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Abstract

High CD44 expression is associated with enhanced malignant potential in esophageal squamous 

cell carcinoma (ESCC), amongst the deadliest of all human carcinomas. Although alterations in 

autophagy and CD44 expression are associated with poor patient outcomes in various cancer 

types, the relationship between autophagy and cells with high CD44 expression remains 

incompletely understood. In transformed esophageal keratinocytes, CD44Low-CD24High (CD44L) 

cells give rise to CD44High-CD24−/Low (CD44H) cells via epithelial-mesenchymal transition 

(EMT) in response to transforming growth factor (TGF)-β. We couple patient samples and 
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xenotransplantation studies with this tractable in vitro system of CD44L to CD44H cell conversion 

to investigate the functional role of autophagy in generation of cells with high CD44 expression. 

We report that high expression of the autophagy marker cleaved LC3 expression correlates with 

poor clinical outcome in ESCC. In ESCC xenograft tumors, pharmacological autophagy inhibition 

with chloroquine derivatives depletes cells with high CD44 expression while promoting oxidative 

stress. Autophagic flux impairment during EMT-mediated CD44L to CD44H cell conversion in 
vitro induces mitochondrial dysfunction, oxidative stress and cell death. During CD44H cell 

generation, transformed keratinocytes display evidence of mitophagy, including mitochondrial 

fragmentation, decreased mitochondrial content and mitochondrial translocation of Parkin, 

essential in mitophagy. RNA interference-mediated Parkin depletion attenuates CD44H cell 

generation. These data suggest that autophagy facilitates EMT-mediated CD44H generation via 

modulation of redox homeostasis and Parkin-dependent mitochondrial clearance. This is the first 

report to implicate mitophagy in regulation of tumor cells with high CD44 expression, 

representing a potential novel therapeutic avenue in cancers where EMT and CD44H cells have 

been implicated, including ESCC.
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Introduction

Tumor cells with high CD44 expression have been linked to poor patient outcomes in human 

cancer4, 43, 64 Enhanced self-renewal, tumor-initiating capacity and chemoresistance have 

been attributed to subsets of cancer cells with high CD44 expression in esophageal 

squamous cell carcinoma (ESCC),63 among the deadliest of human cancers. Epithelial-

mesenchymal transition (EMT) may promote conversion of a subset of cancer cells defined 

by low CD44 expression to those with high CD44 expression.30, 36 We have shown 

previously that transformed esophageal and oral epithelial cells (keratinocytes) are 

comprised of CD44Low-CD24High (CD44L) and CD44High-CD24−/Low (CD44H) 

subpopulations possessing epithelial and mesenchymal properties, respectively.22 In this 

system, purified CD44L subpopulations display robust EMT-mediated conversion to a 

CD44H phenotype in response to transforming growth factor (TGF)-β.22 EMT has been 

documented at invasive fronts of human ESCC lesions53, 54, 62, where it is posited to 

facilitate tumor cell invasion, metastasis and treatment resistance.

Autophagy (macroautophagy) is a catabolic process through which cellular constituents are 

sequestered by autophagic vesicles (AVs) then delivered to lysosomes for hydrolytic 

degradation. In murine models, genetic autophagy impairment enhances tumor 

formation.31, 44, 61 The tumor suppressive nature of autophagy has been attributed to various 

mechanisms, including maintenance of genomic integrity.20, 33, 34, 50 Paradoxically, tumor 

cells may co-opt autophagy to cope with oncogenic, microenvironmental and therapeutic 

stress, thereby promoting disease progression.21 In ESCC pharmacological autophagy 

inhibition augments therapeutic sensitivity in vitro and in vivo,7, 59 presenting autophagy 
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modulation as an attractive therapeutic strategy in ESCC, a disease characterized by poor 

prognosis, metastasis and therapeutic resistance.11, 24

Mitophagy is a selective form of autophagy through which dysfunctional mitochondria are 

removed from cells. Mitophagy relies upon AV formation via the activity of autophagy-

related (ATG) proteins, including Microtubule-associated Protein 1 Light Chain 3 (LC3; 

ATG8) and Beclin1 (ATG6); however, specific mediators of mitophagy, including the E3 

ubiquitin ligase Parkin (PARK2 gene product), have been identified.37 As mitochondria are 

the primary source of cellular reactive oxygen species (ROS), mitophagy-mediated clearance 

of dysfunctional mitochondria is necessary to prevent deleterious effects associated with 

ROS accumulation, including cell death, senescence and malignant transformation.

