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Multidrug resistance is a major factor contributing to the failure of cancer therapy and poor patient outcomes. While

apoptosis (apoptotic cell death) is the desired outcome of anti-cancer therapy, chemotherapy and radiation often induce a

number of mechanisms that can mediate resistance. p53 is an essential tumor suppressor and stress response protein,

modulating multiple cellular responses to therapy. Gain of function (GOF) p53 mutations have been implicated in

increased susceptibility to the development of drug resistance, by compromising wild type anti-tumor functions of p53 or

modulating key p53 processes that confer chemotherapy resistance, such as autophagy. Autophagy, a conventionally

cytoprotective mechanism, is often a “first responder” to chemotherapy (or radiation), by promoting the removal of

damaged organelles and preventing excessive accumulation of damaged proteins; thus, autophagy, via its

cytoprotectivefunction, may allow tumor cells to evade apoptotic cell death. However, substantial pre-clinical data and

inconsistent clinical efficacy of autophagy inhibitors in combination with cancer chemotherapy indicates that autophagy

can exhibit multiple functions and does not act solely as a cytoprotective response. Further inquiry relating to the influence

of p53 status on autophagic function and its contributions to multidrug resistance will provide valuable insights towards

patient response to therapy and the possibility of developing novel therapeutics for chemosensitization in the face of

multidrug resistance. 
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1. Introduction

Although the treatment of cancer has seen significant advances in recent years, chemotherapeutic drugs continue to

represent a primary component of most current cancer therapies. However, drug resistance, and often multidrug

resistance (MDR), are primary reasons for the failure of clinical chemotherapy .

Drug resistance can be intrinsic to the tumors or be acquired during treatment. Long-term sublethal drug exposure of

tumor cells is one basis for the development of acquired drug resistance. Drug resistance often involves multiple

mechanisms. For instance, physiological barriers such as a dense fibroblast envelope in the tumor tissue and the absence

of lymphatic drainage can limit drug access to the tumor . This is particularly relevant to efforts to treat pancreatic cancer

. The generation of acidic lysosomes in drug-resistant tumor cells forming ion traps that can bind weakly basic

anticancer drugs (such as adriamycin hydrochloride and irinotecan hydrochloride) may contribute to reduced drug efficacy

. In addition, activation of multidrug-resistant proteins, inhibition of cell death pathways through imbalance in pro-

apoptotic and anti-apoptotic proteins, changes in drug metabolism, epigenetic changes, or changes in drug targets may all

lead to chemotherapy resistance.

In recent years, extensive evidence has accumulated for senescence as a primary response to cancer therapeutics.

Therapy-induced senescence (TIS) provides an additional layer of complexity to predicting tumor cell fate after therapy in

that recovery from senescence provides a potential pathway from drug and radiation lethality. Since subpopulations of

tumor cells can enter into a transient senescent-mediated growth arrested state and subsequently regain proliferative

capacity, senescence may represent one element of tumor dormancy state, which eventually facilitates disease

recurrence, representing a mechanism of delayed drug resistance .

The primary intent of cancer treatment strategies is obviously to promote tumor cell death; therefore, factors affecting cell

death and the underlying mechanisms are central issues in determining therapeutic efficacy. As the most well-studied

tumor suppressor gene, p53 plays a “gate keeper” role in tumorigenesis . Unfortunately, the p53 pathway is often

inactivated or functions in an antagonistic manner towards drug effectiveness . In fact, p53 was initially identified as

an oncogene due to the inadvertent use of mutated p53 sequences from tumors . The mutated form of p53 protein is

often expressed in cancer, promoting cell transformation, metastasis and drug resistance, in part by inhibiting wildtype p53

(wtp53) . Cancer genome sequencing has shown that 42% of the 12 tumor types studied carried the mutant TP53 gene

.
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In tumor cells exposed to chemotherapy and radiotherapy, one of the first responses is autophagy, a cellular process that

removes damaged proteins and organelles as well as generating energy and metabolic intermediates. Autophagy can

promote or attenuate tumor resistance, depending on whether it is cytoprotective or cytotoxic in nature . There is

extensive evidence that p53 can modulate autophagy. Interestingly, p53 can play dual roles, where nuclear p53 induces

autophagy through transcriptional effects, whereas cytoplasmic p53 acts as a master repressor of autophagy .

