH correlated with signifi-
cantly increased likelihood of progression to HGD and EAC.
Moreover, 17p LOH also correlated with increased incidence
of 4N and aneuploidy, suggesting that this event leaves cells
more vulnerable to genetic instability and consequent cancer
progression.9 This is in line with the fact that WT TP53 loss
impairs checkpoint and DNA repair mechanisms that usually
help preserve the integrity of the genome (reviewed by Wil-
liams and Schumacher).10 The deleterious effects of TP53
mutation and subsequent LOH on genomic stability may
extend beyond the loss of protective WT p53 function,
including the potential for mutant p53 gain-of-function (GOF)
activities to exacerbate genomic instability.11

The significance ofTP53alteration indrivingprogression in
this context is confirmed in mouse models assessing gastric
cancer development. Scientists havebeenunable to develop an
ideal rodent model of BE due to the significant differences
between the human and rodent esophagus12; however, gastric
adenocarcinomas resemble EACs in their molecular and
cellular properties, making this a useful model system to
examine the role of TP53 alterations. In a study by Sethi et al,7

mice with Trp53 deletion in Lgr5þ gastric cells were signifi-
cantly more likely to develop dysplasia compared with their
Trp53WTcounterparts following each group’s exposure to the
carcinogens DCA/MNU. Organoids developed from Trp53
knockout dysplastic lesions exhibited upregulation in path-
ways related to inflammation,WNT, stem cell renewal, and cell
cycle signaling.7 Furthermore, in another study,TP53mutation
in gastric adenocarcinoma and EAC cell lines was found to
contribute to primary tumor growth through GOF activity
causing elevated hypoxia signaling. Supporting this, mice with
conditionally expressedTrp53R270H in gastric tissue developed
dysplastic lesions with increased hypoxia signaling compared
with their Trp53þ/– counterparts after exposure to DCA and
MNU.13 These studies suggest that TP53 status is a promising
predictor of BE progression risk, and a better understanding of
the biological consequences of TP53 mutation may provide
insights relevant to effective treatment strategies.

TP53 mutation among gastrointestinal cancers
The tumor suppressor gene TP53 is of critical impor-

tance in many human cancers, as it is the most commonly
mutated gene. WT p53 functions as a transcription factor
that usually helps keep cancer at bay through regulating
programs such as DNA repair, cell cycle arrest, senescence,
and apoptosis in response to cellular stress.14,15 TP53 is
often the most commonly altered gene in gastrointestinal
cancer studies.16 TP53 mutation rates are subject to varia-
tions in clinical selection methodology, cohort populations,
and detection strategies; however, frequencies of 80% in
EAC,17 35%–55% in gastric cancer,18 70% in pancreatic
cancer,19 60% in colorectal cancer,20 30%–70% in gall-
bladder carcinoma,21 10%–50% in hepatocellular carci-
noma,22 and 50% in duodenal carcinoma23 have been
reported. Several studies, including in vivo mouse models,
assess the role of TP53 mutation in gastrointestinal (GI)
cancer development, and highlight the impact of loss of WT
p53 function as well as mutant p53 GOF activities.24

As mentioned, TP53 mutation in gastric adenocarci-
noma and EAC is associated with promoting tumor growth
through increasing hypoxia signaling. In the context of
colorectal cancer, TP53 mutation is associated with func-
tions that drive the evolution of adenoma to adenocarci-
noma.25 In mice harboring APCD716 mutation, the
introduction of Trp53R270H mutation in the intestinal
epithelia caused mice to exhibit higher rates of invasive
tumors and shorter lifespan compared with Trp53-null
mice.26 Mutant TP53 was also associated with the evolu-
tion of pancreatic intraepithelial neoplasia to aggressive
pancreatic ductal adenocarcinoma.27 In a pancreatic ductal
adenocarcinoma mouse model, Morton et al28 compared
the outcomes of mice with the driver mutation KrasG12D

expressed in the pancreas alone (KC mice), alongside
Trp53R172H/þ mutation (KPC mice) or alongside
Trp53R172H/R172H mutation (KPPC mice). Complete loss of
p53 through homozygous Trp53R172H/R172H mutation pro-
vided a significant survival advantage to the pancreatic
cells of KPPC mice and led to rapid tumorigenesis, likely
through enabling circumvention of KrasG12D-induced
senescence and growth arrest. In addition, the Trp53R172H

mutation exhibited a GOF prometastatic effect, as 65% of
KPC mice experienced metastatic spread to the liver, in
contrast to 0% of their counterparts expressing heterozy-
gous Trp53 knockout (Trp53loxP/þ) rather than the Trp53
mutation in pancreatic cells.28 In hepatocellular carcinoma
(HCC), it is hypothesized that p53 mutation is a critical
event due to the ability of certain p53 mutants (including
p53R175H and p53R248W) to bind to and compromise the
proapoptotic activity of the transcription factors p63 and
p73.29 In a mouse model of HCC, however, p53 deficiency
and Trp53R172H mutation led to similar phenotypic out-
comes, including rates of survival, tumor incidence, and
metastasis. Additionally, both conditions were associated
with similar levels of p63 and p73 target genes. This study
therefore suggests that in the context of HCC, p53 mutation
may not carry tumorigenic properties beyond those of p53
deficiency. However, p53 mutation and p53 deficiency may
impair p63 and p73 through different mechanisms, and
p53 mutations other than human TP53R175H (mouse
Trp53R172H) may possess GOF activities.30 The significance
of mutant p53 in these varying gastrointestinal cancers
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suggests that targeting mutant p53 stability or its activity
may serve as effective therapeutic approaches in many of
these contexts.
Effects of TP53 mutation
Mutation in TP53 results in a variety of deleterious ef-

fects contingent on several factors, such as mutation type
and cell context. These effects can be grouped into 3 cate-
gories: (1) loss of WT p53 function, (2) dominant negative
effects, and (3) GOF activities. However, these effects are
nuanced and there is much to be learned about each.

Loss of WT p53 function involves the inability to acti-
vate transcription of p53 target genes.31 Reduced trans-
activation of WT p53 target genes has been linked to
effects on biological outcomes such as clonal survival and
induction of apoptosis in human osteosarcoma cell lines.32

However, studies show that p53 mutants vary in their
impacts on the spectrum and magnitude of transcriptional
activation of p53 responsive elements (REs). For example,
in a yeast model by Resnick and Inga,33 the p53T123A

mutant caused enhanced transactivation at the p53 REs for
GADD45, CCNG1, CDKN1A and BAX, while the p53 hotspot
mutant p53R282Q exhibited reduced activity at GADD45 and
CCNG1 REs and failed to induce transcription at P21-30 and
BAX-B REs.

