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Abstract
Objective The aim of this article is to discuss mutant p53 as a possible therapeutic target and biomarker for breast cancer.
Results TP53 (p53) is the most frequently mutated gene in invasive breast cancer. Although mutated in 30–35% of all cases, 
p53 is mutated in approximately 80% of triple-negative (TN) tumors (i.e., tumors negative for ER, PR, and HER2). Because 
of this high prevalence, mutated p53 is both a potential biomarker and therapeutic target for patients with breast cancer, 
especially for those with the TN subtype. Although several retrospective studies have investigated a potential prognostic and 
therapy predictive role for mutant p53 in breast cancer, the results to date are mixed. Thus, at present, mutant p53 cannot 
be recommended as a prognostic or therapy predictive biomarker in breast cancer. In contrast to the multiple reports on a 
potential biomarker role, few studies had until recently, investigated mutant p53 as a potential target for breast cancer treat-
ment. In the last decade, however, several compounds have become available which can reactivate mutant p53 protein and 
convert it to a conformation with wild-type properties. Some of these compounds, especially PRIMA-1, APR-246 PK11007, 
and COTI-2, have been found to exhibit anticancer activity in preclinical models of breast cancer.
Conclusion Since p53 is mutated in the vast majority of TN breast cancers, compounds such as APR-246, PK11007, and 
COTI-2 are potential treatments for patients with this subform of the disease. Further research is necessary to identify a 
potential biomarker role for mutant p53 in breast cancer.
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TP53 which codes for the tumor suppressor protein, p53 is 
the most frequently mutated gene in most types of human 
cancer, including breast cancer [1–4]. Overall, the gene is 
mutated in 30–35% of invasive primary breast cancers. In 
breast cancer, however, the prevalence of TP53 mutations 
depends on the molecular subtype of the disease, being 
present in approximately 80% of patients with the triple-
negative (TN) form, in 10% of samples from patients with 
luminal A disease, in 30% of those with luminal B type, and 
in 70% of those with HER2-enriched form [5–9]. Based on 

this high prevalence, mutant p53 might be expected to be 
a biomarker and/or new therapeutic target for breast can-
cer, especially the TN subtype. The aims of this article are 
therefore to discuss the role of mutant p53 in breast cancer, 
focusing in particular on its expression and potential both as 
a target for treatment and biomarker. As the structure of p53 
and its role in suppressing cancer formation have recently 
been reviewed [10–12], these topics will not be discussed 
here.

p53 mutations in breast cancer

As mentioned above, TP53 is the most frequently mutated 
gene in breast cancer. As with other cancer types, the vast 
majority of mutations in breast cancer are missense and 
found in exons 5–8 (81%) [6, 7]. Approximately, 10% are 
present in exon 4 and 6% in exon 10. Mutations in exons 2, 3, 
9, and 11 appear to be rare (< 2% of cases). Most mutations 
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are single-base substitutions (73%), with only 19% being 
small deletions and 5% insertions [7, 8].

The frequency of mutations varies with the histological 
and biochemical characteristics of the breast cancers, being 
more common in ductal than lobular, in lymph-node posi-
tive than in lymph-node negative, in estrogen receptor (ER)-
negative than in ER-positive, and in HER2-positive than in 
HER2-negative cases [6, 7]. As mentioned above, the preva-
lence of mutations also depends on the molecular subtype of 
the cancer, being most frequent in the TN subtype and least 
frequent in the luminal A subtype. The type of mutation also 
appears to depend on the molecular subtype, with truncating 
mutations being more frequent in BRCA1-associated and 
TN cancers than in other forms of the disease [13].

