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Autophagy is a highly conserved recycling process through which cellular homeostasis is achieved and maintained. With respect to cancer biology, autophagy acts as a double-edged sword supporting tumor cells during times of metabolic and therapeutic stress, while also inhibiting tumor development by promoting genomic stability. Accumulating evidence suggests that autophagy plays a role in thyroid cancer, acting to promote tumor cell viability and metastatic disease through maintenance of cancer stem cells (CSCs), supporting epithelial-to-mesenchymal transition (EMT), and preventing tumor cell death. Intriguingly, well-differentiated thyroid cancer is more prevalent in women as compared to men, though the underlying molecular biology driving this disparity has not yet been elucidated. Several studies have demonstrated that autophagy inhibitors may augment the anti-cancer effects of known thyroid cancer therapies. Autophagy modulation has become an attractive target for improving outcomes in thyroid cancer. This review aims to provide a comprehensive picture of the current knowledge regarding the role of autophagy in thyroid cancer, focusing on the potential mechanism(s) through which inhibition of autophagy may enhance cancer therapy and outcomes.
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INTRODUCTION
Thyroid cancer is the most common endocrine malignancy. Worldwide, there were 586,202 new cases of thyroid cancer in 2020 (Sung et al., 2021). Well-differentiated thyroid cancers (WDTC) account for the majority of cases and generally exhibit a favorable prognosis with conventional treatment including surgery and possibly radioactive iodine (RAI) ablation. While WDTC is significantly more prevalent in women as compared to men, the underlying molecular biology driving this mutation has not yet been elucidated and recent epidemiologic studies suggest that the observed disparity between men and women is due to overdiagnosis (Song et al., 2013; Meng et al., 2014; Daskalaki et al., 2018; Gugnoni et al., 2021). Importantly, mortality from thyroid cancer increases significantly for patients with recurrent WDTC, which occurs in up to 20% of cases, or those with dedifferentiated, anaplastic thyroid cancer (ATC) (Mazzaferri and Jhiang, 1994). Therapeutic options for advanced, dedifferentiated disease remain limited.
The term “autophagy” from the Greek, self-devouring, was coined by the Belgian biochemist and cytologist, Dr. Christian de Duve. Initially recognized as a protective process induced to prevent starvation, and then a house-keeping pathway for the orderly degradation of unnecessary or dysfunctional cellular components, autophagy is now recognized to play an active role in a multitude of human diseases including cancer (Dikic and Elazar, 2018; Singh et al., 2018). In this review, we examine the current understanding of the role of autophagy in pathogenesis of thyroid cancer with a focus on EMT, apoptosis, and cancer stem cells (CSCs). Moreover, we provide a perspective on how these processes can be targeted for potential therapeutic approaches and summarize the most recent data on the role of autophagy inhibitors in thyroid cancer care (Table 1).
TABLE 1 | Effects of autophagy modulation in thyroid cancer.
[image: Table 1]AUTOPHAGY AND EPITHELIAL-TO-MESENCHYMAL TRANSITION: INVASION AND STABILIZATION
Epithelial-to-mesenchymal transition (EMT) is considered to be crucial for the development of an invasive phenotype in tumor cells and therefore a hallmark of metastatic disease (Brabletz et al., 2018). Mesenchymal features are transiently adapted by epithelial cells which subsequently lose their apical basal polarity as well as cell-cell adhesion. Further dedifferentiation of epithelial cells results in higher cellular plasticity and motility, as well as resistance to apoptosis. Recently, EMT has been described as a spectrum of states, including intermediary hybrid-EMT states. The process of EMT is highly regulated and requires profound molecular and biochemical changes both within the tumor cell itself and with the surrounding microenvironment.
The SNAI family of transcription factors (TF) including Snail and Slug, together with the zinc-finger E-box-binding homeobox (ZEB) 1/2, and basic helix-loop-helix transcription factors Twist 1/2, are thought to be the drivers of EMT as they promote the expression of genes typically expressed in mesenchymal cells, namely: N-cadherin, vimentin, and fibronectin, while concomitantly suppressing the expression of epithelial markers: E-cadherin, cytokeratins, claudins, and occludins (Meng et al., 2014; Brabletz et al., 2018). The loss of E-cadherin leads to the activation of the Wnt/β-catenin pathway and subsequent transcription of genes promoting proliferation and migration. Consequently, cells undergoing EMT lose polarity and acquire a fibroblast-like morphology which allows for the degradation of the underlying basement membrane and subsequent migration from the epithelial layer and surrounding extracellular matrix. Activation of EMT is thought to be pivotal for both the acquisition of the malignant phenotype and metastases.
The tumor microenvironment is characterized in part by inflammation, with tumor cells recruiting activated fibroblasts and immune cells which in turn secrete tissue-specific soluble factors including transforming growth factor beta (TGF-β) and tissue necrosis factor alpha (TNF-α) (Song et al., 2013). Hypoxia within the microenvironment also promotes EMT via hypoxia-inducible-factor 1-alpha (HIF1α) and increased mitochondrial production of reactive oxygen species (ROS). All of these factors, among several others, have also been shown to influence both the induction and suppression of autophagy (Daskalaki et al., 2018). This observation recently led to multiple studies seeking to describe the intricate relationship between these two processes and cancer. Notably, the effect of autophagy on EMT appears to be dependent on cell-type as well as the specific autophagic stimulus.
Because of the observation that EMT is often induced in cancers with more aggressive phenotypes and heightened metastatic potential, recent interest in the relationship between EMT and autophagy in thyroid cancer is focused on identifying markers that could help predict which thyroid cancers are more likely to progress to recurrent or advanced disease. Several recent studies have utilized large tumor repositories in concert with genomic datasets including The Cancer Genome Atlas (TCGA) to identify potential markers of advanced disease. Multiple studies have then endeavored to understand how these markers interact with autophagy to drive disease progression (Gugnoni et al., 2017; Gugnoni et al., 2021; Hou et al., 2021; Xu et al., 2021).