Here, we investigate the functional role of autophagy in generation of ESCC cells with high 

CD44 expression utilizing ESCC patient samples, in vivo xenotransplantation studies and an 

in vitro system of EMT-mediated CD44L to CD44H cell conversion. We find that autophagy 

activation is linked to poor prognosis in ESCC patients and supports EMT-mediated CD44H 

generation via modulation of oxidative stress and Parkin-dependent mitochondrial clearance. 

As cells with high CD44 expression are associated with cancer progression, these studies 

may facilitate development of novel therapeutic approaches.

Results

Cleaved LC3 expression correlates with poor clinical outcomes in ESCC

AV formation involves LC3 cleavage. We first evaluated cleaved LC3 by 

immunohistochemistry (IHC) in ESCC tissue microarrays representing patients who had 

undergone esophagectomy without prior neoadjuvant chemotherapy or radiation therapy. 

High cleaved LC3 expression was detected in 43 of 129 informative cases (Figure 1A) and 

was associated with reduced cause-specific postsurgical survival (Figure 1B). Further review 

of clinicopathological data revealed that high cleaved LC3 correlated significantly with 

lymphatic and vascular involvement, lymph node and distant metastases, and advanced 

disease stage (Table 1).

In vivo autophagy inhibition depletes ESCC cells with high CD44 expression

To investigate the functional role of autophagy in ESCC, we treated immunocompromised 

mice bearing tumors generated by the ESCC patient-derived cell line TE11 with 

hydroxychloroquine (HCQ) or Lys05 (Supplementary Figure S1A), two chloroquine (CQ) 

derivatives that inhibit autophagy by blocking AV-lysosome fusion.2, 35 Both agents 

efficiently promoted AV accumulation as evidenced by increased levels of the cleaved and 

further lipidated form of LC3, designated LC3-II, and the autophagy cargo-identifying 

protein p62 (Supplementary Figure S1B). Transmission electron microscopy (TEM) 

corroborated enhanced AV content in tumors from HCQ-treated animals (Supplementary 

Figure S2A). Although neither agent significantly impacted TE11 tumor volume 

(Supplementary Figure S1C), tumors from Lys05-treated animals displayed a trend toward 

decreased volume and evidence of involution at a frequency of 50% as compared to 16.7% 

in vehicle-treated animals (Supplementary Table S1 and Supplementary Figure S1D). 
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Additionally, 87.5% of tumors from HCQ-treated animals displayed cystic changes, as 

compared to 33.3% of tumors from vehicle-treated animals (Supplementary Table S1 and 

Supplementary Figure S1D). As these findings suggest that autophagy inhibition is 

associated with less aggressive tumor phenotypes, we suspected that HCQ and Lys05 

impacted cells with high CD44 expression and enhanced malignant potential in the context 

of ESCC. Indeed, HCQ or Lys05 decreased intratumoral content of ESCC cells with high 

CD44 expression (Figure 2A, B) as well as those with EMT characteristics (Figure 2C). 

Interestingly, autophagy inhibition in vitro efficiently attenuated TGF-β-mediated expansion 

of TE11 cells with high CD44 expression while only exerting a minimal impact in the 

absence of TGF-β (Supplementary Figure S3A, B), suggesting that autophagy may regulate 

generation of tumor cells with high expression of CD44 in response to microenvironmental 

cues, such as TGF-β.

As autophagy is a well-established mechanism to modulate oxidative stress and our previous 

findings highlight the importance of redox balance in regulating populations with differential 

CD44 expression in transformed esophageal keratinocytes,22, 40 we evaluated the influence 

of autophagy inhibition upon ROS. Both HCQ and Lys05 enhanced expression of Histone 

H2A.X phosphorylated at Serine 139 (p-H2A.XSer139), a surrogate marker for oxidative 

stress (Figure 2D). Additionally, multilamellar structures consistent with mitochondria were 

identified within intratumoral AVs of HCQ-treated mice (Supplementary Figure S2B). Thus, 

we hypothesized that autophagy regulates cellular redox balance and mitochondrial 

dynamics during expansion of cells with high CD44 expression.