For at least some breast cancers, mutations in p53 have 
been shown to be clonal and an early event [6, 14–16]. 
Indeed, p53 mutations have been detected in 10–30% of 
ductal carcinomas in situ (DCIS) [17–20] and good con-
cordance has been found between the mutational status of 
matched in situ and invasive breast cancers [16]. Clearly, 
therefore, mutations in p53 in breast cancer can occur prior 
to invasion of the ducts. Furthermore, as identical mutations 
have been found in both the in situ and adjacent invasive 
components in the same tumor, it is likely that both types 
of lesion have a common origin [18]. Although, present in 
DCIS, p53 mutations have not to date been detected in breast 
epithelial hyperplasias [20], a putative preinvasive lesion 
which increases the risk of developing invasive breast can-
cer. p53 mutations, however, have been detected in appar-
ently normal breast tissue remote from malignant tissue [21].

Mutant p53 as a therapeutic target in breast 
cancer

Mutant p53, however, has several attractive features as a tar-
get for breast cancer treatment. Firstly, as mentioned above, 
p53 is the most frequently altered gene in this malignancy. In 
particular, p53 is mutated in approximately 80% of patients 
with TN breast cancer [5–9]. Unlike the situation with ER/
PR-positive or HER2-positive patients, TN breast cancer 
patients currently lack a validated targeted therapy. This lack 
of a targeted therapy when combined with their intrinsic 
aggressiveness means that patients with TNBC tend to have 
a poor outcome [22]. A further attractive feature of mutant 
p53 as a therapeutic target in breast cancer is that the gene is 
mutated in almost 90% of patients with breast cancer metas-
tasis in the brain [23]. Effective therapy is currently unavail-
able for patients with metastasis to this organ. Finally, in at 
least some breast cancer, mutations in p53 are clonal and 
thus should be present in all the malignant cells in a breast 
cancer [6]. It might be expected that clonal mutations would 

be better therapeutic targets for cancer treatment than sub-
clonal or branching mutations [14, 15].

Although theoretically an attractive target for can-
cer treatment, mutant p53 was long regarded as being 
undruggable. This view is beginning to change, as sev-
eral compounds have recently been shown to reactivate 
mutant p53, restore its wild-type properties, and medi-
ate anticancer activity in mutant p53 expressing pre-
clinical tumor models [24–26]. Several of these mutant-
reactivating compounds such as the 3-quinuclidinone 
derivatives, PRIMA-1 {(2,2-bis(hydroxymethyl)quinucli-
din-3-one or APR-017}, APR-246{2(hydroxymethyl)-2-
(methoxymethyl)quinuclidin-3-one}, PK11007 {5-chloro-
2-(methylsulfonyl)-4-pyrimidinecarboxylic acid} and 
COTI-2 {N′-(5,6,7,8-Tetrahydroquinolin-8-ylidene)-4-(2-
pyridyl)piperazine-1-carbothiohydrazide} have undergone 
investigations for potential anticancer activity in preclinical 
models of breast cancer. The anticancer activity of these 
compounds in breast cancer cells is discussed below.

PRIMA‑1 and APR‑246

PRIMA-1 was originally identified following the screen-
ing of a library of low-molecular-weight compounds (NCI 
Diversity Set) for their ability to restore wild-type properties 
to mutant p53 [27]. Of the approximate 2000 compounds 
tested, a compound dubbed PRIMA-1 (stands for p53 reac-
tivation and induction of massive apoptosis 1), was found 
to restore wild-type properties to the mutant protein such 
as sequence-specific DNA binding and an ability to induce 
apoptosis. The pro-apoptotic activity and membrane perme-
ability of PRIMA-1 was subsequently enhanced by the addi-
tion of a methyl group, giving rise to the compound known 
as PRIMA-1MET or APR-246 [28].

Liang et al. [29–31] were amongst the first to show that 
PRIMA-1 inhibited growth of mutant p53 breast cancer 
cells. In an early study, these authors reported that PRIMA-1 
inhibited viability of the mutant p53 cell lines, BT-474, 
HCC-1428, and T47-D but had no effect on the viability of 
wild-type p53 expressing cells such as MCF-7 cells, normal 
breast cells or endothelial cells. Fluorescent staining with 
conformation-specific p53 antibodies showed that PRIMA-1 
converted mutant p53 into its wild-type conformation. 
Consistent with these in vitro findings, administration of 
PRIMA-1 to mice inhibited the growth of xenograft tumors 
derived from BT-474, HCC-1428, and T47-D cells but failed 
to effect the growth of xenografts obtained from MCF-7 
cells. The decreased tumor growth appeared to be mediated 
by induction of apoptosis, suppression of the angiogenic fac-
tor, VEGF and induction of ER-beta [29–31].

