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Chemotherapy resistance is a huge barrier for head and neck cancer (HNC) patients and therefore requires close attention to understand its underlay mechanisms for effective strategies. In this review, we first summarize the molecular mechanisms of chemotherapy resistance that occur during the treatment with cisplatin, 5-fluorouracil, and docetaxel/paclitaxel, including DNA/RNA damage repair, drug efflux, apoptosis inhibition, and epidermal growth factor receptor/focal adhesion kinase/nuclear factor-κB activation. Next, we describe the potential approaches to combining conventional therapies with previous cancer treatments such as immunotherapy, which may improve the treatment outcomes and prolong the survival of HNC patients. Overall, by parsing the reported molecular mechanisms of chemotherapy resistance within HNC patient’s tumors, we can improve the prediction of chemotherapeutic responsiveness, and reveal new therapeutic targets for the future.
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Introduction

The global incidence of head and neck cancers (HNCs) continued to rise from 6.55 to 10.91% in the 10 years from 2008 to 2018. In 2018, over 1.9 million individuals were diagnosed with HNC including 354,864 lip and oral cavity, 177,422 larynx, 129,079 nasopharynx (NPC), 92,887 oropharynx, and 80,608 hypopharynx tumors (1). More than 90% of HNCs are squamous cell carcinoma (HNSCC) that occur from the mucosal epithelial tissue of oral cavity, oropharynx, and larynx (2). The common treatments include surgery, radiotherapy, chemotherapy, and concurrent chemoradiotherapy according to the stage of the disease, anatomical site, and surgical accessibility. Approximately 30~40% of stage I or II HNC patients are curable and show improved survival rates after surgery or radiotherapy alone. However, over 60% of stage III or IV HNC patients require advanced therapeutic options (3). For instance, chemotherapy or chemoradiotherapy is considered a promising approach to controlling tumor growth and prolonging survival rates in portions of stages III and IV HNC patients (4, 5). In a comparison of radiotherapy alone and with concurrent chemoradiotherapy, a meta-analysis of 19,248 HNC patients indicated that the additional use of chemotherapy with radiotherapy showed an increase in 5-year absolute survival (8.9% for oral cavity, 8.1% for oropharynx, 5.4% for larynx, and 4% for hypopharynx tumors) in a part of stages III and IV HNC patients (5, 6).

The standard chemotherapy regimens for stage III or IV patients are cisplatin, 5-fluorouracil (5-FU), and docetaxel/paclitaxel (7–9). A combined strategy of docetaxel, cisplatin, and 5-FU (TPF) treatment in a total of 358 unresectable HNSCC patients show significantly improved progression-free (11.0 month in TPF and 8.2 months in PF) and OS (18.8 months in TPF and 14.5 months in PF) (7). Another combined strategy of paclitaxel, cisplatin, and 5-FU (PPF) treatment on 80 stage III and IV HNSCC patients showed the 88% overall response rate and the 44% overall survival (OS) rates (10). Moreover, a 2016 phase III study report of PPF treatment in a total of 382 locally stage III and IV HNSCC patients indicated that a higher complete response (CR, 33% in PPF and 14% in PF) rate and a longer OS rate (43 month in PPF and 37 month in PF) (9). It is now widely accepted that TPF (docetaxel, cisplatin, and fluorouracil) treatment is the standard induction chemotherapy regimen (7, 11) and it has become the new standard for induction chemotherapy in the locally advanced HNSCC since the TAX323/EORTC24971 and TAX324 studies were published in Europe and the USA, respectively (7, 8). This TPF treatment is also used in the recurrent or metastatic HNSCC, which showed an improved overall response rate up to 44%, a median time to progression of 7.5 months, and a median OS of 11 months (12). TPF treatment may confer survival and organ preservation benefits in a part of HNSCC patients when it is administered safely by several clinical teams, though there is no consensus on the survival benefit (11).

However, the overall situation is still not optimal. The number of deaths from HNC continues to rise globally, from 586,400 deaths in 2008 to 980,787 deaths in 2018 (1). Chemotherapy resistance results in poor treatment outcome in HNC patients, and the reasons of chemotherapy resistance are multifaceted. Thus, building up a framework for understanding molecular mechanisms of chemotherapy resistance is the essential way to explore new therapeutic strategies (13). In this review, we summarize the molecular mechanisms of chemotherapy resistance after chemotherapies, such as cisplatin, 5-FU, and docetaxel/paclitaxel. We also describe up-to-date clinical trials, such as combination therapy and chemo-immunotherapy. Overall, this review provides intelligible and valuable information to readers to understand chemotherapy resistance in HNCs for effective treatment strategies.



Chemotherapy Mechanisms


Cisplatin

The anti-tumor properties and contribution to clinics of the platinum-based drug, cisplatin, were discovered in the 1970s (14). Cisplatin is known to induce cytotoxicity to tumor cells through binding to DNA and impairing its repair mechanism. First, cisplatin can be transported into the cells through copper transporters and subsequently aquated due to low chloride concentrations in the cytosol (15). Aquated cisplatin induces DNA damage by binding to the guanine N7 position on either nuclear DNA or mitochondrial DNA. Finally, cisplatin-induced DNA damage leads to mitochondrial outer membrane permeabilization (MOMP). Bcl-2-associated X/Bcl interacting domain (BAX/BID) forms a pore to release mitochondrial protein cytochrome c into the cytoplasm. Released cytochrome c can activate the apoptotic protease-activating factor (Apaf)-1 apoptosome, which eventually results in the activation of caspases and induction of cell apoptosis. On the other hand, aquated cisplatin also binds to cytoplasmic molecules, including reduced glutathione (GSH) and metallothionein (MT), which results in the generation of reactive oxygen species (ROS) that also trigger MOMP and DNA damages (16) (Figure 1A).




Figure 1 | Chemotherapy mechanisms. (A) Cisplatin is transported into cells through copper transporters and is aquated in the cytosol. Aquated cisplatin induces DNA damage by binding to nuclear or mitochondrial DNA. On the other hand, aquated cisplatin also binds to cytoplasmic structures, including reduced glutathione (GSH) and metallothionein (MT), which results in the generation of reactive oxygen species (ROS) that trigger mitochondrial outer membrane permeabilization (MOMP). Both DNA damage and MOMP lead to cell death. (B) 5-Fluorouracil (5-FU) can be transported into cells by uracil transporters due to its uracil-like analog structure. Intracellular 5-FU is converted to three primary active metabolites which result in DNA/RNA damage: (i) fluorodeoxyuridine monophosphate (FdUMP) inhibits thymidylate synthase (TS); (ii) fluorodeoxyuridine triphosphate (FdUTP) is misincorporated into DNA; and (iii) fluorouridine triphosphate (FUTP) is incorporated into RNA. (C) Docetaxel/Paclitaxel can bind to microtubules which promotes tubulin assembly, suppresses microtubule dynamics and cell division, and ultimately results in cell death. These figures were created with BioRender.com.





5-FU

5-FU is an anti-metabolite drug and its anti-tumor properties were discovered in the 1950s, and it has been widely used to treat a range of cancers (17). 5-FU can be transported into the cells through similar transport mechanisms as uracil due to its uracil-like analog structure (18). Intracellular 5-FU is converted to three primary active metabolites: fluorodeoxyuridine monophosphate (FdUMP), fluorodeoxyuridine triphosphate (FdUTP), and fluorouridine triphosphate (FUTP). (i) FdUMP inhibits thymidylate synthase (TS) and results in dNTP imbalance which decreases levels of deoxythymidine triphosphate (dTTP) and increases levels of deoxyuridine triphosphate (dUTP) conversely (17, 19). (ii) FdUTP is misincorporated into DNA and increases the FdUTP/dTTP ratio, which results in DNA damage due to false nucleotide incorporation (17, 20). (iii) FUTP is incorporated into RNA, which results in disruption of RNA processing and function, including the processing of pre-ribosomal RNA, post-transcriptional modification of transfer RNA, and the splicing of pre-messenger RNA (17, 21–23) (Figure 1B).



Paclitaxel/Docetaxel

Paclitaxel is both anti-cytoskeletal and anti-neoplastic drugs that were discovered in the 1990s, and it was subsequently approved for clinical use to treat several types of cancer (24). Paclitaxel binds to the β-subunit of microtubules (25), promotes tubulin assembly, and suppresses microtubule dynamics, which results in inhibition of mitotic blockage, chromosome segregation, and cell division (24). First, paclitaxel stabilizes microtubules and prevents them from disassembly; then chromosomes are unable to proceed to metaphase, and thus this mitotic blockage limits cell division and triggers cell apoptosis (24, 26, 27). It is worth noting that paclitaxel can also suppress microtubule detachment from centrosomes and reduces the tension on kinetochores that damages the bipolar attachment of sister chromatids and the interaction between kinetochores and spindle microtubules (28, 29) (Figure 1C). As an analog of paclitaxel, docetaxel is also an inhibitor of microtubule depolymerization mechanically (Figure 1C). Docetaxel and paclitaxel share most parts of their structures and mechanisms of action but differ in some aspects. Structurally, docetaxel (C43H53NO14) differs from paclitaxel (C47H51NO14) in the 10-position on the baccatin ring and in the 3’-position of the lateral chain. Efficiently, docetaxel is approximately twice higher binding affinity to tubulin compared with paclitaxel. Clinically, the respective response rates of paclitaxel and docetaxel were 43% in 28 HNC patients and 44% in HNC 38 patients, suggesting both paclitaxel and docetaxel are active in HNC patients (30).




Chemotherapy Resistance

There are four main mechanisms that HNC cells acquire to avoid cell death following cisplatin (14, 16, 31, 32), 5-FU (33, 34), and paclitaxel/docetaxel treatments (35–37), including DNA/RNA damage repair, drug efflux, apoptosis inhibition, and epidermal growth factor receptor (EGFR)/focal adhesion kinase (FAK)/nuclear factor (NF)-κB activation. Below, we summarize these resistance mechanisms of chemotherapy regimens that occur in HNC cells and describe the most current reports available.