Mutant p53 dominant negative activity describes the
ability of mutant p53 to compromise the activity of WT p53
protein and is associated with hetero-oligomerization. WT
p53 functions as a tetramer, and when mutant p53 replaces
1 or more WT p53 molecules, this can impede the produc-
tivity of the complex. The extent to which p53 mutants
hinder or prevent WT p53 activity in this way requires
further investigation. For example, in studies using MEFs,
heterozygous expression of p53 mutants Trp53R172H/þ or
Trp53R270H/þ disrupted regulation of cell proliferation but
did not hinder DNA damage–induced cell cycle arrest when
compared with Trp53þ/– MEFs.34

Mutant p53 GOF activities represent novel, tumor-
promoting functions differing from those of WT p53. These
are attributed to the ability of p53 mutants to bind novel pro-
tein partners, including transcription factors such as Sp1, Yap1,
NF-Y, CBP, NF-kB, VDR, SREBP, E2Fs, Smad2/Smad3, and p63/
p73, thereby affecting regulation of novel target genes.34,35

Phenotypic consequences of this GOF activity include faster
rate of cell division in cell culture, higher tumorigenic potential
in nude mice, increased cellular invasion and migration, and
drug resistance.36 However, there is still much to be learned
regarding the mechanisms and biological outcomes of mutant
p53 GOF,37 and it is unclear if all p53 mutants are capable of
GOF activity aswell ashow this activity is impactedby theexact
point mutation or cellular environment.36

The specific consequences of TP53 mutation in the
context of BE are therefore complex and may involve
different aspects of loss of WT p53 function and the domi-
nant negative and GOF effects of mutant p53. Furthermore,
these effects may differ between BE patients based on fac-
tors such as the exact p53 mutation.
Targeting the stability of mutant TP53
Studies in human lung cancer cells and mouse models

show that mutant p53 knockdown, inactivation or destabi-
lization can impair or prevent tumor formation. This sug-
gests that cancers may display oncogenic addiction toward
mutant p53, meaning the formation and maintenance of
these tumor cells depends on the gain of function activity of
mutant p53.38 Mutant p53 protein is greatly stabilized in
cancers including EAC. Our studies using siRNA reveal BE
cells with mutant p53 are dependent on this protein for
their survival,39 suggesting oncogenic addiction toward
mutant p53 in this context.39 Therefore, targeting mutant
p53 may serve as a promising therapeutic strategy. While
WT p53 is maintained at low levels in the cell under normal
conditions, mutant p53 accumulates to high levels in tu-
mors, suggesting that specific mechanisms for stabilizing
mutant p53 are at play.40 Fully elucidating these mecha-
nisms of stabilization may allow scientists to develop
translational approaches to effectively targeting mutant p53
in cancers or precancerous states.

While most TP53 mutations found in cancers are
missense mutations that occur in the DNA-binding domain,
the precise amino acid change affects the mutant p53 pro-
tein properties, such as its ability to interact with DNA, GOF
capabilities, and stability.40 On the one hand, "contact mu-
tants" (eg, p53R248Q and p53R273H) involve changes to sites
that normally participate in direct DNA contact; this affects
DNA binding capability but has little impact on protein
folding. “Conformational mutants,” such as p53R175H and
p53R249S, on the other hand, carry amino acid changes that
result in local or global unfolding.41 These mutants lie on a
spectrum of different folding tendencies and stability. While
exploring mechanisms governing mutant p53 stability
(Figure 1), greater understanding of how these mutants are
differentially regulated will inform on the efficacy and
applicability of translatable strategies targeting mutant p53
in the context of EAC and beyond. TP53 mutations observed
in BE and EAC tissues include both contact and conforma-
tional mutants. Figure 2 (upper panel) includes a list of
common p53 mutations observed in BE, as well as infor-
mation on their folding and functional statuses (Table 1),
drawn from the International Agency for Research on Can-
cer p53 mutation database (version R20).42 For comparison,
we also show the prevalence of these same p53 mutations in
other gastrointestinal cancers (Figure 2, lower panel). As
with other molecular characterizations, based on overall
gene expression or mutation profile, there are differences
between cancers arising in squamous or mucosal tissue.
Squamous cell types show a lower frequency of hot-spot
mutations in Figure 2, as a fraction of all TP53 mutations
(17% head and neck and 19% for esophageal squamous cell
carcinoma compared with 39%, 32%, and 43% across
esophageal, gastric, and colon adenocarcinoma, respec-
tively) and are characterized by a broader spectrum of
mutations, yet still a high rate of overall p53 mutation. Other
GI mucosal cancers show similar hotspot mutant fre-
quencies to EAC/HGD (Figure 2, lower panel), with a
reduction in overall p53 mutation rate down the alimentary



Figure 1. Key ubiquitin li-
gases (E3) and chaper-
ones involved in tilting
the balance toward
increased stabilization of
mutant p53 (p53*) to
promote BE progression
to EAC. Critical ligases
include MDM2, CHIP, b-
TrCP1, WWP1, RNF128,
etc, and various HSP
family members including
Hsp40, Hsp70, and Hsp90
are the chaperones
involved those determine
the p53* protein levels tilt-
ing the balance toward
increased stability during
BE progression.
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canal, which may relate to local environment or shifts in
cancer subtype frequencies.43

The stability of WT p53 is primarily regulated at the
protein level, and mutant p53 follows similar mecha-
nisms of regulation. Under normal conditions, WT p53 is
maintained at low levels in the cell, and its degradation
is mostly associated with ubiquitination by E3 ligases,
principally by MDM2, followed by proteasomal degrada-
tion. Accumulation of p53 occurs upon cellular stresses
such as DNA damage, aberrant cell proliferation, and lack
of growth factors or nutrients.43,44 In this way, robust
activation of p53 drives pathways that help prevent cell
survival and proliferation in the presence of genetic le-
sions and environmental stresses that may otherwise
promote tumorigenesis. Multiple mechanisms contribute
to p53 accumulation, including posttranslational modifi-
cations of both p53 and MDM2, which act to prevent p53
ubiquitination. ATM kinase is a crucial activator of p53
in response to DNA damage, driving the direct and in-
direct phosphorylation of p53, MDM2, and the MDM2
homolog, MDMX. Other pathways driving p53 stabiliza-
tion include the ARF-dependent response triggered by
oncogene activation and the ribosomal protein-mediated
response.44–46 Regulation and posttranslational modifi-
cations of WT p53 have been extensively reviewed
elsewhere.43,47,48 Unlike WT p53, the majority of
different p53 mutants are stable proteins, whose stability
is regulated via a multitude of posttranslational modifi-
cations. Chronic mutant p53 stabilization in the context of
cancers is largely attributed to differences in MDM2-
mediated regulation as well as additional layers of regula-
tion, notably protection by molecular chaperones, which
register mutant p53 as a misfolded protein.45 Many tumors
exhibit upregulation of molecular chaperones, leading to a
buffering effect, whereby molecular chaperones play a
critical role in protecting oncoproteins with destabilizing
mutations that would otherwise leave them vulnerable to
degradation.49 In this fashion, mutant p53 is specifically
recognized by several molecular chaperones that help
promote its accumulation. Mutant p53 expression in can-
cers is therefore regulated by 2 major opposing forces -
degradation via the ubiquitin-proteasome system (UPS) and
stabilization by chaperone machinery. In this review, we
identify critical regulators of mutant p53 in these systems,
then describe mechanisms by which the balance of the UPS
and chaperone activity shift to promote mutant p53 sta-
bilization in different cancer contexts, which may also be
applicable to EAC. We will also introduce a recently
discovered major regulator of mutant p53 stability in the
context of BE progression specifically. Finally, we will draw
from this information to provide insight into the potential
for utilizing the UPS and chaperone regulation of mutant
p53 to mediate EAC development and progression with
“ying/yang” style overview in Figure 1 and more detailed
molecular interaction representation in Figure 3.