Hence, it is not surprising that tumors differing in p53 status may not have identical influence on autophagy function. This

review attempts to provide a comprehensive summary of the effects of p53 status on the functional form of autophagy,

which in turn modulates drug sensitivity and resistance.

1.1. p53 and Drug Resistance

The p53 tumor suppressor protein, a transcription factor that can respond to various forms of exogenous stress and inhibit

cell division or survival, is often considered to be the key fail-safe mechanism of cell anti-cancer defenses .

Consequently, in order to enhance their survival and/or maintain growth, cancer cells use a variety of strategies to disarm

p53. The most direct and effective way to inactivate p53 is to mutate the p53-encoding gene TP53 . Since the frequent

mutation of TP53 in human cancers was described 30 years ago, the mutation patterns of TP53 in cancers and the role of

p53 in cancer etiology have been gradually clarified . Mutations in p53 are the most common genetic lesion in

cancers, and correspond with cancer development, progression, metastasis, and resistance to chemotherapy or

radiotherapy. Most p53 mutations occur in the central DNA-binding domain, resulting in the loss of wildtype function (so-

called loss of function, LOF) or have a dominant-negative effect on the wildtype alleles. Some mutations (such as R248Q,

R273H, R175H, and R249S) have shown “gain of function” (GOF), which can further promote cancer malignancy and

chemoresistance . However, there are several DNA binding domain mutants, such as G245S and R246S variants,

which do not exhibit any GOF properties . The reason why only some p53 mutants express GOF properties are still

unclear, but we might anticipate that drugs that directly target mutant p53 for degradation might be useful in improving the

therapeutic responses.

The multidrug resistance gene 1 (MDR1), also known as ABCB1, is often found to be over-expressed in cancer, encoding

an ATP-dependent efflux pump, which is responsible for inducing broad-spectrum chemical resistance. After Chin et al.

demonstrated transcriptional dependence of the MDR1 gene promoter on p53, the clinical correlations between

therapeutic resistance and p53 mutations gained more prominence and attention . It has also been shown that p53

mutants are able to actuate various survival signaling cascades, such as the NF-κB, PDGFRβ, mevalonate, proteasomal,

or integrin pathways , and activate an independent set of target genes in cooperation with other transcription

factors or cofactors (such as Pin1  and PML  proteins), thereby promoting tumor cell survival and/or proliferation.

The mutant form of p53 can confer resistance to apoptosis, thereby reducing tumor cell susceptibility to cell death .

Mutant p53 not only interferes with the transcriptional activity of wtp53 in the nucleus, but also abolishes the interaction

between wtp53 and BCL-2 family proteins in the cytoplasm. For example, p53 dysfunction led to decreased apoptosis

induction by BCL-2 antagonists ABT-737 in chronic lymphocytic leukemia cells . The p53 mutation of GOF also

mediates resistance to apoptosis for many commonly used chemotherapeutic agents. For instance, cross-resistance

between doxorubicin and paclitaxel was induced by introduction of the R248Q p53 mutant into hepatocellular carcinoma

p53-null Hep3B cells . Another example is where knockdown of the R273H p53 mutant in human squamous cell

carcinoma increased procaspase-3 levels and sensitized these cells to doxorubicin and methotrexate-induced apoptosis

. Due to the LOF or GOF of abnormal TP53 in tumors, reintroducing p53 through a virus encoding wtp53 or converting

mutant p53 to wildtype function may be a potential therapeutic strategy for increasing the susceptibility of tumor cells to

apoptosis . However, regardless of the attempts to restore p53 in tumors lacking p53  with p53 missense mutations

 or in tumors driven by oncogenes , it is still difficult to predict the nature of the p53-mediated response that will be

evoked, whether it is conventional growth arrest, senescence, and/or apoptosis. It seems the most effective approach

might be to combine the reintroduction of p53 function with conventional chemotherapy drugs to promote tumor cell

apoptosis. Taken together, in chemotherapy, mutant p53 represents a key factor in cancer cell resistance to treatment.

1.2. Autophagy and p53 in Cancer Treatment

Autophagy, a process of self-degradation, represents a critical physiological catabolic mechanism of eukaryotic cells.