Cadherin-6 (CDH6) is a type 2, atypical cadherin which is aberrantly reactivated in several cancers (Shimazui et al., 1998; Köbel et al., 2008). Recently, CDH6 was found to be overexpressed in aggressive papillary thyroid cancer (PTC) both in vitro and in tissue derived from PTC patients (Ciarrocchi et al., 2011; Sancisi et al., 2013). The authors found that expression of CDH6 is localized to the invasive front of tumors and controlled by TGFβ induced RUNX2-regulated transcription of SNAI 1/2. Notably, CDH6 expression is specific to thyroid cancer cells as compared to wild-type thyrocytes. Follow-up work by Gugnoni and colleagues found that loss of CDH6 expression by siRNA attenuates the mesenchymal features of thyroid cancer cells by altering cytoskeletal architecture and intercellular associations (Gugnoni et al., 2017). Using a yeast-two hybrid screen and GST-pulldown experiments, they identified interactions between CDH6 and three autophagy related proteins, GABA type A receptor-associated protein (GABARAP), BCL2 interacting protein 3 (BNIP3), and BCL2 interacting protein 3 like (BNIP3L). Subsequent work demonstrated that CDH6 restrains autophagy and promotes cell motility through dynamin-related protein (DRP1) mediated mitochondrial reorganization. To further support a role for CDH6, the authors analyzed a large cohort of tissue specimens from patients with thyroid cancer, and found that through these interactions, CDH6 expression independently associated with distant metastases and decreased disease specific survival in PTC patients. In this study, inhibition of autophagy is thought to be a consequence of CDH6 binding to GABARAP with concomitant DRP-1 mediated mitochondrial fission, and subsequent cytoskeletal remodeling, cell migration, and EMT induction. The model suggests that induction of autophagy in PTC cells could negatively control and ultimately reverse EMT by promoting mitochondrial fusion and cytoskeletal stabilization. Baculoviral IAP Repeat Containing 7 (BIRC7) is an inhibitor of apoptosis (IAP) family gene whose expression is linked to tumor progression and metastasis in lung and prostate cancer (Chen et al., 2012; Zhuang et al., 2015). BIRC7 has recently been shown to be upregulated in several validated PTC cell lines, as well as fresh tumor tissue from PTC patients, as compared to wildtype thyrocytes or benign thyroid tissue (Liu et al., 2020). In the same study, markers of EMT were significantly downregulated with knockdown of BIRC7 whereas overexpression markedly enhanced PTC migration and invasion in vitro. Conversely, markers of autophagy were increased with knockdown of BIRC7 and decreased with overexpression suggesting that BIRC7 works to suppress autophagy in PTC cells. To further dissect the link between autophagy and BIRC7, the authors assessed the effect of concomitant BIRC7 knockdown with either BECN1 or ATG5 knockdown in PTC cells and found that both migration and invasion were markedly increased, suggesting that the induction of autophagy resulting from BIRC7 knockdown is protective in PTC. They then compared the effect of rapamycin, a well-described drug known to induce autophagy and found that BIRC7 knockdown together with rapamycin synergistically reduced cell migration and invasion while increasing autophagy flux. Markers of EMT were similarly significantly decreased with dual rapamycin therapy with BIRC7 knockdown. Importantly, in vivo xenograft models of PTC metastasis with tail vein injection showed a significantly reduced burden of metastatic disease in animals injected with BIRC7 knockdown PTC cells co-treated with rapamycin. Once again, markers of autophagy activation were upregulated and markers of EMT were downregulated in mice injected with BIRC7 knockdown PTC cells and treated with rapamycin. Taken together, these findings suggest that BIRC7 promotes invasion and metastasis by driving EMT and inhibiting autophagy.
Notably, a recent study evaluating the effect of autophagy inhibition in thyroid cancer found that vimentin, a marker of mesenchymal cells, was significantly downregulated in both WDTC and ATC cells treated with Lys05, a potent and specific inhibitor of lysosomal autophagy (Holm et al., 2021). Directed autophagy inhibition with Lys05, chloroquine, or FIP200 (a mediator of canonical autophagy) knockdown decreased cell migration and invasion thereby attenuating the effects of EMT rather than promoting EMT progression. These findings contrast with those of Liu and Gugnoni where they found that restraining autophagy in the context of CDH6 and BIRC7 upregulation was a possible driver of the mesenchymal phenotype.
The relationship between EMT and autophagy in the pathogenesis of cancer continues to be controversial and incompletely defined. Multiple studies have demonstrated that both autophagy inhibition and induction may modulate EMT in conflicting ways (Gugnoni et al., 2017; Liu et al., 2020; Holm et al., 2021; Hou et al., 2021). The stimulus driving either EMT or autophagy, together with the specific tumor microenvironment likely affects the ultimate outcome. Interestingly, in colorectal cancer cells, both induction of autophagy by mTOR inhibition or inhibition of autophagy by BECN1 knockdown lead to inhibition of EMT (Gulhati et al., 2011; Ren et al., 2015; Shen et al., 2018). Whether autophagy induction or inhibition is a consequence of EMT activation, or whether autophagy functions as a driver, or an inhibitor of EMT in thyroid cancer remains to be determined.
Apoptosis and Autophagy: to Die or to Devour?
Programmed cell death type 1, or apoptosis, is induced by multiple stimuli including cellular stress, DNA damage, and immune surveillance (Das et al., 2021). Dysregulation of apoptosis has been well described in cancer biology. Defective apoptosis can drive de novo tumor development resulting from a failure of normal cell turnover and also promote tumor progression and metastasis by supporting: 1) a more permissive environment for genetic instability, 2) resistance to immune cell and cytotoxic (chemo/radiation) therapies, and 3) tumor cell survival despite a hypoxic or detached/suspended (metastatic) state.
The relationship between autophagy and cell death is complex because autophagy can drive both an adaptive, pro-survival response as well as a cytotoxic, pro-death response (Das et al., 2021). Whether a given cell will initiate apoptosis or autophagy depends upon the cellular context, intensity of the stimulus, and the cell’s threshold for either response. Cross-talk between autophagy and apoptosis is well-described (Das et al., 2021). As with EMT, both pathways are induced by many of the same stressors (reactive oxygen species, p53, death associated protein kinases, BH3-only proteins). Moreover, several canonical autophagy proteins including ATG5 and BECN1 directly and indirectly impact the regulation or execution of the apoptotic pathway (Das et al., 2021). Autophagy and apoptosis are for the most part mutually inhibitive but whereas apoptosis is purely a cell death pathway, autophagy can induce either cell survival or cell death.