Cisplatin

DNA damage is repaired through four major mechanisms, including double-strand break repair (DSSR), mismatch repair (MMR), base excision repair (BER), and nucleotide excision repair (NER) (Figure 2A). NER is known as the primary strategy acquired by cancer cells to resist cisplatin-induced DNA damage. NER and its associated protein called the DNA excision repair protein ERCC1 were studied in several reports, and experimental evidence supports high EERC1 expression being associated with cisplatin resistance in HNSCC patients (38–40). For example, a previous study evaluated the effect of ERCC1 expression on the response to cisplatin in 57 patients with locally advanced unresectable HNSCC. Those HNSCC patients with high ERCC1 expression showed lower cisplatin treatment responses (50%, 13 out of 26 patients) and lower 2-year OS (44%), relative to those patients with low ERCC1 expression who showed higher responses (90.3%, 28 out of 31 patients) and better survival (74.2%) (39) (Table 1). Although a correlation between the ERCC1 expression level and cisplatin resistance was reported, the mechanism through which ERCC1 acts is not yet clarified and is still under investigation (Figure 2A).




Figure 2 | Chemotherapy resistances. Chemotherapy resistance is involved in (A) DNA/RNA damage, (B) drug efflux, (C) apoptosis inhibition, and (D) epidermal growth factor receptor (EGFR)/focal adhesion kinase (FAK)/nuclear factor (NF)-κB activation. These figures were created with BioRender.com.




Table 1 | Markers of chemotherapy resistance in head and neck cancers (HNCs).



Drug efflux enables cancer cells to resist cisplatin by reducing intracellular drug levels. The ATP-binding cassette (ABC) transporter superfamily is one of the platinum-drug efflux transporters, which are mediated by multidrug resistance (MDR) genes (56). Some ABC transporter proteins were previously reported, including MDR1, MDR protein 1 (MRP1), MPR2, MPR3, and MPR5 (14, 56). Furthermore, the copper transporter family is another type of platinum-drug influx/efflux transporter, such as high-affinity copper uptake protein 1 (CTR1, involved in cisplatin influx) and two P-type ATPases (ATP7A and ATP7B, involved in cisplatin efflux) (15, 57, 58). Clinical data from The Cancer Genome Atlas database were used to evaluate the effects of expression of different types of platinum-drug efflux transporters on the response to cisplatin in 317 HNSCC patients. This evaluation indicated that HNSCC patients with cisplatin resistance and low survival were associated with the high MDR1 and MRP1 expressions by their tumor biopsy, but were not associated with ATP7B and MRP2 expressions (41), which highlights the critical roles of MDR1 and MRP1 in cisplatin resistance (Figure 2B; Table 1). It is worth noting that both MDR1 and MRP1 are regulated by the activation of the Wnt/glycogen synthase kinase (GSK)-3β/β-catenin pathway (42, 59, 60). The Wnt signaling pathway is initiated by the binding of the Wnt ligand to a Frizzled receptor. The GSK-3β protein complex [which includes axin, disheveled (DVL), adenomatous polyposis coli (APC), and GSK-3β] activates β-catenin by phosphorylation. Activated β-catenin further cooperates with the T-cell factor (TCF) transcription factor, lymphoid enhancer-binding factor (LEF), and CREB-binding protein (CBP) to initiate MRD1 and MRP1 expressions in the nucleus (61). Some very recent studies on HNCs provided evidence to support the correlation between the activation of the Wnt/GSK-3β/β-catenin pathway and cisplatin resistance (42, 62, 63) (Figure 2B; Table 1). For example, Long Li et al. investigated the effect of β-catenin on cisplatin resistance by using HNSCC cell lines (SCC-15 and SCC-25) and evaluated the cisplatin susceptibility of SCC-15/SCC-25 cells with β-catenin gene knockdown. After β-catenin gene knockdown in SCC-15/SCC-25 cells, low β-catenin expressing SCC-15/SCC-25 cells were inoculated into BALB/c nude mice. The tumor growth analysis showed that low expression of β-catenin in SCC15/SCC-25 cells could increase cisplatin sensitivity and reduce tumor progression after cisplatin treatment (42) (Table 1). Taken together, the expression level of β-catenin is associated with cisplatin resistance.

Apoptosis inhibition is one of the acquired capabilities used by cancer cells to resist cisplatin. The inhibitor of apoptosis protein (IAP) can prevent activation of the apoptosis signaling pathway by blocking caspases (64, 65). As to the apoptosis signaling pathway, cisplatin-induced DNA damages first causes p53 upregulation in the nucleus. Those upregulated p53 proteins bind to the upstream promoter region of BAX and BID to initiate their gene expressions (66). The BAX and BID apoptotic proteins permeabilize the outer mitochondrial membrane, which results in the release of cytochrome c and the second mitochondrion-derived activator of caspases (SMAC) into the cytoplasm. In the cytosol, cytochrome c further interacts with apoptotic protease activating factor 1 (APAF1) to form apoptosomes. These apoptosomes transactivate caspase-9, caspase-3, and caspase-7, and consequently leads to intrinsic apoptosis (67, 68) (Figure 2C). Regarding apoptosis inhibition by IAPs, as recently reported, high expressions of cellular inhibitor of apoptosis protein 1 (c-IAP1), X-linked inhibitor of apoptosis protein (XIAP), and Apollon observed in HNSCC patients were associated with the low survival rates and cisplatin resistance (43–45, 69) (Figure 2C; Table 1). For example, approximately 20.83% (17 out of 60) advanced HNSCC patients showed high XIAP expression by their biopsies, which were associated with cisplatin resistance (p = 0.036) and poor clinical outcomes (p = 0.025) (44) (Table 1). Another study of 80 HNSCC patients indicated that 60% (48 out of 80) of those patients exhibited high expressions of Apollon protein and mRNA, which was correlated to a low OS rate (median survival time: 28 months, p < 0.001) (Table 1).

EGFR/FAK/NF-κB are critical signal pathways activated and used by cancer cells to resist cisplatin. In the FAK pathway, FAK can be activated by receptor tyrosine kinases (RTKs), integrins, and G-protein-coupled receptors (GPCRs) (70). Activated FAK involves three major signaling pathways: SRC/extracellular signal-regulated kinase (ERK)/external transcribed spacer region (ETS)-1 (71, 72), phosphatidylinositol 3-kinase (PI3K)/Akt/NF-κB (47), and p53 (73, 74). FAK can (i) induce MDR1-mediated drug efflux through SRC/ERK/ETS-1/β-catenin pathway (70–72, 74, 75); (ii) promote cell proliferation through PI3K/Akt/mTOR/NF-κB pathway (70); (iii) also directly suppresses p53-caused apoptosis (73, 76) (Figure 2D). In the EGFR pathway, there are two primary pathways activated, such as KRAS/methyl ethyl ketone (MEK)/ERK and PI3K/AKT/mTOR in HNC cells (77, 78) (Table 1). The EGFR can (i) induce MDR1 and/or MRP-mediated drug efflux through KRAS/MEK/ERK/ETS-1/β-catenin pathway (48, 79, 80); (ii) can also promote cell proliferation through PI3K/Akt/mTOR/NF-κB pathway (Figure 2D). A preclinical study indicated that cisplatin-resistant HNSCC cell lines (HONE1, HNE1, and CNE2) highly express BST2, and BST2 can prevent cell apoptosis via the NF-κB pathway. Moreover, high BST2 expression levels can serve as an indicator of cisplatin resistance and poor prognosis in a total of 117 locally advanced NPC patients (47) (Table 1). This report provides a new aspect of the cisplatin resistance mechanisms, but the landscape of BST2/NF-κB pathway requires further investigation.



5-FU

DNA/RNA damage repair by MMR and BER is one of the acquired capabilities used by cancer cells to resist 5-FU. As far as we know, BER-mediated DNA repair can remove modified or inappropriate bases by uracil-DNA glycosylase (UDG), cleavage the phosphodiester bond at the resulting AP site by an endonuclease, clean-up the 3’ or 5’ terminal end, replace the excised nucleotides by a polymerase, and seal the final DNA nick by a ligase. In 5-FU resistant cancer cells, after FdUTP is incorporated into DNA, the UDG can lyse the uracil-deoxyribose glycosyl bond of the dUTP and 5-FdUTP residues in DNA (81). MER-mediated DNA repair corrects replication errors between base and base mismatches and the polymerase slippage products at nucleotide repeat sequences, such as insertion and deletion loops (81) (Figure 2A).

Apoptosis inhibitions by c-IAP2 and Livin were found in two HNSCC studies (46, 49). One study evaluated the role of cIAP2 based on DNA microarray data using parental and 5-FU-resistant HNSCC cell line (SAS). Overexpression of cIAP2 contributes to 5-FU resistance and a poor prognosis in those 5-FU-resistant SAS cells (49). Another study evaluated the role of Livin in the susceptibility of HNSCC cell lines (SNU1041, PCI1, and PCI50) to 5-FU. Unlike c-IAP2, Livin preferentially binds to SMAC and then prevents SMAC from blocking XIAP-mediated inhibition of caspase-9 (64, 65). Livin gene-knockdown in those three HNSCC cell lines (SNU1041, PCI1, and PCI50) enhanced 5-FU-induced apoptosis (46) (Figure 2C; Table 1).



Paclitaxel/Docetaxel

Drug efflux plays a critical role in paclitaxel resistance. Several types of paclitaxel/docetaxel resistant HNC cells overexpress MDR1 and MRP5 (50, 51, 55), which rescues those cancer cells from paclitaxel/docetaxel induced cytotoxicity. Interestingly, both Hou et al. and Shi et al. pointed out that the axis of forkhead box protein M1 (FOXM1) and MDR1/MRP5 is a newly defined drug efflux mechanism in HNSCC cell lines (CNE1, CNE2, and EC109) (50, 51); however, the FOXM1/MPR5 or FOXM1/MDR1 axis has not yet been clarified in HNC cells. The potential molecular mechanism of FOXM1 was investigated in glioma stem cells. FOXM1, a downstream factor of the Wnt/β-catenin signaling pathway, supports β-catenin translocation to nuclei, combines TCF/LEF transcriptional factors, and thereby activates target genes (82) (Figure 2B), suggesting that FOXM1 may promote MRP5 expression through the Wnt/β-catenin signaling pathway.

Apoptosis inhibition is another strategy found in paclitaxel resistance. Liu et al. indicated that remodeling and spacing factor 1 (RSF1) inhibits cell apoptosis via promoting the NF-κB pathway. Activated NF-κB signaling triggers Survivin expression on HNSCC cell lines (CNE-2, 5-8F, and 6-10B) (52). Survivin can inhibit the active caspase-9, which blocks the apoptosis (53, 54, 83) (Figure 2C; Table 1), and also maintains the integrity of the mitotic spindle that suppresses aberrant mitosis from producing mitotic damage by paclitaxel (84). For example, approximately 72% (21 out of 29) HNSCC patients showed high survivin expression by in tumor biopsies, which were associated with p53 expression, paclitaxel resistance, and progression (53, 54). On the other hand, the docetaxel-resistant HNSCC cell line (DR-Hep2) increased the amount of mitochondrial DNA (mtDNA) and reduced the ROS generation. Although the mechanism remains unclear, Mizumachi et al. hypothesized that the mtDNA plays a critical role in docetaxel resistance through suppressing ROS generation from the mitochondrial respiratory chain (55).