Autophagy is necessary for cells to respond to nutrient starvation and other types of stressful conditions, such as hypoxia

. Consequently, it is not surprising that autophagy can often be detected in tumor cells exposed to chemotherapy or

radiation . In response to chemotherapy, autophagy may exhibit several functional forms, including a cytoprotective

form, a cytotoxic form that either directly or indirectly promotes tumor cell death, and what we have termed a

nonprotective form, which does not appear to directly influence cell proliferation or apoptosis . However, it is still
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unclear why autophagy, a life process that maintains cell homeostasis via elimination of oncogenic protein substrates,

toxic unfolded proteins, and damaged organelles, exhibits these inconsistent effects. Nevertheless, because of the

various roles played by autophagy in cancer treatment, autophagy offers a high degree of potential for future therapy.

Indeed, at present, the majority of clinical studies that involve autophagy are in the field of cancer therapy. Currently, the

mainstream clinical trials involve the combined use of chemotherapeutic drugs and chloroquine (CQ) or

hydroxychloroquine (HCQ), based on the largely unproven premise that all therapies promote the cytoprotective form of

autophagy in patient malignancies . Published clinical trials have demonstrated the safety of CQ or HCQ; moreover,

increased radiosensitivity and prolonged patient survival has been evident primarily in the treatment of glioblastoma 

. Generally, however, the results of these clinical trials of CQ or HCQ combined with chemotherapy have been largely

inconsistent, indicating the challenge of extrapolating to the clinical situation from in vitro and in vivo preclinical studies. In

part, the inconsistency evident in clinical trials may be attributed to the inability to achieve sufficient HCQ or CQ plasma

levels required to inhibit autophagy . In fact, significantly higher doses would likely be required to effectively achieve

autophagy inhibition in patient tumors, which would result in severe toxic side effects . Furthermore, the optimal time

frames for administration of autophagy inhibitors to maximize sensitization to chemotherapy or radiation therapy have also

generally not been considered in the design of these clinical trials. Studies have shown that for normal non-cancerous

cells, autophagy is necessary for the maintenance of cellular homeostasis, while mice lacking ATG5 or ATG7 have

spontaneous defects . Shingu et al. found that inhibition of autophagy at a late stage enhanced imatinib-induced

cytotoxicity in human malignant glioma cells, but attenuated the imatinib-induced cytotoxicity at an early stage . These

studies suggest that if autophagy inhibitors are applied in the early stage of tumor formation, there is a risk of promoting

tumorigenesis.

Another issue that should not be ignored is the relationship between autophagy and the immune system. It has been

demonstrated that autophagy has a surveillance effect on immunity, and a reduction of autophagy is related to the

infiltration of regulatory T cells, which inhibit the immune system and reduce effective immune surveillance, thereby

stimulating a tumor-promoting microenvironment . Autophagy also plays a key role in processing of DAMPs, cytokine,

and chemokine release for immune infiltration and recruitment, as well as processing of tumor-antigens for MHC

presentation . In addition, while autophagy deficiency has been shown to increase chemo- and radiosensitivity in

immune-deficient mice , inhibition of autophagy in immune-competent mice has been reported to result in a failure of

chemotherapy ; oddly, despite having been published almost 10 years ago, the latter study has not been

independently verified by additional reports. This background further suggests that in the initial stage of tumor formation,

when the immune system plays a critical role, inhibiting autophagy may accelerate the occurrence and progression of

tumors. For now, the optimal staging for the use of autophagy inhibitors is in advanced tumors, which is also an ideal

stage for the clinical trials that have been completed.

Although many factors are likely to influence autophagy, the involvement of p53 cannot be ignored. As mentioned above,

p53 plays a regulatory role in tumor cell proliferation, cell cycle regulation, apoptosis, senescence, and autophagy. This

regulatory role is related to its subcellular localization. Studies have shown that p53 located in the nucleus promotes

autophagy under stress, while cytosolic p53 inhibits autophagy in unstressed cells . In the nucleus, p53 induces

autophagy by regulating the mTOR pathway in a transcription-dependent manner, as well as transcriptional regulation of

key autophagy-related genes (ATGs) . Some p53 targeted genes, including PTEN, TSC2, and AMPKβ, have been

reported to negatively regulate mTOR , thus promoting autophagy initiation. In addition, p53 can also be associated

with autophagy through the p14ARF (p19ARF in mouse, and hereafter referred to as ARF)-signaling pathway . During

tumorigenesis, the activation of oncogenes upregulates the transcription of ARF, which in turn binds to and inhibits the

expression of MDM2, thereby stabilizing p53 . ARF positively regulates autophagy by disrupting the Bcl-xl/Beclin 1

complex, releasing Beclin-1 to induce autophagy .