Key ubiquitin-proteasome and
chaperone regulators of p53 stability
MDM2 and MDMX can target WT and mutant p53

MDM2 and MDMX are regarded as the 2 major negative
regulators of WT p53. Through interacting with the
transactivation domain of p53, MDM2 can prevent the
ability of p53 to drive transcription of its target genes and



Figure 2. Common TP53 mutations in BE with frequency data across common GI cancers. (Upper panel) Using our
extended progression-related cohort of dysplasia-enriched BE tissues (n ¼ 181) from HGD/EAC resection patients, we present
frequencies for the most commonly targeted amino acids across BE dysplasia groups, based on histological assessment39: BE
tissue with a low-risk of progression based on absence or low levels of dysplasia (<50% of BE tissue as LGD, with regional no
evidence of HGD); high proportion LGD (50% or greater, with no evidence of HGD); regions with <50% HGD; regions with more
than 50% HGD and EAC. Numbers given on the left represent the number of cases with TP53 mutations, used as a base line for
% AA targeted mutations, while numbers of the right show the overall TP53 mutation percentage, with total number of samples
for each group (in brackets) used as a baseline. (Lower panel) Comparative mutation rates for common GI cancers, using the
International Agency for Research on Cancer (IARC) TP53 database42 of curated TP53mutations associated with human cancers
either from peer-reviewed literature or curated from other genomic databases. Baseline totals (shown on the left) represent the
number of records from each cancer group with p53 mutations reported with designated amino acid localizations. The rightmost
columns in the lower section shows the overall percentage of TP53 mutations for each cancer type, drawn from The Cancer
Genome Atlas (TCGA)–based cohorts (from cBioportal interface) used in comparable GI cancer–type studies, with the total
number of samples for each cancer type (shown in brackets) used as a baseline. Color coding key on the far right is a categorical
visual guide to the quoted amino acid specific percentages, with frequencies rare (>2%) to common (10%–20%) shaded from
light to dark. NDBE, nondysplastic Barrett’s esophagous; SCC, squamous cell carcinoma.
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can also escort p53 out of the nucleus. Additionally, MDM2
is an E3 ligase that ubiquitinates p53, targeting it for nu-
clear export and proteasomal degradation. These inhibitory
interactions of MDM2 on p53 are reinforced through a
negative feedback loop, in which active p53 drives tran-
scription of the MDM2 gene, thus ultimately promoting p53
inactivation and degradation. Like MDM2, MDMX can bind
with p53 and in turn inhibit its transactivation activity.
Unlike MDM2, MDMX does not possess functional E3 ligase
activity and therefore cannot directly target p53 for
degradation. MDMX can, however, form heterodimers with
MDM2 that are more stable than MDM2 homodimers.
Through this, MDMX promotes MDM2 stability and there-
fore also contributes to MDM2-induced p53 degradation.
In the context of cellular stress, the expression and activity
of MDM2 and MDMX are suppressed through various
mechanisms in order to allow for the accumulation of p53.
This enables robust activation of p53 target genes such as
cell cycle arrest and cell death, helping to prevent tumor
development.50

MDM2 can also target degradation of mutant p53.45

However, various mechanisms can protect mutant p53
from this negative regulation. Mutant p53 is unable to drive
transcription of the MDM2 gene, breaking the negative
feedback loop that functions to minimize WT p53 expres-
sion. This was once regarded as the major mechanism
through which mutant p53 attains hyperstabilization40;
however, the work of Lang et al51 demonstrated that other



Table 1.Features for Common TP53 Mutations in BE Progression Samples

Codon Exon
Protein
Foldinga

Residue
Functionb

Dominant
Negativeb

Structural
Motifb

Mutation
Typec

C135 5-exon NA Buried Moderate L1/S/H2 Loss

R175 5-exon mostly unfolded Buried Yes L2/L3 NA

R213 6-exon nonsense Buried NA NDBL/beta-sheets NA

G245 7-exon NA Buried Yes L2/L3 Loss

R248 7-exon mostly folded DNA binding Yes L2/L3 Loss

R273 8-exon mostly folded DNA binding Yes L1/S/H2 Loss

R282 8-exon mostly unfolded Buried Moderate L1/S/H2 NA

NA, not available.
aFrom Muller et al (experimental)40 and Bullock et al (predictive).105
bFrom International Agency for Research on Cancer TP53 database (https://p53.iarc.fr).106
cFrom Jordan et al.107
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modes of regulation are necessary. When the tissues of mice
expressing mutant p53 were analyzed, mutant p53 accu-
mulated to elevated levels in tumor tissue but not in normal
tissue.51 This suggests that there must be additional mech-
anisms of mutant p53 stabilization that are unique to the
tumor environment, providing justification for the impor-
tance of molecular chaperones in combating mutant p53
degradation.
Chaperone machinery stabilizes mutant
oncoproteins

In the crowded environment of a cell, newly formed
polypeptide chains are vulnerable to interaction with many
other surfaces, which can lead to improper folding and ag-
gregation, both of which can be toxic to the cell.52,53 Chap-
erones help alleviate this risk through interacting with and
stabilizing unfolded and misfolded polypeptides.54 In addi-
tion to helping with the folding of de novo proteins, chap-
erones may also assist with refolding proteins denatured
under conditions of stress, protein transport, and formation
of oligomers.53 In case a protein fails to refold in its native
conformation, chaperones can also promote degradation via
the endoplasmic reticulum associated degradation
pathway.55 Most chaperones belong to families of heat-
shock proteins (HSPs), which were originally discovered
as agents that help manage proteostasis under conditions of
stress via mitigating protein unfolding and aggregation.49,54

Chaperones in the Hsp70 family (DnaK in prokaryotes) help
with protein folding and refolding via ATP-dependent
binding and release cycles. Hsp70-substrate binding helps
shield hydrophobic residues of the substrate from interac-
tion with other proteins, passively preventing aggregation.
Substrate release allows for the continuation of spontaneous
protein folding. Over the course of binding and release cy-
cles, the protein substrate may progress toward its native
state. HSP70 machinery also includes Hsp70 co-chaperones,
such as those in the Hsp40 family (deemed DnaJ in pro-
karyotes), which help promote ATP hydrolysis and also re-
cruit specific unfolded proteins to Hsp70.54 The HSP70
system may also coordinate with HSP90 machinery, linked
through the co-chaperone Hsp70/Hsp90 organizing protein
(HOP) (gene STIP1). A substrate may be transferred from
Hsp70 to Hsp90, with the latter further regulating structural
and conformational changes through its own binding and
release cycles. Hsp90 is known to mediate the conformation
and prevent the degradation of many mutant proteins,
which can often harbor changes that may otherwise act as a
hindrance to stable folding. By offering this protective
function to mutant oncoproteins, Hsp90 activity can pro-
mote signaling pathways that drive tumorigenesis.53 Hsp90
machinery has been shown to coordinate with mutant p53
and contribute to its stabilization, which will be described in
further depth subsequently.