Changes in microtubule assembly alter the sensitivity of cancer cells to paclitaxel due to mismatched binding of paclitaxel to β-tubulin isotypes. Common β-tubulin isotypes include βI, βII, βIII, βIVa, βIVb, βV, and βVI. In particular, it is widely accepted that increased levels of βIII-tubulin cause paclitaxel resistance by rendering microtubules less sensitive to its effects (85, 86). However, Nienstedt et al. found that over 90% of 445 HNSCC biopsies expressed TUBB3 (known as the βIII coding gene), with 69 of them (15.5%) with weak expression, 149 of them (33.5%) with moderate expression, and 188 of them (42.2%) with cancers. The TUBB3 expression level showed no significant correlation with clinical implications or treatment outcomes (87). Thus, the critical roles of β-tubulin isotypes in paclitaxel-resistant HNC patients need further investigation.

It is worth noting that multidrug cross-resistance mechanisms possibly occur on HNC cells. As previously reported, triple drugs (docetaxel, cisplatin, and 5−FU) −resistant HNSCC cell lines (Hep−2 and CAL−27) exhibited higher chemotherapy resistance, reduced apoptotic cell death, and an increased expression of MDR1, MRP2, ERCC1, CTR, Survivin, and TS (88), which suggests that multiple drug-resistant HNSCC cells can simultaneously have multidrug cross-resistance mechanisms, including DNA/RNA damage repair, drug efflux, and apoptosis inhibition.




Chemotherapy Resistance in Head and Neck Cancer Stem Cells

A rare subset of cells with stem cell features known as cancer stem cells (CSCs) have been demonstrated to highly tumorigenic, metastatic, and therapeutic resistance in both chemotherapy and radiotherapy (89). In HNC biopsies, a subpopulation of cells identified as CSC with high expression of stemness-related markers CD44 and BMI-1 (90). The CSC-related carcinogenesis and therapeutic resistance require us to rethink how to re-evaluate the efficacy of cancer therapies with regard to CSC (91). The isolated sphere-forming CSC from primary HNCs exhibited stemness markers CK5, OCT4, SOX2, and Nestin. HNC CSCs showed chemotherapy resistance to cisplatin, 5-FU, paclitaxel, and docetaxel due to their increased expression levels of ABC transporters (92). Interestingly, the Wnt/β-catenin signaling contributes to abnormal ABC transporter-mediated drug efflux property in HNC CSCs. Moreover, the Wnt/β-catenin signaling also maintains the self-renew capacity and promotes the expression of stemness-associated genes SOX2, OCT4, CD44 in HNC CSCs (93). It is worth noting that targeting the Wnt/β-catenin signaling pathway in HNC CSCs has been reported as a promising strategy to reduce tumorigenicity, suppress drug efflux, induce cancer cell apoptosis, and increase sensitivity to chemotherapy (94).



Strategies to Overcome Resistance and Improve Therapeutic Effects


DNA/RNA Damage Repair

DNA repair inhibitors can be used in combination with cisplatin. It is possible to inhibit different DNA repair pathways by blocking several targets, such as blocking ERCC1-XPF on the NER process by E-X PPI2 or E-X AS7 (95, 96). ERCC1–XPF is a structure-specific endonuclease that is required for repairing DNA damages caused by cisplatin. Two candidate inhibitors of ERCC1-XPF (E-X PPI2 and E-X AS7) reduced the ERCC1-XPF expression level, suppressed the NER process, and sensitized melanoma to cisplatin treatment (96) (Figure 3A). Although no reference describes the use of ERCC1-XPF inhibitors in HNCs so far, the previous references on other cancers suggest the possible use of DNA repair inhibitors in combination with cisplatin for HNCs.




Figure 3 | Strategies to overcome resistance and improve therapeutic effects. These involve (A) DNA/RNA damage, (B) drug efflux, (C) apoptosis inhibition, (D) epidermal growth factor receptor (EGFR)/focal adhesion kinase (FAK)/nuclear factor (NF)-κB activation, and (E) immunosuppression. These figures were created with BioRender.com.





Drug Efflux

Wnt/β-catenin signaling inhibitors were examined in clinical trials. WNT974 was used as a Wnt/β-catenin inhibitor in a phase II trial of HNSCC patients (NCT02649530). These HNSCC patients received 10 mg of WNT974 daily for a month, and those patients showed tumor regression and improved disease-free survival (DFS) and OS rates with a tolerable toxicity profile. Combined treatment with cisplatin and WNT974 can be expected (97, 98) (Figure 3B).



Apoptosis Inhibition

High expressions of IAPs by HNC cells can rescue them from cell apoptosis (64, 65). Targeting IAPs in cancer has become a new strategy to re-sensitize cancer cells to chemotherapies (99, 100). Birinapant is one of the IAP inhibitors in combination with carboplatin (a platinum analog of cisplatin) that can suppress cIAP1/2 expressions and improved the treatment outcomes of carboplatin in several different cancer cell lines, including ovarian cancer cell lines (S1-GODL, S8-GODL, S9-GODL, and Ovcar-3), lung cancer cell lines (A549, H226, and H460), cervical carcinoma cell lines (CaSki, HeLa, and SiHa), urinary bladder carcinoma cell line (5637, J82, and HT1197), colon cancer cell lines (DLD1, Colo205, and SW620), and HNSCC cell lines (PCI-1, PCI-9, PCI-13, PCI-52, and PCI-68) (101, 102) (Figure 3C, Table 2). Moreover, another IAP inhibitor, DEBIO1143 promotes apoptosis of cancer cells by mimicking the structure and activity of SMAC, which can block the XIAP and reactivate the caspase-9. A previous study on ovarian cancer cells suggests the possible use of DEBIO1143 combined with carboplatin to reverse carboplatin resistance and trigger cancer cell apoptosis (103). There is an ongoing phase II double-blind and randomized trial of combination treatment with DEBIO1143 and high-dose cisplatin chemoradiotherapy in high-risk locoregionally advanced HNSCC patients (104) (Figure 3C, Table 2).


Table 2 | Summary of chemotherapy resistance in head and neck cancers (HNCs).





EGFR/FAK/NF-κB Activation

Cetuximab is a monoclonal immunoglobulin G1 (IgG1) antibody that blocks the EGFR (105). The HNSCC patients with high EGFR expression are associated with chemotherapy resistance and poor treatment outcomes (48, 106). According to a phase III randomized trial of 117 recurrent/metastatic HNSCC patients, combined treatment with cetuximab and cisplatin improved the response rate from 10 to 26% and prolonged PFS from 2.7 to 4.2 months compared to cisplatin alone (107). Moreover, additional use of cetuximab with platinum/5-FU-based chemotherapy of 220 untreated recurrent or metastatic HNSCC patients significantly prolonged OS from 7.4 to 10.1 months in the group of patients who received chemotherapy plus cetuximab (108). Results of combined treatment with cetuximab and platinum/5-FU chemotherapy suggested that blocking the EGFR pathway by cetuximab is a potential way to improve the therapeutic effects of chemotherapy (Figure 3D, Table 2).

Vascular endothelial growth factor (VEGF) and its receptor (VEGFR) mediate tumor angiogenesis, which is associated with tumor progression and metastasis. Approximately 60~67% of NPC patients showed higher VEGF/VEGFR expressions and exhibited lower OS (109). The multi-kinase inhibitor, sorafenib, can block the autophosphorylation of several receptor tyrosine kinases (RTKs) such as the VEGFR and platelet-derived growth factor receptor (PDGFR) (110). In a phase II study, the combination of sorafenib, cisplatin, and 5-FU improved the objective response rate to 77.8% and prolonged the progression-free survival to 7.2 months in 54 recurrent or metastatic NPC patients (111) (Figure 3D, Table 2).

Bevacizumab is an antibody against the VEGF approved by the US Food and Drug Administration (FDA) for combined treatment with chemotherapy of lung cancer in 2006, recurrent ovarian cancer in 2016, and non-squamous non-small cell lung cancer in 2018 (112). So far, bevacizumab has been combined with chemotherapy in several clinical trials of other types of cancers, including HNCs (Figure 3D, Table 2). In a phase II study, combined treatment with intensity‐modulated radiation therapy (IMRT), cisplatin, and bevacizumab on 42 previously untreated stages III and IV advanced HNSCC patients improved their 2-year PFS rate to 75.9% (113). In another phase II study, combined treatment with radiotherapy, docetaxel, and bevacizumab on 30 previously untreated locally advanced HNSCC patients prolonged their 3-year PFS rate to 61.7% (114) (Figure 3D, Table 2).

Defactinib (also known as VS-6063) is an inhibitor of FAK (115), a primary downstream signal transducer of the VEGFR (116) (Figure 3D, Table 2). There are no clinical trials using defactinib on HNC patients, but there are on other types of cancers. Combined treatment with docetaxel and defactinib reduced the cell viability of docetaxel-resistant prostate cancer cells, suggesting that a combination of defactinib and docetaxel represents a strategy to overcome docetaxel-resistant prostate cancer (117). However, additional use of defactinib on 344 malignant pleural mesothelioma (MPM) patients who received first-line chemotherapy did not improve PFS, suggesting that the use of defactinib with chemotherapy requires further consideration (118) (Figure 3D, Table 2).



Immunosuppression

Treatment of HNC cells with cisplatin or 5-FU upregulates the expression of programmed cell death ligand 1 (PD-L1) via the NF-κB pathway. PD-L1-expressing cancer cells can suppress cytotoxic activity and proliferation of CD8+ T cells by a PD-L1/programmed cell death (PD)-1 interaction (119–121). A preclinical trial revealed that the concurrent use of cisplatin and either an anti-PD-1 or anti-PD-L1 antibody suppressed tumor growth and prolonged survival in the HNC mouse model. This combined treatment did not produce side effects of decreasing the function of and the number of immune cells or increasing cisplatin-induced toxicities (121) (Figure 3E, Table 2). On the other hand, a clinical trial of recurrent or metastatic HNSCC patients revealed that nivolumab (an anti-PD-1 antibody approved by the US FDA) improved OS from 5.1 to 7.5 months, and 6-month PFS from 9.9 to 19.7%, and the response rate from 5.8 to 13.3% in these patients who had been pretreated with cisplatin (122). Two years of a follow-up study of the same trial revealed that these recurrent or metastatic HNSCC patients who had received both nivolumab and cisplatin showed higher 24-month OS (16.9%) compared to patients who received only cisplatin (6.0%) (123) (Figure 3E, Table 2). Another clinical trial of recurrent or metastatic HNSCC patients showed that pembrolizumab combined with platinum and 5­FU is an appropriate first line treatment that improved OS up to 13.0 months (124). Thus, the concurrent treatment of immune checkpoint inhibitors and chemotherapy could be considered a promising strategy for PDL1 highly expressed HNC patients.