Therapeutic strategies to induce apoptosis in cancer cells is of significant interest in cancer research. Both from the perspective that the apoptosis machinery is often mutated during tumorigenesis and because therapeutic resistance is frequently associated with ineffective apoptosis and/or necrosis of tumor cells. Suppression of apoptosis can induce autophagy, which in turn may promote tumor survival by supporting cell growth and proliferation in a nutrient-poor, hypoxic environment. Paradoxically, autophagy induction may also support tumor cell death by promoting tumor regression through type II programmed cell death (PCD) or type III cell death, necrosis. Multiple non-apoptotic programmed cell death pathways also exist which interact with autophagy, including necroptosis, ferroptosis, and pyroptosis (Miller et al., 2020). A deeper understanding of the relationship between cancer biology, autophagy, apoptosis, and necrosis is important for the development of novel, effective therapeutics.
Specific to thyroid cancer, the relationship between autophagy, apoptosis and cell necrosis is complex. There are a wealth of studies which demonstrate both: 1) a pro-tumorigenic effect of autophagy with increased cell proliferation and concomitant suppression of apoptosis and/or cell death and 2) a tumor suppressive effect of autophagy with decreased cell proliferation, induction of apoptosis and/or cell death (Li et al., 2014; Ren et al., 2015; Feng et al., 2018; Das et al., 2021). Regarding several autophagy modulators, findings with respect to upregulation vs. downregulation of autophagy as well as subsequent effects on apoptosis, cell proliferation, and cell death, often conflict across different thyroid cancer types and sometimes between different studies.
BRAF-activated long non-coding RNA (BANCR) was initially shown to be an overexpressed inducer of EMT in melanoma, colon cancer, and non-small cell lung cancer (Sunaga and Kaira, 2015; Yu et al., 2017; Hussen et al., 2021). Specific to thyroid cancer, BANCR was found to be uniquely expressed both in PTC cells in vitro and in tumor samples derived from PTC patients as compared to normal controls (Wang et al., 2014). Overexpression of BANCR in PTC cells markedly activated autophagy and inhibited apoptosis but there was no effect on cell migration or invasion. Knockdown of BANCR inhibited cell proliferation and increased apoptosis in PTC cells. Inhibition of autophagy stimulated apoptosis and abrogated the effects of BANCR on cell proliferation. These results suggest that autophagy stimulation induced by BANCR is tumor protective in thyroid cancer because induction of autophagy with BANCR led to increased cell proliferation and decreased apoptosis.
Another protein known to modulate autophagy and apoptosis in thyroid cancer is Bcl2-associated athanogene 3 (BAG3) (Li et al., 2014). BAG3 was initially identified as an anti-apoptotic protein and negative regulator of EMT expressed in multiple thyroid cancer cell lines (Chiappetta et al., 2007; Meng et al., 2014). Subsequent studies demonstrated a role for BAG3 in the activation of chaperone-mediated autophagy in HepG2 cells derived from a patient with hepatocellular carcinoma (Liu et al., 2013). In an elegant follow-up study aiming to understand whether BAG3 might also be involved in canonical autophagy in thyroid cancer cells, Li et al. (2014) sought to evaluate the effects of BAG3 expression under starvation conditions thought to mimic the tumor microenvironment. Under starvation conditions, they found that autophagy was induced and BAG3 expression inhibited. However, the forced expression of BAG3 under these same conditions suppressed autophagy and promoted apoptosis (Liu et al., 2013; Li et al., 2014). The duality of BAG3, promoting cell survival via upregulation of CMA (Liu et al., 2013) while also promoting apoptosis via inhibition of canonical autophagy, (Li et al., 2014) is likely reflective of the cellular context, the underlying autophagy stimulus, and the complex nature of autophagy modulation itself.
An additional study highlighting the contradictory nature of autophagy modulation in thyroid cancer progression was recently published by Hou et al. (2021). They identified lactate dehydrogenase A (LDHA), an enzyme overexpressed in aggressive PTC, as a driver of EMT gene transcription, cell proliferation and autophagy regulator (Hou et al., 2021). LDHA was identified as a potential diagnostic and therapeutic target for PTC following examination of the TCGA database. Overexpression of LDHA was confirmed in PTC tissues derived from patients with aggressive disease as well as multiple, well-established thyroid cancer cell lines. The authors found that LDHA promoted EMT, as well as cell proliferation in vitro and in vivo, in part by inhibiting autophagy. They observed that LDHA overexpression led to the inhibition of AMPK-mediated protective autophagy and apoptosis, with concomitant increased tumor cell proliferation. Knockdown of LDHA or the LDHA inhibitor, FX11, induced autophagy and inhibited apoptosis. Dual therapy with the LDHA inhibitor, FX11, and the autophagy inhibitor, hydroxychloroquine (HCQ), had a synergistic effect on apoptosis in vitro and significantly reduced tumor growth in mouse models.
This study is one of many which highlight the Janus-faced nature of autophagy. While LDHA overexpression induced a pro-tumorigenic phenotype with autophagy inhibition, upregulation of EMT and cell proliferation, induction of autophagy from LDHA knockdown or FX11 also promotes a pro-tumorigenic phenotype by inhibiting apoptosis in tumor cells. Therapy induced autophagy is well described (Lin et al., 2009; Ma et al., 2011; Zhang et al., 2015) with several studies highlighting the effect of “enforced” autophagy resulting from therapeutic influence. The role of autophagy modulation and apoptosis in the context of therapeutic interventions for thyroid cancer is an active area of investigation.
Vemurafenib is a selective RAF inhibitor utilized in patients with BRAF-mutant melanoma (Wang et al., 2017). However, while the BRAFV600E mutation is common in aggressive forms of thyroid cancer, there is significant resistance to vemurafenib therapy in this patient population. An elegant study by Wang et al. (2017) found that this observation may result from the induction of autophagy by vemurafenib. They found that dual therapy with vemurafenib and the autophagy inhibitor HCQ augmented vemurafenib-induced cell death by blocking ER stress-response mediated autophagy both in cell culture and xenograft mouse models.