CHIP: An E3 ubiquitin ligase that interacts with
chaperone machinery

CHIP (gene STUB1) is another E3 ligase that ubiq-
uitinates substrates and sends them for proteasomal
degradation. A distinct feature of CHIP is its tight coordi-
nation with chaperone machinery, as indicated by its name,
which stands for carboxyl terminus of Hsc70-interacting
protein. CHIP is capable of binding to molecular chaper-
ones, notably Hsp70 (3 protein-forming human genes
HSPA1A, HSPA1B, and HSPA1L) and its constitutively
expressed homolog, Hsc70 (gene HSPA8), and targeting its
clients for degradation.56 CHIP is also capable of binding
directly to Hsp90 (6 protein-forming human genes
HSP90AA1, HSP90AA2, HSP90N, HSP90AB1, HSP90B1, and
TRAP1; mitochondrial), but it is mainly found directly bound
to Hsp70, which has a higher binding affinity for CHIP. CHIP
acts as a co-chaperone that competes with HOP for direct
binding to Hsp70 to either form the Hsp70-CHIP complex
driving substrate degradation or the Hsp70-HOP-Hsp90
complex driving substrate folding. This competitive binding,
depicted in Figure 3, thus acts as an essential inflection
point in protein quality control, regulating the balance be-
tween chaperone machinery and the UPS. One of the factors
that modulates this balance is the concentration of Hsp70
cofactors in the cell.54 Under normal conditions, the con-
centration of the Hsp70-HOP-Hsp90 complex far exceeds
that of the Hsp70-CHIP complex, such that folding of a client

https://p53.iarc.fr


Figure 3. Mechanisms that regulate the balance between mutant p53 (p53*) degradation and stabilization. Misfolded/
unfolded mutant p53 (p53*) may be recognized by ubiquitin ligases or molecular chaperones. (Panel A, i-iii) Ubiquitin ligases
including CHIP, MDM2 and RNF128 Iso2 are able to efficiently polyubiquitinate p53*, leading to its subsequent proteasomal
degradation. (Panel A, iv) The ubiquitin ligase b-TrCP1 may also indirectly contribute to p53* degradation, through promoting
degradation of RNF128 Iso1. Molecular chaperones compete with the action of these ubiquitin ligases on p53* to instead
promote stabilization. (Panel B, i-ii) Molecular chaperone activity drives p53* refolding and exhibits a protective effect against
the activity of ubiquitin ligases such as CHIP and MDM2. p53* may be recognized by the molecular co-chaperone Hsp40,
which is known to coordinate with Hsp70. Statins have been shown to disrupt the Hsp40 (DNAJA1)-p53* interaction, in turn
promoting CHIP-mediated degradation. p53* is also observed in complexes with both HSP70 and HSP90 machinery; this may
be counteracted by Hsp90 inhibitors. The refolding activity of these chaperones help p53* reach a more stable conformation
that is less vulnerable to degradation. The ability of p53* to reach this stable conformation varies based on the exact mutation
and its effect on the protein’s properties and structure. Mutants that are found predominantly folded in the cell reach this final
conformation with more ease. The folding intermediates of other p53 mutants, most often found in an unfolded conformation in
cells, are more likely to instead participate in aggregation, forming pseudo-aggregates with chaperones and other proteins
such as p73 that resist degradation. The addition of MDM2 to these complexes promotes the formation of stable amyloid-like
fibrils. (Panel B, iii) Additionally, RNF128 Iso1 promotes p53* stability through mitigating RNF128 Iso2-mediated p53*
ubiquitination.
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protein is favored over degradation.57 This balance, how-
ever, may be shifted through relative changes in HOP or
CHIP concentration. In addition, posttranslational modifi-
cation of chaperone proteins can further regulate their in-
teractions. Muller et al58 found that CHIP interaction is
inhibited when Hsp70 and Hsp90 are phosphorylated, while
HOP binding is enhanced. Correspondingly, this group found
elevated levels of phosphorylated chaperones and HOP
expression in primary human cancers. The activity of mo-
lecular chaperones is also critical in moderating this balance
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between folding and degradation. The Hsp70-HOP-Hsp90
complex can be functionally compromised by Hsp90 in-
hibitors such as tanespimycin (17-AAG). In this case, the
unfolded client protein will be released from the complex,
but may subsequently rebind to a Hsp70 molecule. Even-
tually, the client may be complexed with Hsp70 and CHIP,
through which it will be targeted for degradation.57 CHIP
exhibits specificity for degrading unfolded proteins,
including its specificity for unfolded mutant p53, while
having little to no effect on folded p53 or WT p53.40
WWP1: An E3 ligase that stabilizes p53
While ubiquitin ligases are mostly associated with p53

degradation, WWP1 (WW domain containing E3 ubiquitin
protein ligase 1) was the first E3 ubiquitin ligase found to
stabilize and reduce the transcriptional activity of WT p53.
This ligase associates with p53 within the proline-rich re-
gion and ubiquitination results in p53 nuclear export and
stabilization; conversely, compromising WWP1 activity
induces p53 degradation. The stabilizing effect of WWP1 is
possibly due to WWP1’s capacity to monoubiquitinate
p53.59 The exact consequences of substrate mono-
ubiquitination have yet to be clarified, but evidence shows
that p53 undergoes nuclear export and generally retains its
stability after monoubiquitination by low levels of MDM2,
as opposed to polyubiquitination mediated by high levels
of MDM2, which results in p53 nuclear export and degra-
dation.60 The activity of WWP1 on mutant p53 has yet to
be studied; however, this may be a topic worth investi-
gating, as it may represent a mechanism through which
ubiquitination contributes to mutant p53 stabilization in
cancers.
Expression of p53 regulators in gastrointestinal
cancers