Limitations and Moving Forward

Unfortunately, the combined treatment approaches with chemotherapy and an inhibitor of DNA/RNA damage repair (such as an ERCC1 inhibitor, ERCC1-XPF) or drug efflux (such as a Wnt/β-catenin inhibitor, WNT974) are still under investigation, and none of them had clinical trials for HNSCC patients in the past (96, 98). Currently, there are two types of combined treatment with IAP inhibitor with platinum-based chemotherapy (birinapant and carboplatin; DEBIO1143 and cisplatin) reported (102, 104). Owing to high cIAP1 and XIAP expressions on cisplatin-resistant HNSCC patients, blocking cIAP1 or XIAP could be a possible strategy to improve cisplatin treatments. The birinapant inhibits cIAP1/2 to reactivate caspase-8, and the DEBIO1143 suppresses XIAP to reactivate caspase-9 both facilitates cancer cell apoptosis, which results in synergistic anti-tumor effects in combination with cisplatin (or carboplatin). On the other hand, due to high EGFR and VEGFR expressions on HNSCC patients with chemotherapy resistance and poor prognosis, there are multiple combined treatment trials with EGF/EGFR or VEGF/VEGFR axis inhibitor and chemotherapy reported, including cetuximab and cisplatin (107); cetuximab and platinum/5-FU (108); sorafenib and ciplatin/5-FU (111); bevacizumab and cisplatin/IMRT (113); bevacizumab and docetaxel/RT (114). Blocking EGF/EGFR or VEGF/VEGFR axis can suppress downstream FAK and PI3K signal pathways, which hampers MDR1-mediated drug efflux and p53-caused cell apoptosis. Blocking EGF/EGFR or VEGF/VEGFR axis could be the reason why these combinations increased the chemotherapy treatment’s effectiveness; however, these combinations’ mechanisms should be clarified in more detail and demonstrated the preclinical/in vitro findings in clinical aspects. Moreover, it is concerned that the expression level of EGFR and VEGF/VEGFR could impact the therapeutic effects of these combinations because only part of HNSCC patients showed high EGFR and VEGF/VEGFR expressions (109). Thus, an evaluation for these expression levels before considering combination treatment is required. Furthermore, it is worth noting that immune checkpoint inhibitors plus chemotherapy have become a promising strategy. Chemotherapeutic agents induce immunogenic cell death (ICD), which facilitates antigen cross-presentation and cytotoxic T cell generation. Immune checkpoint inhibitors can further rescue cytotoxic T cells from cancer cells and reinvigorate cytotoxic T cell function. The beneficial combination between chemotherapy and immune checkpoint inhibitors has recently been demonstrated as a first-line treatment of recurrent HNSCC patients (124).




Conclusions

Chemotherapy resistance largely influences the therapeutic efficacy and results in poor prognoses in HNC patients. This review summarizes and updates the mechanisms underlying chemotherapy resistance on HNCs. Four primary resistance mechanisms, including DNA/RNA damage repair, drug efflux, apoptosis inhibition, and EGFR/FAK/NF-κB activation after cisplatin, 5-FU, and paclitaxel/docetaxel treatments, have been described. The corresponding strategies to those four mechanisms are listed, which can be translated into developing innovative cancer therapeutics to overcome chemotherapy resistance in HNC patients.



Author Contributions

YK, C-YC, H-LL, J-FC, and Y-JC were involved in the design, wrote the article, and supervised the research. All authors contributed to the article and approved the submitted version.



Acknowledgments

This work was financially supported by the “TMU Research Center of Cancer Translational Medicine” from The Featured Areas Research Center Program within the framework of the Higher Education Sprout Project by the Ministry of Education (MOE) in Taiwan and also partially supported by the Ministry of Science Taiwan (MOST 109-2635-B-038-001). We thank the support from Translational Laboratory, Department of Medical Research, Taipei Medical University Hospital for space support.



Abbreviations

5-FU, 5-fluorouracil; APC, adenomatous polyposis coli; BAX, Bcl-2-associated X; BID, Bcl-interacting domain; BER, base excision repair; BIRC1, baculovirus inhibitor of apoptosis protein repeat (BIR)-containing protein 1; CBP, CREB-binding protein; cIAP, cellular inhibitor of apoptosis protein; CR, complete response; CTR1, copper uptake protein 1; DSSR, double-strand break repair; dTTP, deoxythymidine triphosphate; dUTP, deoxyuridine triphosphate; DVL, disheveled; ERCC1, excision repair cross-complementation group 1; FAK, focal adhesion kinase; FdUMP, fluorodeoxyuridine monophosphate; FdUTP, fluorodeoxyuridine triphosphate; FUTP, fluorouridine triphosphate; GPCR, G-protein-coupled receptor; GSH, reduced glutathione; HNC, head and neck cancer; HNSCC, head and neck squamous cell carcinoma; IAP, inhibitor of apoptosis; MDR, multidrug resistance; MDR1, multidrug resistance 1; MMR, mismatch repair; MOMP, mitochondrial outer membrane permeabilization; MPM, malignant pleural mesothelioma; MRP1, multidrug resistance protein 1; MRP3, multidrug resistance protein 3; MRP5, multidrug resistance protein 5; MT, metallothionein; NF-κB, nuclear factor-kappa B; OS, overall survival; PDGFR, platelet-derived growth factor receptor; PFS, progression-free survival; ROS, reactive oxygen species; RSF1, remodeling and spacing factor 1; SMAC, second mitochondria-derived activator of caspases; TCF, T-cell factor; TS, thymidylate synthase. UDG, uracil-DNA glycosylase; VEGF, vascular endothelial growth factor.



References

1. Bray, F, Ferlay, J, Soerjomataram, I, Siegel, RL, Torre, LA, and Jemal, A. Global Cancer Statistics 2018: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J Clin (2018) 68(6):394–424. doi: 10.3322/caac.21492

2. Johnson, DE, Burtness, B, Leemans, CR, Lui, VWY, Bauman, JE, and Grandis, JR. Head and Neck Squamous Cell Carcinoma. Nat Rev Dis Primers (2020) 6(1):92. doi: 10.1038/s41572-020-00224-3

3. Chow, LQM. Head and Neck Cancer. New Engl J Med (2020) 382(1):60–72. doi: 10.1056/NEJMra1715715

4. Pfister, DG, Spencer, S, Brizel, DM, Burtness, B, Busse, PM, Caudell, JJ, et al. Head and Neck Cancers, Version 2.2014. Clinical Practice Guidelines in Oncology. J Natl Compr Canc Netw (2014) 12(10):1454–87. doi: 10.6004/jnccn.2014.0142

5. Pignon, JP, le Maitre, A, Maillard, E, Bourhis, J, and Group, M-NC. Meta-Analysis of Chemotherapy in Head and Neck Cancer (Mach-Nc): An Update on 93 Randomised Trials and 17,346 Patients. Radiother Oncol J Eur Soc Ther Radiol Oncol (2009) 92(1):4–14. doi: 10.1016/j.radonc.2009.04.014

6. Blanchard, P, Landais, C, Petit, C, Zhang, Q, Grégoire, V, Tobias, J, et al. Meta-Analysis of Chemotherapy in Head and Neck Cancer (Mach-Nc): An Update on 100 Randomized Trials and 19,248 Patients, on Behalf of MACH-NC Group. Ann Oncol (2016) 27:vi328. doi: 10.1093/annonc/mdw376.02

7. Vermorken, JB, Remenar, E, van Herpen, C, Gorlia, T, Mesia, R, Degardin, M, et al. Cisplatin, Fluorouracil, and Docetaxel in Unresectable Head and Neck Cancer. New Engl J Med (2007) 357(17):1695–704. doi: 10.1056/NEJMoa071028

8. Posner, MR, Hershock, DM, Blajman, CR, Mickiewicz, E, Winquist, E, Gorbounova, V, et al. Cisplatin and Fluorouracil Alone or With Docetaxel in Head and Neck Cancer. New Engl J Med (2007) 357(17):1705–15. doi: 10.1056/NEJMoa070956

9. Hitt, R, Lopez-Pousa, A, Martinez-Trufero, J, Escrig, V, Carles, J, Rizo, A, et al. Phase III Study Comparing Cisplatin Plus Fluorouracil to Paclitaxel, Cisplatin, and Fluorouracil Induction Chemotherapy Followed by Chemoradiotherapy in Locally Advanced Head and Neck Cancer. J Clin Oncol Off J Am Soc Clin Oncol (2005) 23(34):8636–45. doi: 10.1200/JCO.2004.00.1990

10. Hitt, R, Paz-Ares, L, Brandariz, A, Castellano, D, Pena, C, Millan, JM, et al. Induction Chemotherapy With Paclitaxel, Cisplatin and 5-Fluorouracil for Squamous Cell Carcinoma of the Head and Neck: Long-Term Results of a Phase Ii Trial. Ann Oncol (2002) 13(10):1665–73. doi: 10.1093/annonc/mdf268

11. Okano, S, Homma, A, Kiyota, N, Tahara, M, Hanai, N, Asakage, T, et al. Induction Chemotherapy in Locally Advanced Squamous Cell Carcinoma of the Head and Neck. Japanese J Clin Oncol (2021) 51(2):173–9. doi: 10.1093/jjco/hyaa220

12. Specenier, PM, Van Den Brande, J, Schrijvers, D, Huizing, MT, Altintas, S, Dyck, J, et al. Docetaxel, Ifosfamide and Cisplatin (DIP) in Squamous Cell Carcinoma of the Head and Neck. Anticancer Res (2009) 29(12):5137–42.