Similar to PRIMA-1, APR-246 has also been shown to 
inhibit breast cancer cell proliferation in preclinical mod-
els. Using a panel of 23 breast cancer cell lines in vitro, 
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Synnott et al. [32] found that the  IC50 values for growth 
inhibition by APR-246 across the panel varied from 0.9 
to 31.1 µM. Response to APR-246 was shown to cor-
relate significantly with the presence of mutant p53 or 
high endogenous p53 protein level, suggesting that the 
presence of p53 mutations or high protein levels might 
be a predictive biomarker for response to this compound. 
Response to APR-246, however, was independent of ER 
status, HER2 status, or molecular subtype of the cell lines 
investigated. In addition to inhibiting cell proliferation, 
APR-246 induced apoptosis and decreased migration in 
the mutant p53 breast cancer cell lines investigated [32].

As it is unlikely that APR-246 would be used as mono-
therapy to treat breast cancer, its anticancer potential has 
been investigated in combination with different clinically 
used chemotherapy agents as well as investigational anti-
cancer agents. Highly synergistic cell growth inhibition 
was found when APR-246 was combined with eribulin in 
6 different p53-mutated breast cancer cell lines [33]. In 
contrast to eribulin, the antiproliferative effects of APR-
246 combined with docetaxel, doxorubicin, cisplatin, or 
carboplatin was cell line-dependent. Similar to the situa-
tion with eribulin, combined treatment with APR-246 and 
the PARP inhibitor olaparib also gave synergistic growth 
inhibition in all the 6 cell lines tested [32, 33].

Although best studied for its ability to bind to and reac-
tivate mutant p53, APR-246 has also been found to activate 
its paralogs, p63 and p73 [34–36]. Furthermore, APR-246, 
in a similar manner to several clinically used anticancer 
compounds [37], was shown to reduce glutathione for-
mation and increase ROS production [38, 39]. However, 
APR-246 was more potent than multiple cytotoxic drugs 
such as paclitaxel, epirubicin, cisplatin, irinotecan, and 
5-fluorouracil in depleting cellular glutathione [39]. Thus, 
APR-246 may induce its anticancer effects via multiple 
diverse mechanisms.

Although not yet investigated in breast cancer patients, 
APR-246 has already undergone a phase-I clinical trial 
in patients with hematologic malignancies and prostate 
cancer [40]. In this early clinical trial, APR-246 was 
reported to be well tolerated, the most frequent adverse 
effects being fatigue, dizziness, headache, and confusion. 
Currently, APR-246 is undergoing phase-I/II clinical tri-
als in combination with carboplatin/pegylated liposo-
mal doxorubicin in patients with recurrent, high-grade 
serous ovarian (clinical trial code, NCT02098343), and 
in platinum-resistant advanced and metastatic esophageal 
or gastro-esophageal junction cancers (clinical trial code, 
NCT02999893). Preliminary results from the ovarian can-
cer study, like those from the original phase-I trial men-
tioned above, suggest that APR-246 was well tolerated 
with an acceptable safety profile [41, 42].

PK11007

Another anti-p53 compound investigated for anticancer 
activity in breast cancer cells is the 2-sulfonypyrimidine 
molecule known as PK11007. Like APR-246, PK11007 
stabilizes and reactivates mutant p53 [43]. A further simi-
larity with APR-246 is its ability to increase ROS formation 
[43]. Consistent with its ability to reactivate mutant p53, 
PK11007 has been shown to preferentially induce apoptosis 
and inhibit both the growth and migration of mutant p53 
breast cancer cells compared to p53 wild-type breast cancer 
cell lines [44, 45]. In the breast cancer cell lines investigated, 
TN cells lines were found to be more sensitive to growth 
inhibition by PK11007 than non-TN cell lines [43]. To date, 
PK11007 does not appear to have been tested in for antican-
cer activity in an animal model.