Regulators of p53 are often aberrantly expressed in
gastrointestinal cancers and linked to clinicopathologic
outcomes. WWP1 is overexpressed in gastric cancer, hepa-
tocellular carcinoma, and colorectal cancer and correlates
with tumor advancement.61–63 Similarly, MDM2 over-
expression has been observed in gastric cancer, hepatocel-
lular carcinoma, the primary site of colorectal cancers, and
pancreatic cancer, and is associated with tumor progression,
poor prognosis, and chemoresistance.64–67 CHIP exhibits a
tumor suppressor role in several gastrointestinal cancers,
including colorectal, gastric, pancreatic, and gallbladder
cancers, in which lower expression correlates to poorer
prognosis.68–70 Due to their role in stabilizing oncoproteins,
overexpression of HSPs benefits cancer progression and is
therefore a common feature in cancers.71 Colorectal cancer,
gastric cancer, hepatocellular carcinoma, and pancreatic
cancer exhibit high levels of HSPs, including Hsp70, Hsp90,
and small HSPs. In many of these cases, HSP overexpression
correlates to worse prognosis.72–77 The significance of p53
mutation in various gastrointestinal cancers coupled with
perturbation of p53 regulators in the UPS and chaperone
systems suggests that inducing p53 degradation through
targeting ubiquitin ligases or molecular chaperones may
help mitigate EAC as well as several related cancers.
Chaperone machinery protects mutant
p53 from the UPS to promote
stabilization
HSP90 protects mutant p53 from MDM2 and
CHIP

Several mechanisms involving competition between
molecular chaperones and E3 ligases have been discovered
to assist with the stabilization of mutant p53 in cancers. HSP
machinery can recognize mutant p53 as a misfolded protein,
and Hsp70 and Hsp90, linked through the co-chaperone
HOP have been shown to form complexes with mutant
p53. These complexes help stabilize both conformational
and contact mutant p53, through inhibiting the ubiquitina-
tion activity of MDM2 and CHIP on mutant p53.40 Li et al78

suggested that this may occur because MDM2 and CHIP may
be locked in these complexes in an inactive state, though it
has been found that CHIP and HOP compete for binding at
the C-terminal EEVD site on Hsp70.54

Additionally, the binding and release cycles of Hsp70 and
Hsp90 can drive spontaneous folding of mutant p53 toward
its native conformation.49 Predominantly well-folded p53
mutants are more likely to reach the WT-like, native
conformation of p53, which is far less susceptible to CHIP-
mediated degradation compared with unfolded mutant
p53. Accordingly, mutants of p53 that are predominantly
well folded in the cell (eg, p53R273H) exhibit greater stability
than p53 mutants that are predominantly denatured in the
cell (eg, p53R175H).40 Therefore, in cells with mutant p53
that is predominantly well folded, the refolding activity of
Hsp70 and Hsp90 machinery helps sustain the high ratio of
folded to unfolded mutant p53, acting as an additional
means of reducing mutant p53 degradation. Muller et al40

demonstrated this concept using MDA-MB-468 cells, which
express the predominantly well-folded p53R273H mutant.
Treatment of the cells with the Hsp90 inhibitor 17-AAG
resulted in a higher ratio of unfolded to folded p53R273H.
Furthermore, treatment of the cells with the proteasomal
inhibitor MG132 in the absence or presence of 17-AAG
revealed that Hsp90 inhibition caused increased ubiquiti-
nation of mutant p53. Immunoprecipitation also revealed
that following Hsp90 inhibition, p53R273H interacts with
Hsp70 and CHIP.40 A correlative study in EAC suggested
that Hsp90 promotes the stability and activity of the onco-
protein, Her2,79 and therefore it would be reasonable to
hypothesize that Hsp90 may protect mutant p53 in a similar
manner in the EAC context, but confirmation would require
specific investigation.

Chaperone-mediated mutant p53 aggregation
It is unlikely that many unfolded p53 mutants will reach

their native conformation upon interaction with Hsp70 and
Hsp90 machinery. However, this interaction may lead to the
formation of mutant p53 folding intermediates which
expose sites that are vulnerable to aggregation to other
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proteins, including the tumor suppressor, TAp73ɑ.49 The
interaction between mutant p53 and TAp73ɑ can be stabi-
lized by interacting chaperones, including Hsp70, Hsp90,
and the Hsp40 isoform, DNAJB1.80 These mutant p53-
TAp73ɑ-HSP complexes can form pseudo-aggregates,
which tend to evade degradation mechanisms, therefore
contributing to the stability of mutant p53 in the cell.
Moreover, TAp73ɑ is a transcription factor that promotes
apoptosis. Sequestering TAp73ɑ to these pseudo-aggregates
compromises its proapoptotic activity, contributing to can-
cer cell survival and chemoresistance. Conformational mu-
tants have a higher affinity toward TAp73ɑ compared with
contact mutants, suggesting that this mode of mutant p53
stabilization is most relevant for conformational mutant
p53. Additionally, overexpressed MDM2 can replace HSPs in
these pseudo-aggregates, leading to mutant p53-TAp73ɑ-
MDM2 complexes, which form amyloid-like fibrils,
enhancing mutant p53 aggregation in the cell and leading to
augmented chemoresistance. Using the MDM2 inhibitor
Nutlin-3, investigators were able to disrupt this complex
and induce mutant p53 degradation.49 The work of Tracz-
Gaszewska et al80 suggests that cancer patients with TP53
mutation paired with MDM2 overexpression manifested
worse prognosis than patients with only 1 of these condi-
tions. Furthermore, this study shows that in breast invasive
carcinoma patients, poor survival rate of patients with TP53
mutation and MDM2 overexpression correlated with high
levels of chaperones in the Hsp40, Hsp70, and Hsp90 fam-
ilies, suggesting that the potential to form chaperone-
mediated mutant p53-TAp73ɑ-MDM2 complexes worsens
prognosis. We have not yet studied whether BE and EAC
tissue contains mutant p53 aggregates. However, if this is
the case, it would be worthwhile to also analyze the
composition of these aggregates, giving attention to the
presence of TAp73ɑ, molecular chaperones, MDM2, and
other ubiquitin ligases.
Hsp40-mediated mutant p53 stabilization
competes with CHIP-mediated degradation

The work of Parrales et al81,82 demonstrates that the
Hsp40 isoform DNAJA1 can also help protect conforma-
tional p53 mutants from CHIP-mediated degradation. These
studies showed that the level of mevalonate-5-phosphate
(MVP), a metabolite in the mevalonate pathway, regulates
the interaction between conformational mutant p53 and
DNAJA1. Decreasing MVP levels through treatment with
statins impaired the interaction between mutant p53 and
DNAJA1 and in turn promoted CHIP-mediated ubiquitina-
tion and degradation of conformational mutant p53,
including p53R156P, p53V157F, p53R175H, and p53Y220C. While
statins were able to induce degradation of conformational
mutant p53 in this way, these drugs had minimal effects on
WT p53 or the well-folded p53 contact mutants p53R273H

and p53R280K. Reduction of mevalonate kinase, an enzyme
that converts mevalonic acid to MVP, or DNAJA1 knockdown
also enhanced mutant p53 degradation.