13. Vasan, N, Baselga, J, and Hyman, DM. A View on Drug Resistance in Cancer. Nature (2019) 575(7782):299–309. doi: 10.1038/s41586-019-1730-1

14. Kelland, L. The Resurgence of Platinum-Based Cancer Chemotherapy. Nat Rev Cancer (2007) 7(8):573–84. doi: 10.1038/nrc2167

15. Ishida, S, Lee, J, Thiele, DJ, and Herskowitz, I. Uptake of the Anticancer Drug Cisplatin Mediated by the Copper Transporter Ctr1 in Yeast and Mammals. Proc Natl Acad Sci USA (2002) 99(22):14298–302. doi: 10.1073/pnas.162491399

16. Galluzzi, L, Senovilla, L, Vitale, I, Michels, J, Martins, I, Kepp, O, et al. Molecular Mechanisms of Cisplatin Resistance. Oncogene (2012) 31(15):1869–83. doi: 10.1038/onc.2011.384

17. Longley, DB, Harkin, DP, and Johnston, PG. 5-Fluorouracil: Mechanisms of Action and Clinical Strategies. Nat Rev Cancer (2003) 3(5):330–8. doi: 10.1038/nrc1074

18. Wohlhueter, RM, McIvor, RS, and Plagemann, PG. Facilitated Transport of Uracil and 5-Fluorouracil, and Permeation of Orotic Acid Into Cultured Mammalian Cells. J Cell Physiol (1980) 104(3):309–19. doi: 10.1002/jcp.1041040305

19. Santi, DV, McHenry, CS, and Sommer, H. Mechanism of Interaction of Thymidylate Synthetase With 5-Fluorodeoxyuridylate. Biochemistry US (1974) 13(3):471–81. doi: 10.1021/bi00700a012

20. Lindahl, T. An N-glycosidase From Escherichia Coli That Releases Free Uracil From Dna Containing Deaminated Cytosine Residues. Proc Natl Acad Sci USA (1974) 71(9):3649–53. doi: 10.1073/pnas.71.9.3649

21. Ghoshal, K, and Jacob, ST. Specific Inhibition of Pre-Ribosomal Rna Processing in Extracts From the Lymphosarcoma Cells Treated With 5-Fluorouracil. Cancer Res (1994) 54(3):632–6.

22. Santi, DV, and Hardy, LW. Catalytic Mechanism and Inhibition of tRNA (Uracil-5-)Methyltransferase: Evidence for Covalent Catalysis. Biochemistry US (1987) 26(26):8599–606. doi: 10.1021/bi00400a016

23. Doong, SL, and Dolnick, BJ. 5-Fluorouracil Substitution Alters Pre-Mrna Splicing In Vitro. J Biol Chem (1988) 263(9):4467–73. doi: 10.1016/S0021-9258(18)68949-5

24. Jordan, MA, and Wilson, L. Microtubules as a Target for Anticancer Drugs. Nat Rev Cancer (2004) 4(4):253–65. doi: 10.1038/nrc1317

25. Nogales, E, Wolf, SG, Khan, IA, Luduena, RF, and Downing, KH. Structure of Tubulin At 6.5 A and Location of the Taxol-Binding Site. Nature (1995) 375(6530):424–7. doi: 10.1038/375424a0

26. Bharadwaj, R, and Yu, H. The Spindle Checkpoint, Aneuploidy, and Cancer. Oncogene (2004) 23(11):2016–27. doi: 10.1038/sj.onc.1207374

27. Brito, DA, Yang, Z, and Rieder, CL. Microtubules do Not Promote Mitotic Slippage When the Spindle Assembly Checkpoint Cannot be Satisfied. J Cell Biol (2008) 182(4):623–9. doi: 10.1083/jcb.200805072

28. Waters, JC, Chen, RH, Murray, AW, and Salmon, ED. Localization of Mad2 to Kinetochores Depends on Microtubule Attachment, Not Tension. J Cell Biol (1998) 141(5):1181–91. doi: 10.1083/jcb.141.5.1181

29. Ganguly, A, Yang, H, and Cabral, F. Paclitaxel-Dependent Cell Lines Reveal a Novel Drug Activity. Mol Cancer Ther (2010) 9(11):2914–23. doi: 10.1158/1535-7163.MCT-10-0552

30. Verweij, J, Clavel, M, and Chevalier, B. Paclitaxel (Taxol) and Docetaxel (Taxotere): Not Simply Two of a Kind. Ann Oncol (1994) 5(6):495–505. doi: 10.1093/oxfordjournals.annonc.a058903

31. Galluzzi, L, Vitale, I, Michels, J, Brenner, C, Szabadkai, G, Harel-Bellan, A, et al. Systems Biology of Cisplatin Resistance: Past, Present and Future. Cell Death Dis (2014) 5:e1257. doi: 10.1038/cddis.2013.428

32. Chen, SH, and Chang, JY. New Insights Into Mechanisms of Cisplatin Resistance: From Tumor Cell to Microenvironment. Int J Mol Sci (2019) 20(17). doi: 10.3390/ijms20174136

33. Zhang, YJ, Zhang, MF, Zhou, HF, and Yang, J. Activation of C-Jun/JNK Signaling Predicts Poor Prognosis in Nasopharyngeal Carcinoma. Int J Clin Exp Pathol (2018) 11(5):2699–706. doi: 10.3390/molecules13081551

34. Zhang, N, Yin, Y, Xu, SJ, and Chen, WS. 5-Fluorouracil: Mechanisms of Resistance and Reversal Strategies. Molecules (2008) 13(8):1551–69. doi: 10.3390/molecules13081551

35. Zunino, F, Cassinelli, G, Polizzi, D, and Perego, P. Molecular Mechanisms of Resistance to Taxanes and Therapeutic Implications. Drug Resist Updat (1999) 2(6):351–7. doi: 10.1054/drup.1999.0108

36. Orr, GA, Verdier-Pinard, P, McDaid, H, and Horwitz, SB. Mechanisms of Taxol Resistance Related to Microtubules. Oncogene (2003) 22(47):7280–95. doi: 10.1038/sj.onc.1206934

37. Yusuf, RZ, Duan, Z, Lamendola, DE, Penson, RT, and Seiden, MV. Paclitaxel Resistance: Molecular Mechanisms and Pharmacologic Manipulation. Curr Cancer Drug Targets (2003) 3(1):1–19. doi: 10.2174/1568009033333754

38. Jun, HJ, Ahn, MJ, Kim, HS, Yi, SY, Han, J, Lee, SK, et al. Ercc1 Expression as a Predictive Marker of Squamous Cell Carcinoma of the Head and Neck Treated With Cisplatin-Based Concurrent Chemoradiation. Br J Cancer (2008) 99(1):167–72. doi: 10.1038/sj.bjc.6604464

39. Chiu, TJ, Chen, CH, Chien, CY, Li, SH, Tsai, HT, and Chen, YJ. High ERCC1 Expression Predicts Cisplatin-Based Chemotherapy Resistance and Poor Outcome in Unresectable Squamous Cell Carcinoma of Head and Neck in a Betel-Chewing Area. J Transl Med (2011) 9:31. doi: 10.1186/1479-5876-9-31

40. Xuelei, M, Jingwen, H, Wei, D, Hongyu, Z, Jing, Z, Changle, S, et al. Ercc1 Plays an Important Role in Predicting Survival Outcomes and Treatment Response for Patients With Hnscc: A Meta-Analysis. Oral Oncol (2015) 51(5):483–92. doi: 10.1016/j.oraloncology.2015.02.094

41. Warta, R, Theile, D, Mogler, C, Herpel, E, Grabe, N, Lahrmann, B, et al. Association of Drug Transporter Expression With Mortality and Progression-Free Survival in Stage Iv Head and Neck Squamous Cell Carcinoma. PloS One (2014) 9(9):e108908. doi: 10.1371/journal.pone.0108908

42. Li, L, Liu, HC, Wang, C, Liu, X, Hu, FC, Xie, N, et al. Overexpression of Beta-Catenin Induces Cisplatin Resistance in Oral Squamous Cell Carcinoma. BioMed Res Int (2016) 2016:5378567. doi: 10.1155/2016/5378567

43. Tanimoto, T, Tsuda, H, Imazeki, N, Ohno, Y, Imoto, I, Inazawa, J, et al. Nuclear Expression of cIAP-1, an Apoptosis Inhibiting Protein, Predicts Lymph Node Metastasis and Poor Patient Prognosis in Head and Neck Squamous Cell Carcinomas. Cancer Lett (2005) 224(1):141–51. doi: 10.1016/j.canlet.2004.11.049

44. Yang, XH, Feng, ZE, Yan, M, Hanada, S, Zuo, H, Yang, CZ, et al. XIAP is a Predictor of Cisplatin-Based Chemotherapy Response and Prognosis for Patients With Advanced Head and Neck Cancer. PloS One (2012) 7(3):e31601. doi: 10.1371/journal.pone.0031601

45. Li, R, Chen, BL, Zhou, YW, Guo, RW, Shuai, MT, Zeng, JX, et al. Expression and Clinical Significance of Apollon in Esophageal Squamous Cell Carcinoma. Mol Med Rep (2016) 14(3):1933–40. doi: 10.3892/mmr.2016.5473

46. Yoon, TM, Kim, SA, Lee, DH, Lee, JK, Park, YL, Lee, KH, et al. Livin Enhances Chemoresistance in Head and Neck Squamous Cell Carcinoma. Oncol Rep (2017) 37(6):3667–73. doi: 10.3892/or.2017.5584

47. Kuang, CM, Fu, X, Hua, YJ, Shuai, WD, Ye, ZH, Li, Y, et al. Bst2 Confers Cisplatin Resistance Via NF-kappaB Signaling in Nasopharyngeal Cancer. Cell Death Dis (2017) 8(6):e2874. doi: 10.1038/cddis.2017.271

48. Chung, CH, Lee, JW, Slebos, RJ, Howard, JD, Perez, J, Kang, H, et al. A 3’-Utr KRAS-variant is Associated With Cisplatin Resistance in Patients With Recurrent and/or Metastatic Head and Neck Squamous Cell Carcinoma. Ann Oncol (2014) 25(11):2230–6. doi: 10.1093/annonc/mdu367

49. Nagata, M, Nakayama, H, Tanaka, T, Yoshida, R, Yoshitake, Y, Fukuma, D, et al. Overexpression of Ciap2 Contributes to 5-FU Resistance and a Poor Prognosis in Oral Squamous Cell Carcinoma. Br J Cancer (2011) 105(9):1322–30. doi: 10.1038/bjc.2011.387