AV accumulation accompanies EMT-mediated CD44H cell generation

To interrogate the role of autophagy in generation of cells with high CD44 expression, we 

utilized the well-characterized genetically engineered human esophageal epithelial cell line 

EPC2-hTERT-EGFR-p53R175H-CyclinD1 (EPC2T). This cell line is well-suited for such 

studies as it (i) is comprised of discreet CD44L and CD44H subpopulations;22 (ii) following 

purification by fluorescence activated cell sorting (FACS), CD44L EPC2T cells display 

limited spontaneous CD44L to CD44H cell conversion;22 and (iii) purified CD44L 

subpopulations displaying epithelial characteristics undergo robust EMT-mediated 

conversion to a mesenchymal CD44H phenotype in response to TGF-β.22 Microarray 

analysis in TGF-β-treated EPC2T cells (GSE37994) revealed significant enrichment of 

EMT-associated pathways, including response to wound healing, cell motility and cell 

migration, concurrent with suppression of cell differentiation-associated pathways 

(Supplementary Figure S4). The mesenchymal nature of CD44H cells was further confirmed 

upon epithelial reconstitution studies in 3-dimensional (3D) organotypic culture (OTC) 

where CD44H cells exhibited invasion and robust α-smooth muscle actin expression 

(αSMA)(Supplementary Figure S5A). ZEB1 upregulation of and E-cadherin loss 

corroborated EMT in CD44H cells (Supplementary Figure S5A). Purified CD44H cells also 

displayed properties consistent with enhanced malignant potential, including colony 

formation capability and resistance to 5-fluorouracil (5FU) and cisplatin (CDDP) 

(Supplementary Figure S5B, C), as well as expression of genes associated with stemness, 

including WNT5A, BMI1 and KLF4 (Supplementary Figure S5D).
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CD44 isoform switching as a result of alternative splicing has been described during EMT.5 

Utilizing a pan-CD44 antibody for immunoblotting studies we found that FACS-purified 

CD44L cells express low level of CD44 that is largely attributed to the presence of high 

molecular weight protein species (>130 kDa), consistent with CD44 variant isoforms 

(CD44v)32 (Supplementary Figure S6A). By contrast, FACS-purified CD44H cells exhibited 

robust CD44 expression with a predominate band of 90 kDa, consistent with the standard 

isoform of CD44 (CD44s)32 (Supplementary Figure S6A). A shift from CD44v to CD44s 

was also apparent in unsorted EPC2T cells responding to TGF-β (Supplementary Figure 

S6A). Upregulation of total CD44 and CD44s concomitant with downregulation of 

CD44v2-10 and CD44v3-10 was also detected at the mRNA level in purified CD44H cells 

(Supplementary Figure S6B). Gene expression analysis (GSE37993) further indicated 

downregulation of epithelial splicing regulatory protein (ESRP)1 (−29.0-fold vs. CD44L; 

p<0.001) and ESRP2 (−5.4-fold vs. CD44L; p<0.001), which regulate alternative splicing of 

CD44 mRNA55, in purified CD44H cells. As CD44v6 expression has been implicated in 

ESCC,39, 49, 57 we continued to examine its expression in the context of keratinocyte EMT. 

Indeed, both CD44H cells (Supplementary Figure S6C–E) and TGF-β-treated CD44L 

(Supplementary Figure S7) cells displayed decreased cell surface CD44v6 protein 

expression. Taken together, these findings indicate that CD44 isoform switching 

accompanies EMT in esophageal keratinocytes.

Purified EPC2T CD44L cells treated with TGF-β underwent robust CD44H cell conversion 

as a function of time (Figure 3A, B) concomitant with EMT (Figure 3C). Enhanced LC3-II 

expression and accumulation of the AV-identifying dye Cyto-ID in TGF-β-treated CD44L 

EPC2T cells (Figure 3C–E) indicated AV accumulation during CD44H cell generation 

which was corroborated utilizing TEM, the gold standard for documenting autophagy,25 

(Figure 4A, B). Enhanced AV content during CD44H cell expansion was corroborated in the 

transformed oral keratinocyte cell line OKF6-hTERT-EGFR-p53R175H (OKF6T) 

(Supplementary Figure S8A–C).