This study also suggests that this mechanism of
DNAJA1-mediated protection of mutant p53 stability acts
independently of Hsp70 and Hsp90 activity. The steady-
state levels of conformational mutant p53 were not
affected by Hsc70 knockdown in CAL33 cells (squamous
cell carcinoma derived from tongue), and furthermore, the
effects of lovastatin treatment or DNAJA1 knockdown on
conformational mutant p53 degradation were not
augmented by additionally knocking down Hsc70. Addi-
tionally, statins did not affect the levels of Hsp90 or its
client proteins, demonstrating that the mode of action is
unlikely via Hsp90. Overall these findings suggest that the
stability of p53 conformational mutants is governed by the
opposing actions of DNAJA1-mediated stabilization and
CHIP-mediated degradation. This is similar to the
competitive forces of Hsp90-mediated stabilization and
CHIP-mediated degradation of contact and conformational
mutant p53 described previously. As depicted in Figure 3,
studies81,83 suggest that this competition between DNAJA1
(Hsp40) and CHIP acts as a significant layer of regulation
of mutant p53 stability in BE progression.
Individual RNF128 isoforms regulate
mutant p53 stability during BE
progression

While MDM2 is regarded as the predominant regulator
of p5384 and its activity has been well studied, we have
focused on the E3 ligase RNF128, or GRAIL (gene related
to anergy in lymphocytes). As indicated by its name, this
protein is mostly attributed to its role in inciting T cell
anergy through ubiquitinating the TCR-CD3 complex.85

Chen et al86 found that RNF128 is also capable of tar-
geting p53 for ubiquitination and proteasomal degrada-
tion. We then identified RNF128 as a major regulator of
p53 in the context of BE to EAC progression and
demonstrated that regulation occurs in an isoform-
specific manner.39 RNF128 has 2 isoforms, which we
refer to as Iso1 and Iso2, that differ in their first exon
while their remaining exons 2–7 are identical. Interest-
ingly, the differences within exon 1 lead to opposing ef-
fects on mutant p53 regulation. On the one hand, Iso2
acts as a negative regulator, capable of effectively ubiq-
uitinating both WT and mutant p53 and decreasing its
steady state levels. Iso1 on the other hand, exhibits
limited ubiquitin ligase activity on WT and mutant p53,
and is capable of increasing mutant p53 steady state
levels and its half-life. Furthermore, Iso1 knockdown
reduced the clonogenic survival of mutant p53 bearing BE
cells (CpD cells). Correspondingly, over the course of BE
to EAC progression, the stabilization of mutant p53 co-
incides with a change in the ratio of RNF128 isoforms, in
which a significant decrease in Iso2 is observed, leading
to a lower Iso2 to Iso1 ratio. According to RNA
sequencing data, RNF128 is expressed at a level 3 times
higher than MDM2 in BE samples. In addition, expression
of MDM2 and MDMX remained relatively constant over
the course of progression, contrasting with the shift in the
Iso2 to Iso1 ratio which helps favor mutant p53 stabili-
zation over degradation.39 Together, this data suggests



458 Martinho et al Cellular and Molecular Gastroenterology and Hepatology Vol. 11, No. 2
that in BE tissues, RNF128 isoforms exert significant
control over mutant p53 levels and likely take precedence
over the activity of MDM2 and MDMX.
RNF128 isoforms parallel the roles of MDM2 and
MDMX

It is worth noting that the 2 isoforms of RNF128 bear
significant parallels to MDM2 and MDMX. RNF128 Iso2 and
MDM2 are both capable of efficient ubiquitin ligase activity
upon WT p53, which is mediated through their RING finger
domains. Despite possessing RING finger domains, RNF128
Iso1 and MDMX exhibit little to no ubiquitin ligase activity
on WT p53. A study by Iyappan et al87 revealed that
substituting 2 regions of MDMX with the corresponding
parts of MDM2 can impart MDMX with functional ubiquitin
ligase activity on p53. Because Iso1 and Iso2 differ only in
their first exon, there may be a particular region(s) within
exon 1 of Iso1 which prevents functional RING
finger–mediated ubiquitination. Furthermore, MDM2 and
MDMX can interact with each other via their RING finger
domains, creating a heterodimer that has both enhanced
stability and ubiquitination activity on WT p53 compared
with MDM2 or MDMX homodimers.50 Our experiments
reveal that RNF128 Iso1 and Iso2 also form heterodimers,
which have greater stability than Iso2 homodimers. How-
ever, our results suggest that the presence of Iso1 reduces
the ubiquitination activity of Iso2 on WT or mutant p53.39

Iso1 may therefore promote mutant p53 stabilization by
interacting with mutant p53 and preventing contact with
Iso2 (Figure 3B, iii), as well as through a dominant negative
effect in which Iso1 heterodimerizes with Iso2, compro-
mising the efficiency of Iso2-mediated ubiquitination of
mutant p53.

Work by Zheng et al,88 exploring the role of MDM2-B,
showed this MDM2 isoform interacted with full-length
MDM2 and exerted a dominant negative effect on MDM2-
induced mutant p53 degradation. This interaction was hy-
pothesized to reduce mutant p53 degradation by increasing
the cytoplasmic fraction of MDM2, leaving less of the full-
length ligase in the nucleus where mutant p53 tends to
accumulate. Additionally, MDM2-B may contribute to this
dominant negative effect by disrupting the formation of full-
length MDM2 oligomers capable of efficient E3 ligase ac-
tivity. In this way, RNF128 Iso1 also mimics the inhibitory
activity of MDM2-B upon MDM2 function.

Another layer of complexity to this regulation is the
involvement of an F-box family ubiquitin ligase
SCFb–TrCP1. Prior studies identified b-TrCP1 as an E3
ligase for MDM289 as well as for WT p53.90 Our data
identified RNF128 as a novel substrate of b-TrCP1,39

suggesting conservation of regulatory factors involved in
controlling MDM2 and RNF128 protein stabilities. In the
context of BE progression in which Iso1 becomes the
dominant RNF128 isoform and promotes mutant p53
stability, b-TrCP1–mediated Iso1 degradation can there-
fore help tilt the balance toward mutant p53 degradation,
an area needing further investigation. We have included
such thoughts in Figure 3.
RNF128 isoforms may represent another form of
competition between chaperone activity and the
UPS

Through ATP-dependent transient interaction with p53,
Hsp90 helps p53 reach a conformation competent for pro-
moter binding.91 Wawrzynow et al49 showed that MDM2 is
capable of substituting for Hsp90 in this role. Furthermore,
MDM2 also mimics chaperone activity through its role in
nascent p53 protein synthesis, regulation of other tran-
scription factors, interaction with Hsp90, and ability to bind
ATP. These findings add diversity to the possible functions
of MDM2, complicating the role of MDM2 in protein quality
control by demonstrating roles in protein regulation beyond
promoting proteasomal degradation. The mechanism
through which RNF128 Iso1 is able to stabilize mutant p53
is an open question. Given that MDM2 exhibits chaperone-
like activity on WT p53, we hypothesize that Iso1 is also
capable of chaperone-like activity that promotes mutant p53
stability. The opposing roles of RNF128 Iso1 and Iso2 may
therefore act as another example of competition between
chaperone and E3 ligase activity.