50. Hou, Y, Zhu, Q, Li, Z, Peng, Y, Yu, X, Yuan, B, et al. The FOXM1-ABCC5 Axis Contributes to Paclitaxel Resistance in Nasopharyngeal Carcinoma Cells. Cell Death Dis (2017) 8(3):e2659. doi: 10.1038/cddis.2017.53

51. Shi, X, Dou, Y, Zhou, K, Huo, J, Yang, T, Qin, T, et al. Targeting the Bcl-2 Family and P-glycoprotein Reverses Paclitaxel Resistance in Human Esophageal Carcinoma Cell Line. BioMed Pharmacother (2017) 90:897–905. doi: 10.1016/j.biopha.2017.04.043

52. Liu, Y, Li, G, Liu, C, Tang, Y, and Zhang, S. Rsf1 Regulates the Proliferation and Paclitaxel Resistance Via Modulating NF-kappaB Signaling Pathway in Nasopharyngeal Carcinoma. J Cancer (2017) 8(3):354–62. doi: 10.7150/jca.16720

53. Khan, Z, Tiwari, RP, Mulherkar, R, Sah, NK, Prasad, GB, Shrivastava, BR, et al. Detection of Survivin and p53 in Human Oral Cancer: Correlation With Clinicopathologic Findings. Head neck (2009) 31(8):1039–48. doi: 10.1002/hed.21071

54. Khan, Z, Khan, N, Varma, AK, Tiwari, RP, Mouhamad, S, Prasad, GB, et al. Oxaliplatin-Mediated Inhibition of Survivin Increases Sensitivity of Head and Neck Squamous Cell Carcinoma Cell Lines to Paclitaxel. Curr Cancer Drug Targets (2010) 10(7):660–9. doi: 10.2174/156800910793605866

55. Mizumachi, T, Suzuki, S, Naito, A, Carcel-Trullols, J, Evans, TT, Spring, PM, et al. Increased Mitochondrial Dna Induces Acquired Docetaxel Resistance in Head and Neck Cancer Cells. Oncogene (2008) 27(6):831–8. doi: 10.1038/sj.onc.1210681

56. Fletcher, JI, Haber, M, Henderson, MJ, and Norris, MD. Abc Transporters in Cancer: More Than Just Drug Efflux Pumps. Nat Rev Cancer (2010) 10(2):147–56. doi: 10.1038/nrc2789

57. Safaei, R, Holzer, AK, Katano, K, Samimi, G, and Howell, SB. The Role of Copper Transporters in the Development of Resistance to Pt Drugs. J Inorg Biochem (2004) 98(10):1607–13. doi: 10.1016/j.jinorgbio.2004.05.006

58. Kuo, MT, Chen, HH, Song, IS, Savaraj, N, and Ishikawa, T. The Roles of Copper Transporters in Cisplatin Resistance. Cancer Metastasis Rev (2007) 26(1):71–83. doi: 10.1007/s10555-007-9045-3

59. Shen, DY, Zhang, W, Zeng, X, and Liu, CQ. Inhibition of Wnt/beta-catenin Signaling Downregulates P-Glycoprotein and Reverses Multi-Drug Resistance of Cholangiocarcinoma. Cancer Sci (2013) 104(10):1303–8. doi: 10.1111/cas.12223

60. Zhang, B, Liu, M, Tang, HK, Ma, HB, Wang, C, Chen, X, et al. The Expression and Significance of MRP1, Lrp, TOPOIIbeta, and BCL2 in Tongue Squamous Cell Carcinoma. J Oral Pathol Med (2012) 41(2):141–8. doi: 10.1111/j.1600-0714.2011.01066.x

61. MacDonald, BT, Tamai, K, and He, X. Wnt/Beta-Catenin Signaling: Components, Mechanisms, and Diseases. Dev Cell (2009) 17(1):9–26. doi: 10.1016/j.devcel.2009.06.016

62. Liu, SL, Lin, HX, Lin, CY, Sun, XQ, Ye, LP, Qiu, F, et al. Timeless Confers Cisplatin Resistance in Nasopharyngeal Carcinoma by Activating the Wnt/beta-catenin Signaling Pathway and Promoting the Epithelial Mesenchymal Transition. Cancer Lett (2017) 402:117–30. doi: 10.1016/j.canlet.2017.05.022

63. Roy, S, Kar, M, Roy, S, Saha, A, Padhi, S, and Banerjee, B. Role of Beta-Catenin in Cisplatin Resistance, Relapse and Prognosis of Head and Neck Squamous Cell Carcinoma. Cell Oncol (Dordr) (2018) 41(2):185–200. doi: 10.1007/s13402-017-0365-1

64. Fulda, S, and Vucic, D. Targeting IAP Proteins for Therapeutic Intervention in Cancer. Nat Rev Drug Discovery (2012) 11(2):109–24. doi: 10.1038/nrd3627

65. Salvesen, GS, and Duckett, CS. Iap Proteins: Blocking the Road to Death’s Door. Nat Rev Mol Cell Biol (2002) 3(6):401–10. doi: 10.1038/nrm830

66. Jiang, P, Du, W, and Wu, M. p53 and Bad: Remote Strangers Become Close Friends. Cell Res (2007) 17(4):283–5. doi: 10.1038/cr.2007.19

67. Blankenberg, FG, and Norfray, JF. Multimodality Molecular Imaging of Apoptosis in Oncology. AJR Am J Roentgenol (2011) 197(2):308–17. doi: 10.2214/AJR.11.6953

68. Ichim, G, and Tait, SW. A Fate Worse Than Death: Apoptosis as an Oncogenic Process. Nat Rev Cancer (2016) 16(8):539–48. doi: 10.1038/nrc.2016.58

69. Li, H, Huang, J, Yu, S, and Lou, Z. Long Non-Coding Rna DLEU1 Up-Regulates BIRC6 Expression by Competitively Sponging miR-381-3p to Promote Cisplatin Resistance in Nasopharyngeal Carcinoma. Onco Targets Ther (2020) 13:2037–45. doi: 10.2147/OTT.S237456

70. Sulzmaier, FJ, Jean, C, and Schlaepfer, DD. FAK in Cancer: Mechanistic Findings and Clinical Applications. Nat Rev Cancer (2014) 14(9):598–610. doi: 10.1038/nrc3792

71. Yang, Z, Liao, J, Carter-Cooper, BA, Lapidus, RG, Cullen, KJ, and Dan, H. Regulation of Cisplatin-Resistant Head and Neck Squamous Cell Carcinoma by the SRC/ETS-1 Signaling Pathway. BMC Cancer (2019) 19(1):485. doi: 10.1186/s12885-019-5664-7

72. Canel, M, Secades, P, Rodrigo, JP, Cabanillas, R, Herrero, A, Suarez, C, et al. Overexpression of Focal Adhesion Kinase in Head and Neck Squamous Cell Carcinoma is Independent of Fak Gene Copy Number. Clin Cancer Res an Off J Am Assoc Cancer Res (2006) 12(11 Pt 1):3272–9. doi: 10.1158/1078-0432.CCR-05-1583

73. Golubovskaya, VM, and Cance, W. Focal Adhesion Kinase and P53 Signal Transduction Pathways in Cancer. Front Biosci (Landmark Ed) (2010) 15:901–12. doi: 10.2741/3653

74. Diaz Osterman, CJ, Ozmadenci, D, Kleinschmidt, EG, Taylor, KN, Barrie, AM, Jiang, S, et al. Fak Activity Sustains Intrinsic and Acquired Ovarian Cancer Resistance to Platinum Chemotherapy. Elife (2019) 8. doi: 10.7554/eLife.47327

75. Kato, T, Fujita, Y, Nakane, K, Kojima, T, Nozawa, Y, Deguchi, T, et al. Ets1 Promotes Chemoresistance and Invasion of Paclitaxel-Resistant, Hormone-Refractory PC3 Prostate Cancer Cells by Up-Regulating MDR1 and MMP9 Expression. Biochem Biophys Res Commun (2012) 417(3):966–71. doi: 10.1016/j.bbrc.2011.12.047

76. Ilic, D, Almeida, EA, Schlaepfer, DD, Dazin, P, Aizawa, S, and Damsky, CH. Extracellular Matrix Survival Signals Transduced by Focal Adhesion Kinase Suppress p53-mediated Apoptosis. J Cell Biol (1998) 143(2):547–60. doi: 10.1083/jcb.143.2.547

77. Byeon, HK, Ku, M, and Yang, J. Beyond EGFR Inhibition: Multilateral Combat Strategies to Stop the Progression of Head and Neck Cancer. Exp Mol Med (2019) 51(1):1–14. doi: 10.1038/s12276-018-0202-2

78. Shostak, K, and Chariot, A. EGFR and NF-kappaB: Partners in Cancer. Trends Mol Med (2015) 21(6):385–93. doi: 10.1016/j.molmed.2015.04.001

79. Hopper-Borge, EA, Nasto, RE, Ratushny, V, Weiner, LM, Golemis, EA, and Astsaturov, I. Mechanisms of Tumor Resistance to EGFR-targeted Therapies. Expert Opin Ther Targets (2009) 13(3):339–62. doi: 10.1517/14712590902735795

80. Nussinov, R, Tsai, CJ, and Jang, H. A New View of Pathway-Driven Drug Resistance in Tumor Proliferation. Trends Pharmacol Sci (2017) 38(5):427–37. doi: 10.1016/j.tips.2017.02.001

81. Wyatt, MD, and Wilson, DM3. Participation of DNA Repair in the Response to 5-Fluorouracil. Cell Mol Life Sci (2009) 66(5):788–99. doi: 10.1007/s00018-008-8557-5

82. Gong, A, and Huang, S. FoxM1 and Wnt/beta-catenin Signaling in Glioma Stem Cells. Cancer Res (2012) 72(22):5658–62. doi: 10.1158/0008-5472.CAN-12-0953

83. Mita, AC, Mita, MM, Nawrocki, ST, and Giles, FJ. Survivin: Key Regulator of Mitosis and Apoptosis and Novel Target for Cancer Therapeutics. Clin Cancer Res an Off J Am Assoc Cancer Res (2008) 14(16):5000–5. doi: 10.1158/1078-0432.CCR-08-0746

84. Okada, H, and Mak, TW. Pathways of Apoptotic and non-Apoptotic Death in Tumour Cells. Nat Rev Cancer (2004) 4(8):592–603. doi: 10.1038/nrc1412

85. Kavallaris, M, Kuo, DY, Burkhart, CA, Regl, DL, Norris, MD, Haber, M, et al. Taxol-Resistant Epithelial Ovarian Tumors are Associated With Altered Expression of Specific Beta-Tubulin Isotypes. J Clin Invest (1997) 100(5):1282–93. doi: 10.1172/JCI119642