Subcellular localization of p53 can also mediate functional responses between apoptosis and autophagy. In the cytosol,

p53 can localize to the mitochondria where it can interact with antiapoptotic BCL family proteins, allowing oligomerization

of proapoptotic factors, such as BAX and BAK, thereby promoting mitochondrial outer membrane permeabilization

(MOMP) and driving activation of intrinsic apoptotic cell death pathway . Studies by Tomita et al. demonstrated

several breast cancer cell lines expressing various p53 mutants failed to form complexes with Bcl2 in MDA-MB-231 (p53

R280K), MDA-MB-468 (p53 R273H), T47D (p53 L194F), and SKBr3 (p53 R175H) cells when compared to ML-1 (wtp53)

cells . Furthermore, these p53 mutant breast cancer cell lines exhibited impaired mitochondrial permeabilization when

compared to wtp53 cells.

High mobility group box 1 (HMGB1), a conserved nuclear protein, acts as a chromatin-binding factor, binds to DNA, and

promotes access to transcriptional protein complexes . Similar to p53, the biological function of HMGB1 is related to its

subcellular location . Besides its nuclear effect, HMGB1 plays an important role in the processes of inflammation, cell
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differentiation, cell migration, wound healing, and tumor progression . In addition to being a Beclin1-binding

protein , cytoplasmic HMGB1 maintains the activation of the Beclin1-PtdIns3KC3 complex during the upregulation of

autophagy . HMGB1 also forms a complex with p53 and affects the cytoplasmic localization of reciprocal binding

partners, thereby regulating the subsequent levels of autophagy and apoptosis . Moreover, the target genes of p53

including DRAM, ISG20L1, or AEN are all reported to have the ability to regulate autophagy .

1.3. Autophagy and Multidrug Resistance (MDR)

The recurrence of tumors after treatment continues to represent a critical problem for clinicians. This is often due, in large

part, to the multidrug resistance (MDR) response of tumor cells to chemotherapeutic agents. Therefore, there is an urgent

need to develop agents with high activity against MDR, but with limited overall toxicity. The phenomena and mechanisms

of MDR are summarized in great detail in many reviews , but in this review, we focused on how autophagy

mediates MDR. Taken together with our discussion above, when autophagy exhibits cytoprotective functions, the

administration of autophagy inhibitors can enhance chemotherapeutic drug sensitivity. In a Ras-NIH 3T3-Mdr cell model

overexpressing p-glycoproteins (p-gp), a deficiency of autophagy was also found to facilitate necrosis and apoptosis

induced by gossypol, a BH3-mimetic small molecule isolated from cottonseed, suggesting that autophagy may exhibit

protective effects in drug-resistant cells . Further studies have demonstrated that autophagy may be associated with

resistance to a variety of anti-breast cancer drugs, such as tamoxifen, Herceptin (trastuzumab), paclitaxel (PTX), and

epirubicin (EPI) . These results were also validated in multidrug-resistant v-Ha-ras-transformed NIH 3T3 cell studies

showing that knockout of the autophagy regulatory gene, ATG5, increased PTX sensitivity .

Conversely, when autophagy expresses a cytotoxic function, this could be exploited to induce MDR cancer cell death .

Sirichanchuen et al. found that co-treatment with cisplatin and autophagy inducer, trifluorperazine, could resensitize

H460/cis cells to cisplatin-induced cell death . This study is not unique, as Meschini et al. reported that vocamine, a

bisindolic alkaloid from Peschiera fuchsiaefolia, could be utilized to overcome the resistance to doxorubicin in

osteosarcoma cells by competitively inhibiting p-gp/ABCB1 and inducing autophagic cell death .

The mTOR pathway is a negative regulator of autophagy . Rapamycin, an inhibitor of mTOR, activates autophagy and

induces autophagic death of MDR v-Ha-ras-transformed NIH3T3 cells, drug-resistant LoVo/ADR colon cancer cells, and

cisplatin-resistant cervical cancer cells . GOF properties of p53 may also be involved in this process. The mutant

p53 protein inhibits the generation of cytotoxic autophagy by stimulating the mTOR pathway, thereby increasing the

proliferation of tumor cells . In addition, when MDR cells lack the capacity to undergo apoptosis or exhibit apoptosis

resistance, the agents that induce cytotoxic autophagy can also treat cancer and impede multidrug resistance through the

induction of autophagy. Saikosaponin-d and Hernandezine are small molecular compounds extracted from natural plants,

which promote the death of apoptosis-defective or apoptosis-resistant mouse embryonic fibroblast cells through cytotoxic

autophagy .