COTI‑2

The thiosemicarbazone compound, known as COTI-2, was 
discovered using a proprietary computational platform 
known as  CHEMSAS®.  CHEMSAS® employs a novel 
combination of pharmacological approaches, statistical 
modeling, medicinal chemistry, and machine-learning for 
the identification of anticancer compounds [46]. Preclini-
cal studies showed that COTI-2 exhibited anticancer activ-
ity against a broad range of cancer cell lines and xenograft 
models, including a xenograft model of the MDA-MB-231 
breast cancer cell line. In the animal models studied, the 
compound was reported to be well tolerated with no obvi-
ous evidence of morbidity or weight loss [46]. Although not 
subjected to detailed investigation, COTI-2 appears to act 
both by reactivating mutant p53 and inhibiting the PI3K/
AKT/mTOR signaling pathway [46]. Currently, COTI-2 is 
undergoing evaluation for the treatment of genecological 
cancers in a phase-I clinical trial (NCT02433626). In 2014, 
the U.S. Food and Drug Administration (FDA) gave orphan 
drug status for the use of COTI-2 in the treatment of ovarian 
cancer [47].

Mutant p53 as a biomarker for breast cancer

Several studies have investigated a potential prognostic and/
or therapy predictive role for mutant p53/protein overexpres-
sion in breast cancer [48–54]. Most of the early clinical stud-
ies used immunohistochemistry to detect p53 protein, as the 
presence of mutations tend to give rise to a stabilized protein 
that accumulates in cancer cells [48–50]. This enhanced sta-
bility of mutant p53 vis-à-vis the wild-type protein appears 
to be due to multiple mechanisms, including interaction with 
stabilizing proteins such as HSP90, failure of mutant p53 to 
induce MDM2 (which degrades p53) and posttranslational 
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alterations such as phosphorylation at Ser20 and Thr180 
[55].

Since mutant p53 protein tends to accumulate in tumor 
cells, its detection by immunochemistry was interpreted 
to indicate the presence of a mutation. It is now, however, 
known that certain types of mutation such as truncating 
mutation in p53 do not result in protein stabilization. Fur-
thermore, wild-type p53 can be stabilized (e.g., by vari-
ous stresses) in the absence of mutation [55–58]. Despite 
this lack of a strict concordance between the presence of a 
mutated gene and protein stabilization, most of these early 
studies found an association between immunohistochemi-
cally detected p53 and poor outcome [48–50]. Similarly, the 
direct detection of mutations in the p53 gene was generally 
found to correlate with adverse patient outcome [51–54].

These early studies evaluating a prognostic value for p53 
overexpression or presence of mutant p53 genes had multi-
ple deficiencies including retrospective design, small num-
ber of patients investigated, use of heterogeneous samples, 
and administration of different forms of adjuvant therapy. 
Furthermore, the immunohistochemistry assays used dif-
ferent antibodies to detect mutant p53 and different cutoff 
values for separating patients with low scores from those 
with high immunohistochemistry scores. Finally, the older 
DNA-sequencing methods employed lacked sensitivity com-
pared with modern sequencing techniques.

More recently, the potential prognostic/predictive impact 
of p53 protein expression or mutation has been retrospec-
tively investigated in breast cancers taken from patients par-
ticipating in large therapy-related, controlled randomized 
trials. In one of these reports, p53 was measured in breast 
cancers from 1113 lymph-node-negative patients involved in 
two randomized trials (IBCSG Trials VIII and IX), compar-
ing endocrine therapy alone and that with combined endo-
crine and chemotherapy [59]. Follow-up analysis showed 
that for ER-positive patients, high levels of p53 protein were 
associated with worse disease-free survival. By contrast, in 
ER-negative patients, high expression of p53 correlated with 
good outcome.