Similar work evaluating another well described tyrosine kinase inhibitor, apatinib, found that induction of autophagy by apatinib led to inhibition of apoptosis and therapeutic resistance (Feng et al., 2018; Meng et al., 2020). Dual therapy with apatinib and autophagy inhibition with either HCQ or CQ led to reduced tumor growth and augmented apoptosis both in vitro and in vivo in PTC and ATC models (Feng et al., 2018; Meng et al., 2020). In another study evaluating the effect of the multi-kinase inhibitor, sorafenib, in thyroid cancer found that dual therapy with the autophagy inhibitor CQ significantly suppressed tumor growth as compared to either therapy alone (Yi et al., 2018). Moreover, the authors demonstrated that while sorafenib alone increased both autophagic activity and apoptosis, the introduction of an autophagy inhibitor served to specifically augment apoptosis in both ATC and FTC cell lines and in xenograft models.
Notably, these studies contrast with older work which suggested that dual therapy with autophagy enhancement, as opposed to inhibition, and antitumor therapy served to augment tumor cell death in thyroid cancer. Lin et al. (2009) found that while autophagy was significantly induced by radiation or doxorubicin, inhibition of autophagy actually decreased both radio- and chemo-sensitivity. In follow up to this, they found that enhanced autophagy with RAD001, a potent activator of autophagy, sensitized PTC cells to cytotoxic chemotherapy with doxorubicin and radiation (Lin et al., 2010). Importantly, the authors found that the increased cytotoxicity stemming from dual therapy with RAD001 and either doxorubicin or radiation did not correlate with a concomitant increase in apoptosis but rather an attenuation of c-MET signaling. Whether the synergistic affect of autophagy induction with doxorubicin or radiation drives increased autophagic cell death, necrosis, or other non-apoptotic cell death remains to be determined.
A more recent study looking at the effects of autophagy inhibition alone found that there was no effect of autophagy inhibition on apoptosis in two PTC cell lines (Holm et al., 2021). However, in FTC and ATC cell lines, inhibition of autophagy with Lys05 was associated with induced apoptosis in vitro (Holm et al., 2021). These differences in the effects of autophagy modulation likely highlight the inherent distinctions in the pathogenesis of different thyroid cancer types as well as differences in native to the specific autophagy stimulus.
Cancer Stem Cells and Autophagy: Maintaining the Quietest Cell
Within solid tumors, cancer stem cells (CSCs) exist as a small subpopulation of cancer cells that retain the capacity for long-term self-renewal, proliferation, and multi-potent differentiation (Hardin et al., 2017; Nazio et al., 2019). The CSC hypothesis posits that CSCs are responsible for tumor heterogeneity, proliferation, invasion, and metastasis. In this model, tumorigenesis, recurrence, and therapeutic resistance are the result of a small but persistent CSC population which fails to respond to conventional anticancer regimens. Targeted therapy with complete elimination of CSCs would therefore address both continued tumor growth and relapse.
Autophagy has been proposed to play a role in the maintenance of CSC pluripotency as well as the CSC niche. Failure of autophagy in multiple cancer types: breast, pancreas, liver, ovarian, glioblastoma leads to the negative regulation of staminal markers of CSCs which ultimately influence their self-renewal ability (Gong et al., 2013; Song et al., 2013; Wolf et al., 2013; Yeo et al., 2016; Zhang et al., 2016; Nazio et al., 2019). Elegant work by Gong et al. (2013) identified a role for autophagy in the maintenance of CSCs in breast cancer. They found that autophagy was upregulated in breast CSCs as compared to bulk tumor. Inhibition of autophagy mediated by Beclin-1 shRNA significantly reduced breast CSC proliferation and self-renewal. Xenograft experiments with breast CSCs with or without shRNA induced silencing of beclin-1 demonstrated that autophagy is critical for tumorigenicity. Subsequent work in pancreatic and ovarian cancer have similarly identified autophagy as an essential player in the maintenance and tumorigenicity of CSCs (Yang et al., 2015; Buccarelli et al., 2018). Altogether, these studies found that combined therapy with autophagy inhibition and standard chemotherapy had a synergistic effect, eradicating or significantly reducing tumor development. As such, inhibition of autophagy, with its concomitant destabilization of the CSC population, provides an attractive therapeutic target.
Thyroid CSCs (TCSCs) are characterized by the expression of various biomarkers including ALDH and CD44 as well as their ability to form thyrospheres in vitro and tumors in vivo (Todaro et al., 2010). They are highly tumorigenic and recapitulate the behavior of the parental tumor with respect to their ability to locally invade and metastasize. Across different thyroid cancer subtypes, CSCs are most common in ATC (∼5%), followed by PTC (∼2%) and FTC (1%–2%). As with most CSCs, TCSCs are quiescent and intrinsically resistant to conventional therapy. These features of TCSCs are thought to drive drug resistance, metastasis, and recurrence. Targeted therapeutics aimed to eliminate TCSCs could either directly eradicate the CSCs themselves or induce or promote terminal differentiation.
The underlying mechanisms which specifically support TCSC maintenance are an area of active investigation. A great deal of information has been inferred by observing how both the tumor microenvironment and pathways crucial to TCSC viability are modified. Within the tumor microenvironment, the TCSC niche is sustained by a complex, bidirectional network of chemokines/cytokines mediated by the surrounding stroma including cancer associated fibroblasts (CAFs), macrophages, and lymphocytes (Visciano et al., 2015; Parascandolo et al., 2017; Zheng et al., 2019). Dysregulation of the NF-kB, MAPK, and GSK3b pathways have been implicated in the maintenance of TCSCs themselves across multiple thyroid cancer subtypes (Ricarte-Filho et al., 2009; Li et al., 2013). Because EMT is a clear example of cellular plasticity, which is also a feature of CSCs, multiple studies have also sought to investigate the relationship between EMT and TCSCs. Interestingly, their work has revealed a correlation between EMT upregulation and increased TCSCs in PTC, FTC, and ATC (Liu and Brown, 2010; Lan et al., 2013).