Additional evidence linking autophagy to MDR suggests that lysosomal activity plays a role in tumor drug resistance.

Lysosomes are at the center of cell degradative processes, responsible for decomposing proteins, polysaccharides, and

lipids into their own basic structural forms . Lysosomes receive extracellular or cell surface materials by endocytosis

and intracellular components by autophagy. The unique acidic condition of lysosomes provides the optimal environment

for the hydrolases in lysosome, and is also a precondition for the fusion of autophagosomes with lysosomes, forming the

autophagolysosome and the completion of autophagic flux (i.e., degradation of the autolysosomal cargo) . In addition to

the widely accepted passive sequestration of hydrophobic weak base chemotherapeutics , other lysosome-

mediated resistance mechanisms have been reported, such as the active lysosomal drug isolation mediated by the ATP-

driven transporter of the ATP-binding cassette (ABC) superfamily  and the role of the lysosomal copper transporter

in tumor resistance to platinum drugs . Some genes regulated by p53 encode lysosomal proteins. In p53-deleted

or mutant tumor cells, although autolysosome formation is not affected, a deficiency at the lysosome-mediated

degradation of autophagosome cargo ensues . Therefore, resistance induced by p53-dependent protective autophagy

may be associated with the induction of high levels of lysosomes.

In general, both autophagy inhibitors and inducers are involved in the treatment of MDR-expressing cancer. There are

many regulatory factors that affect the role of autophagy. Understanding the specific role of autophagy and taking

advantage of autophagic functionality could potentially be an effective strategy to overcome multidrug resistance in cancer

(Figure 1).
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Figure 1. Gain of function (GOF) effect of mutant p53 and regulation of autophagy by p53 in nucleus. Certain p53

mutations (such as R248Q, R273H, R175H, and R249S) have shown GOF can further promote cancer malignance and

chemoresistance. p53 mutants are able to actuate various survival signaling cascades, such as the NF-κB, PDGFRβ,

mevalonate, proteasomal, or integrin pathways, and activate an independent set of target genes in cooperation with other

transcription factors or cofactors (such as Pin1 and PML proteins). Nuclear p53 localization can promote autophagy by

regulating the mTOR pathway in a transcription-dependent manner. Some p53 targeted genes, including PTEN, TSC2,

and AMPKβ, have been reported to negatively regulate mTOR, thus promoting autophagy initiation. In addition, p53 can

also be associated with autophagy through the ARF-signaling pathway. Regulation between p53 and the different

functional forms of autophagy can contribute to chemotherapy resistance in tumor cells.

2. Effect of p53 Status on Autophagy and MDR

Sequencing of the cancer genome showed that 42% of the 12 tumor types analyzed carried the TP53 mutant gene .

However, the mutation rate of TP53 varies greatly among different types of tumors . The importance of different types of

p53 mutations leading to different therapeutic effects has been recognized; therefore, Food and Drug Adminstration

(FDA)-approved drugs are now being tested in pre-clinical or clinical trials with patients stratified according to the status of

p53 . However, the p53 status of patients is rarely considered in clinical trials where autophagy inhibitors are used in

combination. In subsequent sections, we will summarize the reported effects of p53 status on chemotherapeutic drug

sensitivity and resistance in different types of tumors.

2.1. Leukemia

A wide range of studies have determined that about 10% of patients with hematological malignancies have TP53
alterations. The highest frequency was observed in acute lymphoblastic leukemia (ALL) (total: 19%; mut+del: 6%; mut

only: 8%; del only: 5%) and acute myeloid leukemia (AML) (total: 13%; mut+del: 5%; mut only: 7%; del only: 1%),

whereas TP53 alterations occurred less frequently in chronic lymphocytic leukemia (CLL) (total: 8%) and myelodysplastic

syndromes (MDS) (total: 7%) .