86. Kamath, K, Wilson, L, Cabral, F, and Jordan, MA. Betaiii-Tubulin Induces Paclitaxel Resistance in Association With Reduced Effects on Microtubule Dynamic Instability. J Biol Chem (2005) 280(13):12902–7. doi: 10.1074/jbc.M414477200

87. Nienstedt, JC, Grobe, A, Clauditz, T, Simon, R, Muenscher, A, Knecht, R, et al. High-Level Betaiii-Tubulin Overexpression Occurs in Most Head and Neck Cancers But is Unrelated to Clinical Outcome. J Oral Pathol Med (2017) 46(10):986–90. doi: 10.1111/jop.12607

88. Govindan, SV, Kulsum, S, Pandian, RS, Das, D, Seshadri, M, Hicks, W Jr, et al. Establishment and Characterization of Triple Drug Resistant Head and Neck Squamous Cell Carcinoma Cell Lines. Mol Med Rep (2015) 12(2):3025–32. doi: 10.3892/mmr.2015.3768

89. Peitzsch, C, Nathansen, J, Schniewind, SI, Schwarz, F, and Dubrovska, A. Cancer Stem Cells in Head and Neck Squamous Cell Carcinoma: Identification, Characterization and Clinical Implications. Cancers (Basel) (2019) 11(5). doi: 10.3390/cancers11050616

90. Prince, ME, Sivanandan, R, Kaczorowski, A, Wolf, GT, Kaplan, MJ, Dalerba, P, et al. Identification of a Subpopulation of Cells With Cancer Stem Cell Properties in Head and Neck Squamous Cell Carcinoma. Proc Natl Acad Sci USA (2007) 104(3):973–8. doi: 10.1073/pnas.0610117104

91. Prince, ME, and Ailles, LE. Cancer Stem Cells in Head and Neck Squamous Cell Cancer. J Clin Oncol Off J Am Soc Clin Oncol (2008) 26(17):2871–5. doi: 10.1200/JCO.2007.15.1613

92. Lim, YC, Oh, SY, Cha, YY, Kim, SH, Jin, X, and Kim, H. Cancer Stem Cell Traits in Squamospheres Derived From Primary Head and Neck Squamous Cell Carcinomas. Oral Oncol (2011) 47(2):83–91. doi: 10.1016/j.oraloncology.2010.11.011

93. Lee, SH, Koo, BS, Kim, JM, Huang, S, Rho, YS, Bae, WJ, et al. Wnt/Beta-Catenin Signalling Maintains Self-Renewal and Tumourigenicity of Head and Neck Squamous Cell Carcinoma Stem-Like Cells by Activating Oct4. J Pathol (2014) 234(1):99–107. doi: 10.1002/path.4383

94. Lim, YC, Kang, HJ, Kim, YS, and Choi, EC. All-Trans-Retinoic Acid Inhibits Growth of Head and Neck Cancer Stem Cells by Suppression of Wnt/beta-catenin Pathway. Eur J Cancer (2012) 48(17):3310–8. doi: 10.1016/j.ejca.2012.04.013

95. Rocha, CRR, Silva, MM, Quinet, A, Cabral-Neto, JB, and Menck, CFM. Dna Repair Pathways and Cisplatin Resistance: An Intimate Relationship. Clinics (Sao Paulo) (2018) 73(suppl 1):e478s. doi: 10.6061/clinics/2018/e478s

96. McNeil, EM, Astell, KR, Ritchie, AM, Shave, S, Houston, DR, Bakrania, P, et al. Inhibition of the ERCC1-XPF Structure-Specific Endonuclease to Overcome Cancer Chemoresistance. DNA Repair (Amst) (2015) 31:19–28. doi: 10.1016/j.dnarep.2015.04.002

97. Jung, YS, and Park, JI. Wnt Signaling in Cancer: Therapeutic Targeting of Wnt Signaling Beyond Beta-Catenin and the Destruction Complex. Exp Mol Med (2020) 52(2):183–91. doi: 10.1038/s12276-020-0380-6

98. Chen, S, Yuan, X, Xu, H, Yi, M, Liu, S, and Wen, F. Wnt974 Inhibits Proliferation, Induces Apoptosis, and Enhances Chemosensitivity to Doxorubicin in Lymphoma Cells by Inhibiting Wnt/beta-Catenin Signaling. Med Sci Monit (2020) 26:e923799. doi: 10.12659/MSM.923799

99. LaCasse, EC, Mahoney, DJ, Cheung, HH, Plenchette, S, Baird, S, and Korneluk, RG. Iap-Targeted Therapies for Cancer. Oncogene (2008) 27(48):6252–75. doi: 10.1038/onc.2008.302

100. Rathore, R, McCallum, JE, Varghese, E, Florea, AM, and Busselberg, D. Overcoming Chemotherapy Drug Resistance by Targeting Inhibitors of Apoptosis Proteins (Iaps). Apoptosis (2017) 22(7):898–919. doi: 10.1007/s10495-017-1375-1

101. La, V, Fujikawa, R, Janzen, DM, Nunez, M, Bainvoll, L, Hwang, L, et al. Birinapant Sensitizes Platinum-Resistant Carcinomas With High Levels of cIAP to Carboplatin Therapy. NPJ Precis Oncol (2017) 1. doi: 10.1038/s41698-017-0008-z

102. Brands, RC, Scheurer, MJJ, Hartmann, S, Seher, A, Kubler, AC, and Muller-Richter, UDA. Apoptosis-Sensitizing Activity of Birinapant in Head and Neck Squamous Cell Carcinoma Cell Lines. Oncol Lett (2018) 15(3):4010–6. doi: 10.3892/ol.2018.7783

103. Thibault, B, Genre, L, Le Naour, A, Broca, C, Mery, E, Vuagniaux, G, et al. DEBIO 1143, an IAP Inhibitor, Reverses Carboplatin Resistance in Ovarian Cancer Cells and Triggers Apoptotic or Necroptotic Cell Death. Sci Rep (2018) 8(1):17862. doi: 10.1038/s41598-018-35860-z

104. Sun, XS, Tao, Y, Le Tourneau, C, Pointreau, Y, Sire, C, Kaminsky, MC, et al. Debio 1143 and High-Dose Cisplatin Chemoradiotherapy in High-Risk Locoregionally Advanced Squamous Cell Carcinoma of the Head and Neck: A Double-Blind, Multicentre, Randomised, Phase 2 Study. Lancet Oncol (2020) 21(9):1173–87. doi: 10.1016/S1470-2045(20)30327-2

105. Li, S, Schmitz, KR, Jeffrey, PD, Wiltzius, JJ, Kussie, P, and Ferguson, KM. Structural Basis for Inhibition of the Epidermal Growth Factor Receptor by Cetuximab. Cancer Cell (2005) 7(4):301–11. doi: 10.1016/j.ccr.2005.03.003

106. Chung, CH, Ely, K, McGavran, L, Varella-Garcia, M, Parker, J, Parker, N, et al. Increased Epidermal Growth Factor Receptor Gene Copy Number is Associated With Poor Prognosis in Head and Neck Squamous Cell Carcinomas. J Clin Oncol Off J Am Soc Clin Oncol (2006) 24(25):4170–6. doi: 10.1200/JCO.2006.07.2587

107. Burtness, B, Goldwasser, MA, Flood, W, Mattar, B, Forastiere, AA, and Eastern Cooperative Oncology G. Phase III Randomized Trial of Cisplatin Plus Placebo Compared With Cisplatin Plus Cetuximab in Metastatic/Recurrent Head and Neck Cancer: An Eastern Cooperative Oncology Group Study. J Clin Oncol Off J Am Soc Clin Oncol (2005) 23(34):8646–54. doi: 10.1200/JCO.2005.02.4646

108. Vermorken, JB, Mesia, R, Rivera, F, Remenar, E, Kawecki, A, Rottey, S, et al. Platinum-Based Chemotherapy Plus Cetuximab in Head and Neck Cancer. New Engl J Med (2008) 359(11):1116–27. doi: 10.1056/NEJMoa0802656

109. Hui, EP, Chan, AT, Pezzella, F, Turley, H, To, KF, Poon, TC, et al. Coexpression of Hypoxia-Inducible Factors 1alpha and 2alpha, Carbonic Anhydrase IX, and Vascular Endothelial Growth Factor in Nasopharyngeal Carcinoma and Relationship to Survival. Clin Cancer Res an Off J Am Assoc Cancer Res (2002) 8(8):2595–604.

110. Wilhelm, S, Carter, C, Lynch, M, Lowinger, T, Dumas, J, Smith, RA, et al. Discovery and Development of Sorafenib: A Multikinase Inhibitor for Treating Cancer. Nat Rev Drug Discovery (2006) 5(10):835–44. doi: 10.1038/nrd2130

111. Xue, C, Huang, Y, Huang, PY, Yu, QT, Pan, JJ, Liu, LZ, et al. Phase II Study of Sorafenib in Combination With Cisplatin and 5-Fluorouracil to Treat Recurrent or Metastatic Nasopharyngeal Carcinoma. Ann Oncol (2013) 24(4):1055–61. doi: 10.1093/annonc/mds581

112. Muhsin, M, Graham, J, and Kirkpatrick, P. Bevacizumab. Nat Rev Drug Discovery (2004) 3(12):995–6. doi: 10.1038/nrd1601

113. Fury, MG, Lee, NY, Sherman, E, Lisa, D, Kelly, K, Lipson, B, et al. A Phase 2 Study of Bevacizumab With Cisplatin Plus Intensity-Modulated Radiation Therapy for Stage Iii/Ivb Head and Neck Squamous Cell Cancer. Cancer (2012) 118(20):5008–14. doi: 10.1002/cncr.27498

114. Yao, M, Galanopoulos, N, Lavertu, P, Fu, P, Gibson, M, Argiris, A, et al. Phase II Study of Bevacizumab in Combination With Docetaxel and Radiation in Locally Advanced Squamous Cell Carcinoma of the Head and Neck. Head Neck (2015) 37(11):1665–71. doi: 10.1002/hed.23813

115. Schwock, J, Dhani, N, and Hedley, DW. Targeting Focal Adhesion Kinase Signaling in Tumor Growth and Metastasis. Expert Opin Ther Targets (2010) 14(1):77–94. doi: 10.1517/14728220903460340