Epigenetic modifications thought to maintain TCSC viability include: 1) DNA methylation 2) histone modification 3) non-coding RNA including miRNAs and lncRNAS (Vu-Phan and Koenig, 2014). DNA methylation has been implicated as a principal pathway because of the observation that components of the principal pathways involved in TCSC survival, MAPK, PI3K, and beta-catenin, are silenced by hypermethylation (Vu-Phan and Koenig, 2014). While the methylome profile of TCSCs is not yet defined, a role for DNA methylation in TCSC viability is hypothesized because of the focus on methylation of the promoters of thyroid-specific differentiation (Borbone et al., 2011). Histone deacetylase (HDAC) inhibitors are a well-known treatment for impairing cell growth, inducing apoptosis, and increasing radioiodine uptake in thyroid cancer (Russo et al., 2013). Bromodomain containing (Singh et al., 2018) (BRD4), lysine demethylase 1a (KDM1A), and enhancer of zeste homolog 2 (EZH2) are histone modifiers which have all been recently implicated as drivers critical for TC proliferation, invasion, and migration (Borbone et al., 2011; Gao et al., 2016; Zhang et al., 2019). Non-coding RNAs have long been recognized as critical regulators of EMT and CSCs in general. Several miRNAs and lncRNAs have found to be dysregulated in multiple subtypes of TC. Recently, two lncRNAs, lncRNA -LINC00311 and lncRNA-H19 were identified as specific promotors of cancer stem-like properties in PTC (Li et al., 2018; Gao et al., 2020). Similarly, two miRNAs: miR-148a and antisense-miR-21, were both found to significantly inhibit TCSCs in ATC cells (Haghpanah et al., 2016; Sheng et al., 2016).
Data regarding the specific relationship between autophagy and thyroid CSCs is limited and largely inferred from experiments seeking to investigate mediators of thyroid CSC viability. For example, high-mobility group box 1 (HMGB1), a highly conserved DNA-binding protein known to influence autophagy, CSC survival, and EMT was recently found to play a role in thyroid cancer (Kang et al., 2013; Chai et al., 2019). HMGB1 was identified as a critical regulator of autophagy-mediated NIS degradation in differentiated thyroid cancer. Knockdown of HMGB1 suppressed autophagy and sodium iodide symporter (NIS) degradation both in vitro and in xenograft mouse models (Chai et al., 2019). As NIS expression is a marker of differentiation in thyroid cells, it is inferred that HMGB1 has a role in TCSC survival. One recent study evaluated the direct effect of autophagy inhibition on CSC maintenance (Holm et al., 2021). They found that direct inhibition of autophagy with Lys05 or chloroquine led to almost complete abrogation of thyrosphere formation in PTC, FTC, and ATC cells in vitro. Further, knockdown of FIP200 significantly reduced ALDH activity and CD44 expression. Interestingly, autophagy inhibition with Lys05 mitigated cell migration, invasion, and proliferation. Vimentin expression, a marker of EMT, was also reduced. Taken together, these data would suggest that TCSCs are indeed drivers of a more aggressive phenotype (upregulated EMT, migration, invasion) which is, at least in part, supported by autophagy.
CONCLUSION AND FUTURE DIRECTIONS
Thyroid cancer continues to be a major public health issue with almost one million people living with the disease in the United States alone. Autophagy clearly plays a role in the pathogenesis of disease and remarkable progress has been made regarding the relationship between modulation of autophagy and progression of thyroid cancer (Table 1). Emerging evidence supports a possible role for autophagy inhibition either alone or in concert with targeted therapies (e.g., sorafenib, apatinib) as a means to induce cell death and/or apoptosis while also inhibiting proliferation, invasion, and migration (Feng et al., 2018; Yi et al., 2018; Meng et al., 2020). Clarifying the role of autophagy in TCSC viability and maintenance is particularly attractive as their prolonged quiescent state and resistance to conventional therapies likely contributes to both recurrence and persistence in thyroid cancer. Seemingly contradictory observations regarding the implications of autophagy modulation underscore our incomplete understanding of the complex cross-talk between the various molecular pathways involved and how cellular context regarding timing and autophagy stimulus (starvation vs. chemical) affect outcomes. Future studies which elucidate the molecular mechanisms underlying the crosstalk between autophagy, EMT, apoptosis, and TCSC viability will allow for the development of targeted, selective and individualized treatment strategies to eradicate thyroid cancer.
AUTHOR CONTRIBUTIONS
TH and J-LG conceived the concept and design of the review. TH drafted the manuscript and all authors participated in extensive revisions of the manuscript and provided critical intellectual content.
FUNDING
Grants NIH R01 CA211066, R01 HL073394, and R01 NS094144 to J-LG. Disclosures The authors declare that they have no disclosures to report.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ACKNOWLEDGMENTS
We would like to thank The University of Cincinnati Departments of Surgery and Cancer Biology for making our work possible.
REFERENCES
 Borbone, E., Troncone, G., Ferraro, A., Jasencakova, Z., Stojic, L., Esposito, F., et al. (2011). Enhancer of Zeste Homolog 2 Overexpression Has a Role in the Development of Anaplastic Thyroid Carcinomas. J. Clin. Endocrinol. Metab. 96, 1029–1038. doi:10.1210/jc.2010-1784
 Brabletz, T., Kalluri, R., Nieto, M. A., and Weinberg, R. A. (2018). EMT in Cancer. Nat. Rev. Cancer 18, 128–134. doi:10.1038/nrc.2017.118
 Buccarelli, M., Marconi, M., Pacioni, S., De Pascalis, I., D’Alessandris, Q. G., Martini, M., et al. (2018). Inhibition of Autophagy Increases Susceptibility of Glioblastoma Stem Cells to Temozolomide by Igniting Ferroptosis. Cell Death Dis. 9, 841. doi:10.1038/s41419-018-0864-7
 Chai, W., Ye, F., Zeng, L., Li, Y., and Yang, L. (2019). HMGB1-mediated Autophagy Regulates Sodium/iodide Symporter Protein Degradation in Thyroid Cancer Cells. J. Exp. Clin. Cancer Res. 38, 325. doi:10.1186/s13046-019-1328-3
 Chen, F., Yang, D., au, S., Che, X., Wang, J., Li, X., et al. (2012). Livin Regulates Prostate Cancer Cell Invasion by Impacting the NF-κB Signaling Pathway and the Expression of FN and CXCR4. IUBMB Life 64, 274–283. doi:10.1002/iub.606
 Chiappetta, G., Ammirante, M., Basile, A., Rosati, A., Festa, M., Monaco, M., et al. (2007). The Antiapoptotic Protein BAG3 Is Expressed in Thyroid Carcinomas and Modulates Apoptosis Mediated by Tumor Necrosis Factor-Related Apoptosis-Inducing Ligand. J. Clin. Endocrinol. Metab. 92, 1159–1163. doi:10.1210/jc.2006-1712
 Ciarrocchi, A., Piana, S., Valcavi, R., Gardini, G., and Casali, B. (2011). Inhibitor of DNA Binding-1 Induces Mesenchymal Features and Promotes Invasiveness in Thyroid Tumour Cells. Eur. J. Cancer 47, 934–945. doi:10.1016/j.ejca.2010.11.009
 Das, S., Shukla, N., Singh, S. S., Kushwaha, S., and Shrivastava, R. (2021). Mechanism of Interaction between Autophagy and Apoptosis in Cancer. Apoptosis 26, 512–533. doi:10.1007/s10495-021-01687-9