The effect of RNF128 isoforms on specific p53
mutations

As discussed, the effect of the precise TP53 mutation on
protein folding results in differential regulation by various
molecular chaperones and E3 ligases. In our lab’s studies of
RNF128 isoforms,39 we carried out experiments using the 3
most common p53 mutations found in EAC (p53R175H,
p53R248Q, and p53R273H); the most common indel site
p53R213; and the rare p53C135S mutation found in the
commonly used EAC cell line (OE33). This list includes both
contact and conformational mutants. Figure 2 lists these and
other common p53 mutations found in BE and EAC samples,
along with information on their folding status. It is worth
noting that when assessing the impact of Iso1 on the steady
state levels of p53R175H, p53R248Q, p53R213Q, and p53C135S,
the conformational mutant p53R175H exhibited the greatest
increase in expression (w10-fold), followed by p53R213Q

(w4-fold). Iso2 was shown to effectively downregulate
contact mutants, p53R273H and p53R248Q, but the steady-
state levels of the other p53 mutants in the presence of
Iso2 were not investigated. The impact of each RNF128
isoform on different p53 mutations is therefore a topic for
further investigation. A more thorough understanding of
how chaperone and UPS machinery impacts specific p53
mutants may inform the development of personalized
treatment strategies for Barrett’s-associated cancers ac-
cording to molecular signature.

Targeting mutant p53 in BE progression
via regulating the UPS and chaperone
machinery
Statins mitigate BE progression

Singh et al83 carried out a systematic analysis investi-
gating the effect of statins on the risk of developing
esophageal cancers, including tracking the outcomes of
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2125 BE patients across 5 studies. It was found that overall,
statin treatment led to a 41% reduced risk of developing
EAC. While statins are anti-cholesterol drugs typically used
for cardiovascular disease prevention, they exhibit pleio-
tropic effects including impacts on cell proliferation,
apoptosis, angiogenesis, and immune activity.92 Given that
mutant p53 is a common occurrence in the development of
EAC, it is plausible that statin-induced degradation of
mutant p53 may provide therapeutic advantage in miti-
gating BE progression. Further, our studies show that TP53
knockdown in mutant-p53 driven BE cells (CpD cells)
significantly reduces clonogenic survival.39 Congruently,
treating CpD cells with simvastatin resulted in a reduction
of mutant p53 levels and clonogenic cell survival. This likely
occurs, at least in part, due to the mechanism proposed by
Parrales et al,82 in which statins disrupt the interaction
between mutant p53 and DNAJA1, promoting mutant p53
proteasomal degradation. Statin treatment therefore may
represent a therapeutic approach to reduce EAC develop-
ment that utilizes the interplay of mutant p53 with chap-
erone and ubiquitin-proteasome machinery.

The therapeutic potential of statins has generated
mixed results across cancer types. Studies suggest statins
may not be effective against breast, lung, bladder,
pancreatic cancers, or melanoma. However, evidence sug-
gests these drugs may help prevent prostate, esophageal,
gastric, liver, and colorectal cancers.93 These varied out-
comes have given statins a controversial reputation as a
potential effective agent in cancer prevention and treat-
ment. While cancer type is important to take into account,
Abdullah et al94 also attributed this variation to con-
founding factors that are often ignored when designing
clinical trials. For example, the inhibitory effect of statins
on isoprenoid synthesis may contribute to cancer preven-
tion. However, exogenous isoprenoids introduced in stan-
dard mouse chow may mask this effect. Additionally,
variables such as the use of lipophilic vs hydrophilic sta-
tins, dosage, and dose frequency may substantially alter
outcomes.94,95

Several studies suggest that statins can play an anti-
tumorigenic role through counteracting mutant p53
stabilization.41,81,96–98 As previously mentioned, statins
interfere with the mevalonate pathway through reducing
the production of MVP and downstream products. Through
an unknown mechanism, reducing MVP levels in this way
disrupts the mutant p53 and Hsp40 interaction, permitting
mutant p53 degradation by CHIP.81 Additionally, statins
can impair Hsp90 function, resulting in elevated mutant
p53 degradation by MDM2. Hsp90 is activated through
deacetylation by HDAC6. Statins can block HDAC6 activity
directly or indirectly via interference in the mevalonate
pathway.95,96 In the latter case, statin-induced reduction of
MVP impairs the function of RhoA-GTPases, which usually
stimulate HDAC6 activity through cytoskeletal cues.99

While many studies demonstrate the ability of statins to
destabilize mutant p53 and impair growth of p53-driven
cancer cells, these are mostly restricted to in vitro sys-
tems. However, a recent study by Tutuska et al95 demon-
strates the effect of statins in several mouse models,
including mice with xenografts of various mutant p53 hu-
man cancer cell lines, mice with allografts of mutant p53
lymphoma lines, and an autochthonous model of mice with
mutant p53-driven T lymphomas. Across these groups,
rosuvastatin treatment demonstrated modest success in
reducing tumor growth and final size. In an experiment
using mice with MDA-MB-231 xenografts treated with pit-
avastatin and zoledronic acid, the 2 smallest tumors at
endpoint had the lowest levels of mutant p53, justifying the
connection between the antagonistic effect of statins on
mutant p53 stabilization and reduction in tumor growth. In
the allograft and autochthonous models, rosuvastatin only
exhibited a considerable therapeutic effect against
p53R248Q/– (a DNA contact mutant) tumors, as opposed to
p53R172H/R172H (conformational mutant) or p53–/– tumors.
These results emphasize the importance of mutant p53
genotype specificity in the potential efficacy of statin
treatment.95