TP53-mutant AML has an extremely poor prognosis and often exhibits natural resistance to chemotherapy . It was

found that autophagic flux was higher in poor risk AML compared with favorable- and intermediate-risk AML, although the

high autophagy flux related to TP53 mutations, knockdown, or ectopic-overexpressing mutant p53 had no effect on

autophagy flux . In addition, in contrast to wtp53 AML, the autophagy inhibitor HCQ treatment did not trigger a BAX

and PUMA-dependent apoptotic response in p53mut AMLs. These findings imply that the level of autophagy flux in AML

might be an intrinsic property and co-treatment with autophagy inhibitors might only be effective for wtp53 AML patients

.

B-cell precursor acute lymphoblastic leukemia (BCP-ALL) is the most common form of pediatric cancers. As seems to be

the case with other types of leukemia, the poor prognostic group of BCR/ABL1-positive BCP-ALL appears particularly

dependent on autophagy for their survival and malignant transformation. Exposure of BCP-ALL cells to irradiation triggers

autophagy and cell death in a p53-dependent manner . However, the combination with autophagy inhibitors, for which

this situation warrants, seems to be related to the mechanism of drug action. Cheong et al. reported that autophagy
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inhibitors significantly increased sensitivity of the cytarabine arabinoside-resistant U937 cells, which lack the function of

p53 . Similarly, sorafenib rarely induces autophagy in wtp53 AML cells (OCI-AML3) and p53 null AML cells (HL-

60), but induces protective autophagy in p53 null cells (HL-60) .

The situations in chronic leukemia are more complicated. Carew and colleges demonstrated that autophagy inhibitors

augment the anti-CMLs’ activity of the histone deacetylase inhibitor suberoylanilide hydroxamic acid (SAHA) to overcome

Bcr-Abl-mediated drug resistance, regardless of p53 status . In the case of another drug, the Src-family protein-

tyrosine kinase inhibitor, dasatinib, wtp53 CLL cells are resistant because dasatinib induces cytoprotective autophagy. In

contrast, p53 mutant CLL lymphocytes are hypersensitive to dasatinib due to the low level of autophagy .

2.2. Gastric Cancer

Helicobacter pylori (HP) is responsible for about 90% of gastric cancer (GC) cases worldwide . Recent work

demonstrated that HP promotes p53 proteasomal degradation and inhibits USF1 expression. The low level of USF1

further drives p53 degradation and then accelerates the progression of gastric carcinogenesis, which is related to the low

overall survival in GC patients . This reflects the importance of activating p53 in the treatment of gastric cancer. Some

p53-regulated proteins also play important roles in regulating autophagy, such as Kallikrein-related peptidase 6 (KLK6),

which is p53-dependent and autophagy-related in the tumor microenvironment. Studies have shown that Auranofin, an

inhibitor of thioredoxin reductase, induced resistance in gastric cancer cells may be due to overexpression of KLK6, which

is affected by p53 upregulation, resulting in protective autophagy . The cdk4/6 inhibitor, Palbociclib, induced p53-

dependent autophagy in gastric cancer cells, and the knockdown of p53 was accompanied by a deficiency of the

lysosome-mediated degradation of autophagosome cargo, resulting in autophagic blockade . However, the status of

p53 does not seem to play a decisive role in some anti-gastric cancer drugs. Tenovin-6 is a potent activator of p53;

interestingly, the sensitivity of Tenovin-6 to gastric cancer cell lines and the initiation of autophagy were not correlated with

TP53 gene status. Meanwhile, CQ increased Tenovin-6-induced cell death also in a p53-independent manner .

2.3. Pancreatic Cancer

Pancreatic cancer is one of the most lethal types of cancer. Most patients with pancreatic cancer have genetic alterations

, including KRAS , TP53 , CDKN2A , SMAD4 , BRCA1, and BRCA2 . Disruptions of KRAS and

TP53 are almost universal, with frequencies of about 70–95%  and 20–76% , respectively. Autophagy is

commonly reported as a protective response for pancreatic cancer cell proliferation in vitro . Therefore, CQ or

HCQ as a chemical sensitizer (for example, against trametinib, gemcitabine, or nab-paclitaxel) is currently being actively

tested in clinical trials (clinical trial: NCT01128296, NCT01506973, NCT01978184). However, these sensitizing effects

could not be well reproduced in clinical trials. First, a phase II clinical trial report 5 years ago indicated that in patients with

previously treated metastatic pancreatic cancer, HCQ monotherapy demonstrated negligible therapeutic efficacy .