 Daskalaki, I., Gkikas, I., and Tavernarakis, N. (2018). Hypoxia and Selective Autophagy in Cancer Development and Therapy. Front. Cell Dev. Biol. 6, 104. doi:10.3389/fcell.2018.00104
 Dikic, I., and Elazar, Z. (2018). Mechanism and Medical Implications of Mammalian Autophagy. Nat. Rev. Mol. Cell Biol. 19, 349–364. doi:10.1038/s41580-018-0003-4
 Feng, H., Cheng, X., au, J., Chen, L., Yuen, S., Shi, M., et al. (2018). Apatinib-induced Protective Autophagy and Apoptosis through the AKT-mTOR Pathway in Anaplastic Thyroid Cancer. Cell Death Dis. 9, 1030. doi:10.1038/s41419-018-1054-3
 Gao, X., Wu, X., au, X., Hua, W., Zhang, Y., Maimaiti, Y., et al. (2016). Inhibition of BRD4 Suppresses Tumor Growth and Enhances Iodine Uptake in Thyroid Cancer. Biochem. Biophysical Res. Commun. 469, 679–685. doi:10.1016/j.bbrc.2015.12.008
 Gao, Y., Wang, F., au, L., Kang, M., Zhu, L., Xu, L., et al. (2020). LINC00311 Promotes Cancer Stem‐like Properties by Targeting miR‐330‐5p/TLR4 Pathway in Human Papillary Thyroid Cancer. Cancer Med. 9, 1515–1528. doi:10.1002/cam4.2815
 Gong, C., Bauvy, C., Tonelli, G., Yue, W., Deloménie, C., Nicolas, V., et al. (2013). Beclin 1 and Autophagy Are Required for the Tumorigenicity of Breast Cancer Stem-Like/progenitor Cells. Oncogene 32, 2261–2272. doi:10.1038/onc.2012.252
 Gugnoni, M., Manicardi, V., Torricelli, F., Sauta, E., Bellazzi, R., Manzotti, G., et al. (2021). Linc00941 Is a Novel Transforming Growth Factor β Target that Primes Papillary Thyroid Cancer Metastatic Behavior by Regulating the Expression of Cadherin 6. Thyroid 31, 247–263. doi:10.1089/thy.2020.0001
 Gugnoni, M., Sancisi, V., Gandolfi, G., Manzotti, G., Ragazzi, M., Giordano, D., et al. (2017). Cadherin-6 Promotes EMT and Cancer Metastasis by Restraining Autophagy. Oncogene 36, 667–677. doi:10.1038/onc.2016.237
 Gulhati, P., Bowen, K. A., au, J., Stevens, P. D., Rychahou, P. G., Chen, M., et al. (2011). mTORC1 and mTORC2 Regulate EMT, Motility, and Metastasis of Colorectal Cancer via RhoA and Rac1 Signaling Pathways. Cancer Res. 71, 3246–3256. doi:10.1158/0008-5472.can-10-4058
 Haghpanah, V., Fallah, P., Tavakoli, R., Naderi, M., Samimi, H., Soleimani, M., et al. (2016). Antisense-miR-21 Enhances Differentiation/apoptosis and Reduces Cancer Stemness State on Anaplastic Thyroid Cancer. Tumor Biol. 37, 1299–1308. doi:10.1007/s13277-015-3923-z
 Hardin, H., Zhang, R., Helein, H., Buehler, D., Guo, Z., and Lloyd, R. V. (2017). The Evolving Concept of Cancer Stem-like Cells in Thyroid Cancer and Other Solid Tumors. Lab. Invest. 97, 1142–1151. doi:10.1038/labinvest.2017.41
 Holm, T. M., Bian, Z. C., Manupati, K., and Guan, J. L. (2021). Inhibition of Autophagy Mitigates Cell Migration and Invasion in Thyroid Cancer. Surgery 171 (1), 235–244. doi:10.1016/j.surg.2021.08.024
 Hou, X., Shi, X., au, W., Li, D., Hu, L., Yang, J., et al. (2021). LDHA Induces EMT Gene Transcription and Regulates Autophagy to Promote the Metastasis and Tumorigenesis of Papillary Thyroid Carcinoma. Cell Death Dis. 12, 347. doi:10.1038/s41419-021-03641-8
 Hussen, B. M., Azimi, T., Abak, A., Hidayat, H. J., Taheri, M., and Ghafouri-Fard, S. (2021). Role of lncRNA BANCR in Human Cancers: An Updated Review. Front. Cell Dev. Biol. 9, 689992. doi:10.3389/fcell.2021.689992
 Kang, R., Zhang, Q., Zeh, H. J., Lotze, M. T., and Tang, D. (2013). HMGB1 in Cancer: Good, Bad, or Both?Clin. Cancer Res. 19, 4046–4057. doi:10.1158/1078-0432.ccr-13-0495
 Köbel, M., Kalloger, S. E., au, N., McKinney, S., Mehl, E., Palmer, C., et al. (2008). Ovarian Carcinoma Subtypes Are Different Diseases: Implications for Biomarker Studies. PLoS Med. 5, e232. doi:10.1371/journal.pmed.0050232
 Lan, L., Luo, Y., au, D., Shi, B.-Y., Deng, W., Huo, L.-L., et al. (2013). Epithelial-mesenchymal Transition Triggers Cancer Stem Cell Generation in Human Thyroid Cancer Cells. Int. J. Oncol. 43, 113–120. doi:10.3892/ijo.2013.1913
 Li, M., Chai, H.-F., Peng, F., Meng, Y.-T., Zhang, L.-Z., Zhang, L., et al. (2018). Estrogen Receptor β Upregulated by lncRNA-H19 to Promote Cancer Stem-like Properties in Papillary Thyroid Carcinoma. Cell Death Dis. 9, 1120. doi:10.1038/s41419-018-1077-9
 Li, S., Zhang, H.-Y., au, T., Meng, X., Zong, Z.-H., Kong, D.-H., et al. (2014). BAG3 Promoted Starvation-Induced Apoptosis of Thyroid Cancer Cells via Attenuation of Autophagy. J. Clin. Endocrinol. Metab. 99, E2298–E2307. doi:10.1210/jc.2014-1779
 Li, X., Abdel-Mageed, A. B., Mondal, D., and Kandil, E. (2013). The Nuclear Factor Kappa-B Signaling Pathway as a Therapeutic Target against Thyroid Cancers. Thyroid 23, 209–218. doi:10.1089/thy.2012.0237
 Lin, C.-I., Whang, E. E., au, D. B., Du, J., Lorch, J., He, F., et al. (2010). Autophagy Induction with RAD001 Enhances Chemosensitivity and Radiosensitivity through Met Inhibition in Papillary Thyroid Cancer. Mol. Cancer Res. 8, 1217–1226. doi:10.1158/1541-7786.mcr-10-0162
 Lin, C.-I., Whang, E. E., au, M. A., Jiang, X., Price, B. D., Donner, D. B., et al. (2009). Autophagy: a New Target for Advanced Papillary Thyroid Cancer Therapy. Surgery 146, 1208–1214. doi:10.1016/j.surg.2009.09.019
 Liu, B.-Q., Du, Z.-X., au, Z.-H., Li, C., Li, N., Zhang, Q., et al. (2013). BAG3-dependent Noncanonical Autophagy Induced by Proteasome Inhibition in HepG2 Cells. Autophagy 9, 905–916. doi:10.4161/auto.24292
 Liu, J., and Brown, R. E. (2010). Immunohistochemical Detection of Epithelialmesenchymal Transition Associated with Stemness Phenotype in Anaplastic Thyroid Carcinoma. Int. J. Clin. Exp. Pathol. 3, 755–762.
 Liu, K., Yu, Q., au, H., Xie, C., Wu, Y., Ma, D., et al. (2020). BIRC7 Promotes Epithelial-Mesenchymal Transition and Metastasis in Papillary Thyroid Carcinoma through Restraining Autophagy. Am. J. Cancer Res. 10, 78–94.
 Ma, X.-H., Piao, S., au, D., Mcafee, Q. W., Nathanson, K. L., Lum, J. J., et al. (2011). Measurements of Tumor Cell Autophagy Predict Invasiveness, Resistance to Chemotherapy, and Survival in Melanoma. Clin. Cancer Res. 17, 3478–3489. doi:10.1158/1078-0432.ccr-10-2372
 Mazzaferri, E. L., and Jhiang, S. M. (1994). Long-term Impact of Initial Surgical and Medical Therapy on Papillary and Follicular Thyroid Cancer. Am. J. Med. 97, 418–428. doi:10.1016/0002-9343(94)90321-2
 Meng, X., Kong, D.-H., au, N., Zong, Z.-H., Liu, B.-Q., Du, Z.-X., et al. (2014). Knockdown of BAG3 Induces Epithelial-Mesenchymal Transition in Thyroid Cancer Cells through ZEB1 Activation. Cell Death Dis. 5, e1092. doi:10.1038/cddis.2014.32
 Meng, X., Wang, H., au, J., Hu, L., Zhi, J., Wei, S., et al. (2020). Apatinib Inhibits Cell Proliferation and Induces Autophagy in Human Papillary Thyroid Carcinoma via the PI3K/Akt/mTOR Signaling Pathway. Front. Oncol. 10, 217. doi:10.3389/fonc.2020.00217
 Miller, D. R., Cramer, S. D., and Thorburn, A. (2020). The Interplay of Autophagy and Non-apoptotic Cell Death Pathways. Int. Rev. Cell Mol. Biol. 352, 159–187. doi:10.1016/bs.ircmb.2019.12.004