However, when comparing the results of several similar
studies, the efficacy of statins does not seem to strictly
depend on the exact p53 mutation, or its classification as a
contact vs conformational mutant. The results by Tutuska
et al95 suggest that statins are more effective in mitigating
tumors driven by p53R248Q (a DNA contact mutant)
compared with p53R172H (conformational mutant). This
matches data by Turrell et al97 demonstrating that murine
KrasG12D lung tumors expressing contact mutant p53R270H

were more sensitive to statins compared with their coun-
terparts harboring conformational mutant p53R172H. How-
ever, in the aforementioned study by Parrales et al,81 statin
treatment in various human cancer cell lines lowered levels
of conformational p53 mutants including p53R156P,
p53V157F, p53R175H (corresponding to murine p53R172H),
and p53Y220C but did not significantly reduce levels of
contact mutants including p53R273H and p53R280K. Statins
also lowered cell viability and colony formation more
effectively in cancer cells driven by conformational mutant
p53R175H compared with contact mutant p53R273H. Another
study using murine and human pancreatic cell lines follows
this trend, in which statins effectively reduced the levels of
conformational p53 mutants (p53R172H, p53I255N, p53G245S,
and p53Y220C) but not contact mutants (p53R273H and
p53R248W).98 Overall, studies analyzing anticancer effects of
statins demonstrate considerable success, and it is worth-
while to continue investigating statin usage in mutant
p53–driven cancers, including elucidating factors that affect
its efficacy and whether statins may exhibit synergistic ef-
fects when combined with chemotherapeutics or other tar-
geted therapies.95
Hsp90 inhibitors can induce mutant p53
degradation

As described previously, HSP90 machinery plays roles in
preventing MDM2 and CHIP-mediated ubiquitination of
mutant p53 as well as facilitating the formation of aggregate
structures that resist proteolysis. In these ways, Hsp90
counters the degradative forces of MDM2 and CHIP, pro-
moting mutant p53 stabilization. Many Hsp90 inhibitors
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have shown promising results in inducing mutant p53
degradation, mitigating tumor progression, and prolonging
the survival of p53R175H and p53R248Q knock-in mice.
However, no Hsp90 inhibitor has fulfilled the criteria to
become an Food and Drug Administration–approved drug
due to their insufficient single-agent efficacy and dose-
limiting toxicity.100–102
Therapeutic strategies for reducing BE
progression utilizing key UPS and chaperone
players

Through continuing to study RNF128 isoforms and
associated proteins that ultimately regulate mutant p53
levels, we aim to uncover insightful ways to effectively
mitigate EAC development. It is important to explore a
number of therapeutic approaches given the prevalence of
intertumor heterogeneity and development of resistance to
targeted therapy. Figures 1 and 2 depict the balance be-
tween mutant p53 stabilization and degradation as
described in this review, including key players that influ-
ence this regulation.

Molecular chaperones and co-chaperones including
Hsp90, HOP, DNAJA1, and DNAJB1 as well as RNF128 Iso1
are associated with the accumulation of mutant p53. Addi-
tionally, WWP1 is known to stabilize WT p53 and thus could
also help stabilize mutant p53 in the tumor context.
Reducing expression or activity of these regulators can
serve as potential ways of shifting the balance of mutant
p53 outcomes toward degradation. In the context of BE
progression, statins may achieve this through compromising
DNAJA1 interaction with mutant p53. Targeting Hsp90
presents a challenge, as this molecular chaperone has
ubiquitous, housekeeping roles in preserving proteostasis.
As we learn more about RNF128 Iso1, we may discover
effective methods to target its expression or compromise its
stabilizing activity on mutant p53.

Other possible therapeutic approaches may rely on
bolstering machinery that drives mutant p53 degradation,
including proteasomal degradation by CHIP and RNF128
Iso2 and the yet unexplored role of b-TrCP1 on mutant p53
protein stability. Dai et al103 reported that reduced levels of
CHIP among gastric cancer tissues correlated with lower
patient survival. BE is characterized by the presence of
columnar epithelial cells in the esophagus which take on
properties of gastric and intestinal tissue3,104; thus, it is
within reason to compare BE and EAC development to
gastric cancers. Elevating CHIP expression or activity may
therefore represent a helpful strategy in preventing or
managing EAC. Further research into RNF128 isoform
regulation may also reveal promising methods of restoring
Iso2 levels or activity.

Several chaperone and UPS players display specificity for
recognizing and interacting with mutant p53 over WT p53.
Hsp70 and Hsp90 machinery associates with unfolded
mutant p53 in productive folding complexes or aggregates.
CHIP also exhibits specificity for targeting unfolded mutant
p53 over folded p53 or WT p53. These features are ad-
vantageous for therapeutic approaches, as they provide
potential to achieve a therapeutic window that targets
cancerous cells harboring unfolded or misfolded mutant
proteins while sparing healthy tissue. Through investigating
these approaches and exploring their effects in combination,
we may be able to devise effective treatments against EAC
development and advancement centered around robust
degradation of mutant p53.
Conclusion
Mutation in p53 and its subsequent accumulation are

critical events that drive the progression of BE to EAC.
Similar observations were noted in many other GI cancers.
Potential approaches for targeted therapy therefore revolve
around strategies directed toward mutant p53 degradation.
Among the numerous regulators of mutant p53 levels, there
lies a competition between the UPS and chaperone ma-
chinery, driving mutant p53 degradation or stabilization,
respectively. Impacting these systems therefore provides
opportunity for tipping the balance of mutant p53 regula-
tion toward degradation. Work with statins acts as a pro-
totype of this concept, as these drugs impair DNAJA1-
mediated stabilization and bolster CHIP-mediated degrada-
tion of conformational mutant p53, although we recognize
therapeutic limitation of such an approach based on cancer
type and p53 mutation specificity. Further studies involving
repressing chaperone activity or elevating ubiquitin-
proteasome activity may generate similar outcomes that
could potentially be used to counter development and
progression of EAC and other GI cancers. Important candi-
dates for these studies include players in Hsp70 and Hsp90
machinery, CHIP, and RNF128 isoforms. Our lab is currently
investigating regulation of RNF128 isoforms during BE
progression to EAC, which is critical to understanding how
their functions may be utilized to induce mutant p53
degradation.

When working with the various models, it is important
to keep track of the specific p53 mutations used. Different
amino acid changes vary in their impact on the folding of
mutant p53 and its affinity to other proteins. Hsp90 ma-
chinery, in coordination with Hsp70 machinery, can protect
both conformational and contact p53 mutants from CHIP
and MDM2-mediated degradation. However, mutant p53
stabilization through chaperone-mediated aggregation with
other proteins like TAp73ɑ and MDM2 exhibits specificity
for conformational p53 mutants. In addition, DNAJA1 pro-
tection of mutant p53 from CHIP-mediated degradation is
effective for conformational mutant p53. Consistent with
this, CHIP exhibits specificity for unfolded mutant p53 while
having little to no impact on folded mutant or WT p53. Our
lab has seen that RNF128 Iso1 was most effective in upre-
gulating the conformational mutant, p53R175H, of the 4 mu-
tants investigated. Iso2 meanwhile, was shown to effectively
downregulate contact mutants p53R248Q and p53R273H.
Further research into how different p53 mutants are
impacted by chaperone and UPS machinery will inform
optimal approaches to mutant p53 degradation based on
lesion specific TP53 genotypes. As we continue to gain
greater understanding of mutant p53 regulation by the UPS
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and chaperone systems in the context of EAC, which may also
be applicable in certain GI cancers, we may develop prom-
ising methods of challenging these cancers’ onset and
advancement.
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