Second, a recent phase II clinical trial showed that HCQ did not improve the primary end point of 12-month overall

survival in patients with pancreatic cancer treated with first-line drugs, namely gemcitabine hydrochloride and nab-

paclitaxel (GA)  (NCT01506973). In 2013, Rosenfeldt et al. showed that the status of p53 determines the development

of humanized genetically modified mouse models of pancreatic ductal adenocarcinoma. They proved that treatment of

mice with the autophagy inhibitor HCQ significantly accelerates tumor formation in mice containing oncogenic Kras but

lacking p53 . We questioned whether these unsatisfactory clinical trials could be related to p53 mutations; however,

this does not seem to be the case. Yang et al. demonstrated that CQ inhibited the proliferation of pancreatic cancer

transplanted tumors, independently of p53 status . Analysis of patients who had undergone combined treatment of

HCQ and GA showed that there was no significant correlation between the prognosis of patients after treatment and TP53
mutational status . This suggests that both autophagy inhibitors alone and in combination often produce disappointing

results in the clinic, which may not be related to the status of p53. Nevertheless, there have been a few promising

outcomes such as a recent study showing that ERK inhibition may enhance the dependence of pancreatic ductal cancer

on autophagy . Therefore, blocking the ERK pathway and combining autophagy inhibitors into clinical practice could

prove to be an effective strategy in the treatment of pancreatic ductal carcinoma.

2.4. Colorectal Cancer

Colorectal cancer is the third most common cancer in the world and a leading cause of cancer-related deaths .

Comprehensive genomic analysis has revealed that p53 mutations exist in about 60% of colorectal cancers, with most

being of the missense-type at “hot spots”, which indicates that the mutated p53 has carcinogenic effect through the GOF

mechanism . However, the effect of p53 status on chemosensitivity is not consistent. Early studies by Violette et al.

found that the resistance of 5-fluorouracil to 8 different kinds of colon cancer cells was related to the relative levels of

BCL-2, BCL-x(L), and BAX, but not to the status of p53 . However, clinical studies have shown that colorectal tumors
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with mutant p53 have a weak or absent response to 5-fluorouracil therapy. Patients with wtp53 colorectal tumors have a

longer survival period than those with mutant p53 tumors . This suggests that when chemotherapeutic drugs act on

the whole body, p53 may be associated with many other factors, such as tumor microenvironment or autophagy, and the

“gatekeeper” role of p53 may be more obvious.

The relationship between p53 status and autophagy in colon cancer has also been studied by the Kroemer laboratory.

These investigators reported that knock out p53 in HCT-116 cells improved mouse survival by inducing rather than

blocking autophagy , and that re-transfection with wtp53 inhibited baseline autophagy . Since these reports, more

studies have explored the relationship between the activity of anti-colon cancer agents and the regulation of p53 and

autophagy. Compared with HCT-116 p53+/+ cells, HCT-116 p53−/− cells are more sensitive to Crocin (the bioactive

molecule of saffron), which is associated with its induction of defective autophagosome formation in HCT-116 p53−/− cells

. Betulinic acid (BA), a naturally occurring pentacyclic triterpene, has demonstrated antitumor properties in several

human cancers . BA interferes with the induction of protective autophagy by degrading mutant p53 through a ubiquitin-

mediated degradation pathway, thus inducing apoptosis and promoting the death of colon cancer cells . The protective

autophagy in colon cancer correlated with p53 status may be associated with the loss of the ribosomal protein uL3.

Ribosomal protein uL3 has been shown to be a key sensor of nucleolar stress induced by a variety of chemotherapeutic

drugs (such as 5-fluorouracil, oxaliplatin, and actinomycin D (Act D)) in p53-deficient colon cancer cells .

Pecoraro et al. further demonstrated that loss of uL3 activated cytoprotective autophagy and in turn mediated resistance

to Act D in colon cancer . In addition, Zhang et al. recently proposed that p53 can regulate Ten-eleven-translocation 2

(TET2), a protein that regulates DNA damage by maintaining the DNA repair pathway, through the autophagic degradation

pathway. Studies have shown that knockout of TET2 in p53 null colon cancer cells can reverse resistance to

chemotherapeutic drugs such as doxorubicin and cisplatin. This provides a potential explanation for drug resistance

mechanisms in p53 null colon cancer cells, specifically that loss of p53 leads to lowered degradation of TET2 protein in

the cytoplasm, but more accumulation in the nucleus during doxorubicin or cisplatin treatment. Nuclear TET2 protects the

genome from DNA damage caused by doxorubicin or cisplatin; ultimately, promoting the growth and survival of colon

cancer cells and contributing to chemoresistance .