116. Sun, S, Wu, HJ, and Guan, JL. Nuclear FAK and its Kinase Activity Regulate Vegfr2 Transcription in Angiogenesis of Adult Mice. Sci Rep (2018) 8(1):2550. doi: 10.1038/s41598-018-20930-z

117. Lin, HM, Lee, BY, Castillo, L, Spielman, C, Grogan, J, Yeung, NK, et al. Effect of FAK Inhibitor VS-6063 (Defactinib) on Docetaxel Efficacy in Prostate Cancer. Prostate (2018) 78(4):308–17. doi: 10.1002/pros.23476

118. Fennell, DA, Baas, P, Taylor, P, Nowak, AK, Gilligan, D, Nakano, T, et al. Maintenance Defactinib Versus Placebo After First-Line Chemotherapy in Patients With Merlin-Stratified Pleural Mesothelioma: Command-a Double-Blind, Randomized, Phase Ii Study. J Clin Oncol Off J Am Soc Clin Oncol (2019) 37(10):790–8. doi: 10.1200/JCO.2018.79.0543

119. Van Der Kraak, L, Goel, G, Ramanan, K, Kaltenmeier, C, Zhang, L, Normolle, DP, et al. 5-Fluorouracil Upregulates Cell Surface B7-H1 (Pd-L1) Expression in Gastrointestinal Cancers. J Immunother Cancer (2016) 4:65. doi: 10.1186/s40425-016-0163-8

120. Peng, J, Hamanishi, J, Matsumura, N, Abiko, K, Murat, K, Baba, T, et al. Chemotherapy Induces Programmed Cell Death-Ligand 1 Overexpression Via the Nuclear Factor-Kappab to Foster an Immunosuppressive Tumor Microenvironment in Ovarian Cancer. Cancer Res (2015) 75(23):5034–45. doi: 10.1158/0008-5472.CAN-14-3098

121. Tran, L, Allen, CT, Xiao, R, Moore, E, Davis, R, Park, SJ, et al. Cisplatin Alters Antitumor Immunity and Synergizes With PD-1/PD-L1 Inhibition in Head and Neck Squamous Cell Carcinoma. Cancer Immunol Res (2017) 5(12):1141–51. doi: 10.1158/2326-6066.CIR-17-0235

122. Ferris, RL, Blumenschein, G Jr, Fayette, J, Guigay, J, Colevas, AD, Licitra, L, et al. Nivolumab for Recurrent Squamous-Cell Carcinoma of the Head and Neck. New Engl J Med (2016) 375(19):1856–67. doi: 10.1056/NEJMoa1602252

123. Ferris, RL, Blumenschein, G Jr, Fayette, J, Guigay, J, Colevas, AD, Licitra, L, et al. Nivolumab vs Investigator’s Choice in Recurrent or Metastatic Squamous Cell Carcinoma of the Head and Neck: 2-Year Long-Term Survival Update of CheckMate 141 With Analyses by Tumor Pd-L1 Expression. Oral Oncol (2018) 81:45–51. doi: 10.1016/j.oraloncology.2018.04.008

124. Burtness, B, Harrington, KJ, Greil, R, Soulieres, D, Tahara, M, de Castro, G Jr, et al. Pembrolizumab Alone or With Chemotherapy Versus Cetuximab With Chemotherapy for Recurrent or Metastatic Squamous Cell Carcinoma of the Head and Neck (Keynote-048): A Randomised, Open-Label, Phase 3 Study. Lancet (2019) 394(10212):1915–28. doi: 10.1016/S0140-6736(19)32591-7



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Kanno, Chen, Lee, Chiou and Chen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Molecular Mechanisms of Chemotherapy Resistance in Head and Neck Cancers

      

        		

          Introduction

        



        		

          Chemotherapy Mechanisms

        

          		

            Cisplatin

          



          		

            5-FU

          



          		

            Paclitaxel/Docetaxel

          



        



        



        		

          Chemotherapy Resistance

        

          		

            Cisplatin

          



          		

            5-FU

          



          		

            Paclitaxel/Docetaxel

          



        



        



        		

          Chemotherapy Resistance in Head and Neck Cancer Stem Cells

        



        		

          Strategies to Overcome Resistance and Improve Therapeutic Effects

        

          		

            DNA/RNA Damage Repair

          



          		

            Drug Efflux

          



          		

            Apoptosis Inhibition

          



          		

            EGFR/FAK/NF-κB Activation

          



          		

            Immunosuppression

          



          		

            Limitations and Moving Forward

          



        



        



        		

          Conclusions

        



        		

          Author Contributions

        



        		

          Acknowledgments

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/fonc-11-640392-g003.jpg
Stategies 10 overcome resstance and Improve therapeutic effects

® == L g = =~@

o so > Mo+ s

I-..«Jl#
-

So—fo i
Fbe= L e
T S T

same [
e
o

e = e

D






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc.2021.640392_cover.jpg
, frontiers
in Oncology

Molecular Mechanisms of
Chemotherapy Resistance
in Head and Neck Cancers





OEBPS/Images/table2.jpg
Drug Effects Resistance Strategy
Cisplatin Generate ROS DNA repair Unknown
Trigger MOMP Drug efflux Wnt/B-catenin inhibitor (WNT974)
Cause DNA/mtDNA damages Apoptosis inhibition IAP inhibitor
(birinapant + carboplatin)
(DEBIO1143 + cisplatin)
EGFR/FAK/ EGFR inhibitor
NF-xB activation (cetuximab + cisplatin)
VEGF inhibitor
(sorafenib + cisplatin/5-FU)
(bevacizumab + cisplatin/IMRT)
Immunosuppression PD-1 blockade
(nivolumab + cisplatin)
(pembrolizumab + platinum/5-FU)
5-FU Generate FAUMP/FAUTP/FUTP DNA repair Unknown
FdUMP inhibits TS Drug efflux Unknown
FAUTP causes DNA damage Apoptosis inhibition Unknown
FUTP causes RNA damage EGFR/FAK/ EGFR inhibitor
NF-xB activation (cetuximab + platinum/5-FU)
VEGF inhibitor
(sorafenib + cisplatin/5-FU)
Immunosuppression Unknown
Docetaxel/ Binds to microtubule B-subunit DNA repair Unknown
Paclitaxel Promotes tubulin assembly Drug efflux Unknown
Inhibits microtubule dynamics Apoptosis inhibition Unknown
Limits cell division EGFR/FAK/ VEGF inhibitor
NF-xB activation (bevacizumab + docetaxel/RT)
Immunosuppression Unknown

EGFR, epidermal growth factor receptor; ERCCT1, excision repair cross-complementation group 1; IMRT, intensity-modulated radiation therapy; MOMP, mitochondrial outer membrane
permeabilization; mtDNA, mitochondrial DNA; ROS, reactive oxygen species; RT, radiation therapy; TS, thymidylate synthase; VEGF, vascular endothelial growth factor.
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Drug Type Markers Results Ref.
Cisplatin - DNA repair ERCC1 Thirteen of 26 HNSCC patients with high ERCC1 expression showed a lower cisplatin treatment 39)
response (50%) and lower 2-year OS (44%).
In total, 1,263 HNSCC patients from 17 studies were performed in a meta-analysis. Pooled HRs with (40)
95% confidence intervals (Cls) for OS and PFS were 2.14 and 2.60, respectively.
Drug efflux MDR1 MRP1 In total, 317 HNSCC patients with high expression level of MDR1 and MRP1 showed lower OS and PFS. (41)
B-catenin Knockdown of B-catenin in HNSCC cell lines (SCC-15 and SCC-25) sensitized their response to cisplatin (42)
and reduced tumor growth.
Apoptosis inhibition  c-IAP1 High cIAP-1 expression in 17 HNSCC patients was correlated with lymph node metastasis, an advanced (43)
disease stage, and poor prognosis.
XIAP High XIAP expression in 17 (20.83%) of 60 advanced HNSCC patients was associated with cisplatin (44)
resistance and poor outcomes.
Apollon In total, 80 HNSCC patients with high levels of Apollon expression also had shorter OS, compared to the (45)
group with low Apollon expression group.
Livin Livin-knockdown in HNSCC cell lines (SNU1041, PCI1 and PCI50) induced apoptosis and enhanced (46)
chemotherapy-induced apoptosis to cisplatin, 5-FU, and docetaxel.
EGFR/FAK/ BST2 Knockdown of BST2 in HNC cell lines (HONE1, HNE1, and CNE2) sensitized their response to cisplatin 47)
NF-kB activation and enhanced cisplatin-induced apoptosis. In total, high BST2 expression is associated with poor
prognosis in 117 HNC (locally advanced nasopharyngeal carcinoma) patients with platinum-based
chemotherapy
KRAS In total, 103 recurrent and/or metastatic HNSCC patients with the KRAS-variant had poor PFS when (48)
treated with cisplatin.
5-FU Apoptosis inhibition  Livin Livin-knockdown in HNSCC cell lines (SNU1041, PCI1, and PCI50) induced apoptosis and enhanced (46)
chemotherapy-induced apoptosis to cisplatin, 5-FU, and docetaxel.
c-IAP2 Downregulation of clAP2 enhanced the sensitivity of 5-FU-resistant HNSCC cell line (SAS) to 5-FU, with a (49)
significant increase in apoptosis.
Paclitaxel  Drug efflux MDR1 MRP5 Depletion of MDR1 or MRPS5 in paclitaxel-resistant HNSCC cell lines (CNE1, CNE2, and EC109) by siRNA (50, 51)
blocked drug efflux, led to increased intracellular concentrations of paclitaxel and resulted in paclitaxel-
induced cell death.
Apoptosis inhibition  Survivin High survivin expression in HNSCC biopsies and HNSCC cell lines (Cal27, NT8e, CNE-2, 5-8F, and 6- (52-54)
10B) was associated with paclitaxel resistance and progression
Docetaxel Drug efflux MDR1 High MDR1 expression in HNSCC cell line (DR-Hep2) was associated with paclitaxel resistance (55)
Apoptosis inhibition  ROS The docetaxel-resistant HNSCC cell line (DR-Hep2) increased the amount of mitochondrial DNA (mtDNA) (55)

and reduced the ROS generation.

OS, overal survival: HNSCC, head and neck squamous cell cancer; HR, hazard ratio; Cl, confidence interval; PFS, progression-free survival; Ref, reference; 5-FU, 5-fluorouracil: ERCC1, excision
repair cross-complementation group 1; MDR1, multidrug resistance 1; MRP1, multidrug resistance protein 1; clAP2, cellular inhibitor of apoptosis protein 2; ROS, reactive oxygen species.