 Nazio, F., Bordi, M., Cianfanelli, V., Locatelli, F., and Cecconi, F. (2019). Autophagy and Cancer Stem Cells: Molecular Mechanisms and Therapeutic Applications. Cell Death Differ. 26, 690–702. doi:10.1038/s41418-019-0292-y
 Parascandolo, A., Rappa, F., Cappello, F., Kim, J., Cantu, D. A., Chen, H., et al. (2017). Extracellular Superoxide Dismutase Expression in Papillary Thyroid Cancer Mesenchymal Stem/Stromal Cells Modulates Cancer Cell Growth and Migration. Sci. Rep. 7, 41416. doi:10.1038/srep41416
 Ren, B. J., Zhou, Z. W., au, D. J., Ju, Y. L., Wu, J. H., Ouyang, M. Z., et al. (2015). Alisertib Induces Cell Cycle Arrest, Apoptosis, Autophagy and Suppresses EMT in HT29 and Caco-2 Cells. Int. J. Mol. Sci. 17. doi:10.3390/ijms17010041
 Ricarte-Filho, J. C., Ryder, M., Chitale, D. A., Rivera, M., Heguy, A., Ladanyi, M., et al. (2009). Mutational Profile of Advanced Primary and Metastatic Radioactive Iodine-Refractory Thyroid Cancers Reveals Distinct Pathogenetic Roles for BRAF, PIK3CA, and AKT1. Cancer Res. 69, 4885–4893. doi:10.1158/0008-5472.can-09-0727
 Russo, D., Durante, C., Bulotta, S., Puppin, C., Puxeddu, E., Filetti, S., et al. (2013). Targeting Histone Deacetylase in Thyroid Cancer. Expert Opin. Ther. Targets 17, 179–193. doi:10.1517/14728222.2013.740013
 Sancisi, V., Gandolfi, G., Ragazzi, M., Nicoli, D., Tamagnini, I., Piana, S., et al. (2013). Cadherin 6 Is a New RUNX2 Target in TGF-β Signalling Pathway. PLoS One 8, e75489. doi:10.1371/journal.pone.0075489
 Shen, H., Yin, L., au, G., Guo, C., Han, Y., Li, Y., et al. (2018). Knockdown of Beclin‐1 Impairs Epithelial‐mesenchymal Transition of Colon Cancer Cells. J. Cell. Biochem. 119, 7022–7031. doi:10.1002/jcb.26912
 Sheng, W., Chen, Y., Gong, Y., Dong, T., Zhang, B., and Gao, W. (2016). miR-148a Inhibits Self-Renewal of Thyroid Cancer Stem Cells via Repressing INO80 Expression. Oncol. Rep. 36, 3387–3396. doi:10.3892/or.2016.5203
 Shimazui, T., Oosterwijk, E., Akaza, H., Bringuier, P., Ruijter, E., van Berkel, H., et al. (1998). Expression of Cadherin-6 as a Novel Diagnostic Tool to Predict Prognosis of Patients with E-Cadherin-Absent Renal Cell Carcinoma. Clin. Cancer Res. 4, 2419–2424.
 Singh, S. S., Vats, S., Chia, A. Y.-Q., Tan, T. Z., Deng, S., Ong, M. S., et al. (2018). Dual Role of Autophagy in Hallmarks of Cancer. Oncogene 37, 1142–1158. doi:10.1038/s41388-017-0046-6
 Song, Y.-j., Zhang, S.-s., au, X.-l., Sun, K., Han, Z.-p., Li, R., et al. (2013). Autophagy Contributes to the Survival of CD133+ Liver Cancer Stem Cells in the Hypoxic and Nutrient-Deprived Tumor Microenvironment. Cancer Lett. 339, 70–81. doi:10.1016/j.canlet.2013.07.021
 Sunaga, N., and Kaira, K. (2015). Epiregulin as a Therapeutic Target in Non-small-cell Lung Cancer. Lctt 6, 91–98. doi:10.2147/lctt.s60427
 Sung, H., Ferlay, J., Siegel, R. L., Laversanne, M., Soerjomataram, I., Jemal, A., et al. (2021). Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA A Cancer J. Clin. 71, 209–249. doi:10.3322/caac.21660
 Todaro, M., Iovino, F., Eterno, V., Cammareri, P., Gambara, G., Espina, V., et al. (2010). Tumorigenic and Metastatic Activity of Human Thyroid Cancer Stem Cells. Cancer Res. 70, 8874–8885. doi:10.1158/0008-5472.can-10-1994
 Visciano, C., Liotti, F., Prevete, N., Cali', G., Franco, R., Collina, F., et al. (2015). Mast Cells Induce Epithelial-To-Mesenchymal Transition and Stem Cell Features in Human Thyroid Cancer Cells through an IL-8-Akt-Slug Pathway. Oncogene 34, 5175–5186. doi:10.1038/onc.2014.441
 Vu-Phan, D., and Koenig, R. J. (2014). Genetics and Epigenetics of Sporadic Thyroid Cancer. Mol. Cell. Endocrinol. 386, 55–66. doi:10.1016/j.mce.2013.07.030
 Wang, W., Kang, H., Zhao, Y., Min, I., Wyrwas, B., Moore, M., et al. (2017). Targeting Autophagy Sensitizes BRAF-Mutant Thyroid Cancer to Vemurafenib. J. Clin. Endocrinol. Metab. 102, 634–643. doi:10.1210/jc.2016-1999
 Wang, Y., Guo, Q., au, Y., Chen, J., Wang, S., Hu, J., et al. (2014). BRAF-activated Long Non-coding RNA Contributes to Cell Proliferation and Activates Autophagy in Papillary Thyroid Carcinoma. Oncol. Lett. 8, 1947–1952. doi:10.3892/ol.2014.2487
 Wolf, J., Dewi, D. L., Fredebohm, J., Müller-Decker, K., Flechtenmacher, C., Hoheisel, J. D., et al. (2013). A Mammosphere Formation RNAi Screen Reveals that ATG4A Promotes a Breast Cancer Stem-like Phenotype. Breast Cancer Res. 15, R109. doi:10.1186/bcr3576
 Xu, Q., Gao, S., and Miao, J. (2021). The Relationship between Autophagy-Related Genes and the Staging and Prognosis of Thyroid Cancer: a Bioinformatics Analysis. Gland. Surg. 10, 2511–2527. doi:10.21037/gs-21-480
 Yang, M.-C., Wang, H.-C., Hou, Y.-C., Tung, H.-L., Chiu, T.-J., and Shan, Y.-S. (2015). Blockade of Autophagy Reduces Pancreatic Cancer Stem Cell Activity and Potentiates the Tumoricidal Effect of Gemcitabine. Mol. Cancer 14, 179. doi:10.1186/s12943-015-0449-3
 Yeo, S. K., Wen, J., Chen, S., and Guan, J.-L. (2016). Autophagy Differentially Regulates Distinct Breast Cancer Stem-like Cells in Murine Models via EGFR/Stat3 and Tgfβ/Smad Signaling. Cancer Res. 76, 3397–3410. doi:10.1158/0008-5472.can-15-2946
 Yi, H., Ye, T., au, M., Yang, M., Zhang, L., Jin, S., et al. (2018). Inhibition of Autophagy Enhances the Targeted Therapeutic Effect of Sorafenib in Thyroid Cancer. Oncol. Rep. 39, 711–720. doi:10.3892/or.2017.6118
 Yu, X., Zheng, H., Chan, M. T., and Wu, W. K. K. (2017). BANCR: a Cancer-Related Long Non-coding RNA. Am. J. Cancer Res. 7, 1779–1787.
 Zhang, D., Zhao, Q., au, H., Yin, L., Wu, J., Xu, J., et al. (2016). Defective Autophagy Leads to the Suppression of Stem-like Features of CD271+ Osteosarcoma Cells. J. Biomed. Sci. 23, 82. doi:10.1186/s12929-016-0297-5
 Zhang, L., Cheng, X., au, Y., Zheng, J., Xu, Q., Sun, Y., et al. (2015). Apigenin Induces Autophagic Cell Death in Human Papillary Thyroid Carcinoma BCPAP Cells. Food Funct. 6, 3464–3472. doi:10.1039/c5fo00671f
 Zhang, W., Sun, W., au, Y., Wu, C., He, L., Zhang, T., et al. (2019). Knockdown of KDM1A Suppresses Tumour Migration and Invasion by Epigenetically Regulating the TIMP1/MMP9 Pathway in Papillary Thyroid Cancer. J. Cell Mol. Med. 23, 4933–4944. doi:10.1111/jcmm.14311
 Zheng, R., Chen, G., Li, X., Wei, X., Liu, C., and Derwahl, M. (2019). Effect of IL-6 on Proliferation of Human Thyroid Anaplastic Cancer Stem Cells. Int. J. Clin. Exp. Pathol. 12, 3992–4001.
 Zhuang, L., Shen, L.-D., Li, K., Yang, R.-X., Zhang, Q.-Y., Chen, Y., et al. (2015). Inhibition of Livin Expression Suppresses Cell Proliferation and Enhances Chemosensitivity to Cisplatin in Human Lung Adenocarcinoma Cells. Mol. Med. Rep. 12, 547–552. doi:10.3892/mmr.2015.3372
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 © 2022 Holm, Yeo, Turner and Guan. 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.
OPS/xhtml/nav.xhtml
Contents