2.5. Liver Cancer

Hepatocellular carcinoma (HCC) is the most common form of liver cancer in adults, accounting for ~85–90% of liver

cancer patients . Major risk factors include chronic infections with hepatitis B (HBV) or C (HCV) virus, dietary aflatoxin

B (AFB ) toxins, or alcohol consumption . TP53 mutations are exhibited in ~25–30% of HCC patients , more

than ~50% in AFB -related HCC patients, and ~45% of HBV-related HCC patients ; thus, detection of point mutations

in TP53 is considered a biomarker for AFB  exposure and risk for HCC. Transversion of G:C to T:A at the third position of

codon 249  was detected in the serum DNA of HCC patient biopsies in areas of high AFB exposure and HBV endemic

areas . This TP53 249 mutant was shown to inhibit wt p53-mediated apoptosis and facilitate tumor cell growth

when transfected into p53 null liver cancer cells .

HBV is a DNA virus that infects hepatocytes, causing liver injury and hepatocyte cell death, and which can promote

tumorigenesis. Its DNA codes for four distinct proteins, envelope protein, nucleocapsid (core) protein, viral reverse

transcriptase, and the X gene of HBV (HBx) protein . HBx binds to p53 and decreases p53 binding to XPB ,

which is important for nucleotide excision repair interaction between HBx and p53. Furthermore, HBx also inactivates p53-

dependent activity, such as p53 mediated transcription of cell cycle regulators, repression of TP53 transcription and p53-

activated apoptosis . HBx binding to PI3KC3 has also been shown to enhance viral replication by

inducing autophagy in hepatoma cells transfected with HBV ; furthermore, Mizui et al. demonstrated that autophagy

inhibition can limit HCV replication . Furthermore, GOF p53 mutations were demonstrated to alter apoptosis induction

in hepatocellular carcinoma. Hep3B cells (p53 null) transfected with varying GOF p53 mutations and p53wt plasmids

exhibited an anti-apoptotic gain of function. Mutant p53 was able to repress CD95 (fas/APO-1) gene transcription, as well

as repress BAX expression, thus attenuating mitochondrial mediated apoptotic pathways and extrinsic apoptotic pathways

.

Excessive inflammation and tissue damage due to chronic infection by HBV or HCV or alcohol consumption are major

contributors to hepatocarcinogenesis. Autophagy induction can contribute to alleviation of some of this toxic stress by

clearing damaged protein accumulation, dysfunctional mitochondria and genomic stress . TAK1-mediated activation of

autophagy prevented excessive lipid accumulation, while Tak1-depletion resulted in lipid accumulation, hepatosteatosis,

and tumorigenesis . In contrast, high basal autophagy can also promote tumorigenesis and chemoresistance .

Du et al. demonstrated that autophagy inhibition through ATG7 silencing and CQ pretreatment sensitized HepG2

hepatocarcinoma cells to oxaliplatin treatment and enhanced apoptotic cell death .
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Although the indicated studies suggest that autophagy is cytoprotective in liver cancer, autophagy has also been shown to

play dual functional roles in this disease. Studies by Zhang et al. showed that resveratrol inhibited proliferation and

migration of HCC cells through the promotion of autophagy. Furthermore, the anti-tumor effects of resveratrol were

attributed to autophagy induction through resveratrol-mediated p53 activation, as well as inhibition of PI3K/AKT .

Treatment with 3-MA, an autophagy inhibitor, negated resveratol cytotoxic effects on HCC cell proliferation, invasion and

migration. Similarly, Wang et al. demonstrated in HCC cell lines that exposure to fangchinoline, a bisbenzylisoquinoline

alkaloid shown to induce cell cycle arrest in breast and prostate cancer cell lines , induced autophagy in a

p53/sestrin2/AMPK-dependent manner and induced autophagic cell death in HepG2 and PLC/PRF/5 cell lines .

Consequently, it is feasible that targeting autophagy may potentiate chemosensitization and induce cell death in

hepatocarcinoma cells .
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