Retrospective analysis from lymph-node-positive patients 
participating in another phase-III trial (CALB 9344) showed 
that increased p53 protein levels predicted a worse outcome 
in patients treated with adjuvant cyclophosphamide and 
doxorubicin, or doxorubicin alone [60]. Similarly, in the 
EORTC 10994/BIG 1-00 trial, the presence of p53 muta-
tions was found to be predictive of poor outcome in patients 
treated with either an anthracycline- or taxane-based regime 
[61]. In this trial, however, p53 mutational status was unable 
to select patients for preferential benefit from a taxane-based 
treatment versus an anthracycline-based regime. Also, in 
the BIG 02-98 phase-III trial in which lymph-node-positive 
patients received doxorubicin with or without docetaxel, 
mutant p53 lacked predictive ability [62].

More recently, Silwal-Pandit et al. [7] used whole exome 
sequencing in relating the presence or absence of p53 muta-
tions to patient outcome. In the total patient population, the 
presence of mutant p53 was associated with both adverse 
breast cancer-specific and overall survival. The prognostic 
impact, however, was molecular subtype specific, as muta-
tions were found to correlate with increased mortality in 
patients with HER2-enriched and luminal B tumors but not 
in those with either basal-type or luminal A tumors. In con-
trast to these findings, Fountzilas et al. [63] reported that p53 
mutations were predictive of adverse outcome in patients 
with luminal A/B and TN tumors but not in patients with 
HER2-positive tumors. In this latter study, however, the 
presence of p53 mutations appeared to predict benefit from 
adjuvant trastuzumab (Herceptin) [63].

Clearly, based on the available evidence, p53 gene muta-
tional status or immunohistochemically measured protein 
cannot be recommended for either determining prognosis or 
therapy prediction in patients with breast cancer. Although 
most published studies suggest that the presence of muta-
tions is associated with adverse outcome, this observation 
may be confined to patients with specific molecular sub-
types of breast cancer or to those receiving specific forms 
of therapy. Furthermore, it is possible and indeed likely that 
the different p53 mutations have different consequences in 
breast cancer formation/progression and thus may have dif-
ferent impacts on patient outcome and/or response to ther-
apy. Further complicating the potential value of mutant p53 
as a prognostic/predictive biomarker in breast cancer is the 
presence of different isoforms of the molecule and paralogs 
[64]. Thus, the presence of p53γ, but not p53β, in breast 
cancer patients possessing TP53 mutant tumors resulted in 
similar overall survival to that of patients with p53 wild-type 
tumors [65]. In another study, the expression of the p53β but 
not the p53γ isoform was found to be protective in patients 
with p53 mutant tumors [66]. Based on this molecular com-
plexity, it is not surprising that attempts to relate mutant p53 
to patient outcome/response to treatment has not yielded 
consistent results.

Conclusion

While a biomarker potential for mutant p53 has been widely 
investigated in breast cancer, measurement of the mutant 
protein has not been validated for clinical utility. However, 
the recent availability of mutation-specific antibodies against 
different p53 mutations [67] will likely reinvigorate research 
into the biomarker potential of mutant p53. In contrast to 
a biomarker role, little work until recently had been done 
on exploiting the mutant protein as a target to treat breast 
cancer. However, with the recent identification of several 
compounds capable of refolding and reactivating the mutant 
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protein [24–26], research on targeting mutant p53 is likely 
to increase in the future. Reactivating mutant p53 may be 
particularly important in patients with TN breast cancer as 
these patients currently lack a targeted therapy. Although 
TN breast cancer is highly heterogeneous, p53 is mutated 
in up to 80% of these patients. Clearly, with such a high 
prevalence, targeting mutant p53 should be high priority for 
research into the treatment of TNBC. Future research should 
aim to establish how effective the drugs discussed above 
are against the different p53 mutations as well as binding 
to non-p53 proteins. Most importantly, we urgently need to 
establish if the above compounds have anticancer activity 
against human tumors.
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