		Cover

		Targeting Autophagy in Thyroid Cancer: EMT, Apoptosis, and Cancer Stem Cells		Introduction

		Autophagy and Epithelial-to-Mesenchymal Transition: Invasion and Stabilization		Apoptosis and Autophagy: to Die or to Devour?

		Cancer Stem Cells and Autophagy: Maintaining the Quietest Cell





		Conclusion and Future Directions

		Author Contributions

		Funding

		Publisher’s Note

		Acknowledgments

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Cell and Developmental Biology






OPS/images/fcell-10-821855-t001.jpg
Autophagy inhibition
CDH-6

BIRC7

Lys05

BAG3

LDHA
Autophagy induction

BANCR
HMGB1

Dual therapy
LDHA inhibition + HCQ

Vemurafenib + HCQ
Apatinib + CQO/HCQ
Sorafenib + CQ

Radiation/doxorubicin +
RADOO1

Thyroid

cancer cell lines

PTC:

PTC:

TPC-1, BCPAP

BCPAP, TPC-1,

K1, IHH4

PTC:
® FTC:
® ATC:
* PTC:
® ATC:
* PTC:

PTC:
FTC:

* PTC:

* PTC:
® ATC:
® PTC:
® ATC:
* FTC:
® ATC:
* PTC:
® ATC:

T32, T68
FTC-133
8505¢

KTCt

FRO, KTC3
KTC1, BCPAP

: IHH4

TPC-1
FTC-133

BCPAP

BCPAP

8505¢

K1, KTC1
KHM-5M, C643
FTC-133

8505¢

TPC1

8505¢

Effects of autophagy
modulation

Autophagy inhibition drives DRP-1 mediated mitochondial reorganization and
induces EMT
Autophagy inhibition via BECN1 and ATGS repression induces EMT

Autophagy inhibition at the level of the lysosome inhibits EMT in all cell lines and
induces apoptosis only in FTC-133 and 8505¢ cells

Autophagy inhibition in starved cancer cells induces apoptosis

Autophagy inhibition induces EMT and cell proliferation

Autophagy induction inhibits apoptosis and induces cell proliferation
Autophagy induction sustains thyroid cell differentiation (NIS expression)

LDHA inhibition induces autophagy inhibiting apoptosis. Dual LDHA and
autophagy inhibition drives apoptosis, no effect on EMT

Autophagy induction with vemuraferib. Synergism with HCQ + vemurafenib
increases cell death

Autophagy induction with apatinib. Synergism with CQ/HCQ + apatinib
increases apoptosis

Autophagy and apoptoss induction with sorafenib. Dual therapy with sorafenib +
€Q resuits in synergistic increase in apoptosis

Autophagy induced by radiation/doxorubicin. Dual therapy with potent
autophagy inducer (RAD0OT) increased cell death independent of apoptosis

PTC, Papillary thyroid cancer: FTC, Follicular thyroid cancer: ATC, Anaplastic thyroid cancer.

References

Gugnoni et al. (2017)
Liu et al. (2020)

Holm et al. (2021)

Liu et al. (2013)

Hou et al. (2021)

Wang et al. (2014)
Chai et al. (2019)

Hou et al. (2021)
Wang et al. (2017)

Feng et al. (2018) and Meng
et al. (2020)

Yietal. (2018)

Lin et al. (2009); Lin et al.
(2010)









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers ‘ Frontiers in Cell and Developmental Biology