TGF-β treatment in transformed esophageal and oral keratinocytes generates a 

heterogeneous cell population comprising CD44L and CD44H cells as well as a minor 

fraction of CD24High-CD44High (CD44T) transitioning cells (Figure 3A; Supplementary 

Figure S8A).22 In unsorted cells, Cyto-ID fluorescence was lowest in CD44L cells and 

highest in CD44H cells with CD44T cells displaying an intermediate level (Figure 5A; 

Supplementary Figure S9). FACS-purified CD44H EPC2T cells displayed enhanced LC3 

expression as compared to their CD44L counterparts in both monolayer culture and 3D OTC 

(Figure 5B; Supplementary Figure S5A). Upon stimulation with TGF-β for 7 days, all 

subpopulations displayed increased Cyto-ID fluorescence (Figure 5A; Supplementary Figure 

S9), indicating that all subpopulations contribute to increased AV content observed during 

EMT. A time course study revealed that purified EPC2T CD44L cells displayed LC3-II 

induction 24 hours following TGF-β stimulation (Figure 5C), indicating that AV 

accumulation is an early event in keratinocyte EMT. Further LC3-II upregulation was 

detected after 5 days of TGF-β stimulation and maintained throughout 15 days of treatment 

(Figure 5C). Taken together, these findings indicate that AV content is increased in 

transformed keratinocytes undergoing EMT-mediated CD44H cell generation and is 

maintained in established CD44H cells.
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Autophagic flux is activated as a cytoprotective mechanism during CD44H cell generation

Increased AV content may be reflective of enhanced autophagic flux or a defect in AV 

clearance. To distinguish between these possibilities, we carried out autophagic flux assays 

utilizing CQ at a concentration of 1 μg/ml, the dose at which AV accumulation was maximal 

in EPC2T cells without significant induction of apoptosis (Supplementary Figure S10A, B). 

In purified CD44L EPC2T cells, AV accumulation was detected by Cyto-ID flow cytometry 

and LC3-II protein expression upon treatment with TGF-β or CQ, with further upregulation 

upon co-treatment (Figure 6A, B), This suggests enhanced autophagy flux in keratinocytes 

undergoing TGF-β-mediated EMT, a finding that was corroborated in OKF6T cells 

(Supplementary Figure S11A).

In TGF-β-treated EPC2T CD44L cells, CQ suppressed E-cadherin downregulation and 

abrogated N-cadherin induction (Figure 6B) while also limiting TGF-β-mediated migration 

and invasion (Figure 6C, D). Moreover, TGF-β-mediated CD44H cell expansion was 

significantly attenuated in the presence of CQ in both EPC2T and OKF6T cells (Figure 6E, 

F; Supplementary Figure S11B), indicating that autophagic flux is required for EMT-

mediated CD44L to CD44H cell conversion in esophageal and oral keratinocytes. As single 

agents, neither TGF-β nor CQ impacted cell viability in EPC2T cells (Figure 7A); however, 

upon co-treatment viability was impaired (Figure 7A) concomitant with enhanced apoptosis 

(Figure 7B). In light of our in vivo studies indicating enhanced oxidative stress in response 

to autophagy inhibition (Figure 2D), we hypothesized that cell death in keratinocytes with 

impaired autophagy may be associated with oxidative stress. We utilized 7′-

dichlorodihydrofluorescein diacetate (DCF) to measure ROS in vitro as we have previously 

demonstrated that the antioxidant compound N-acetylcysteine was sufficient to suppress 

basal ROS in EPC2T cells,22 confirming the specificity of DCF as metric for ROS. While 

CD44L EPC2T cells treated with TGF-β or CQ alone displayed ROS induction, further ROS 

accumulation was detected upon co-treatment (Figure 7C, D). OKF6T cells also displayed 

enhanced cell death and ROS upon co-treatment with TGF-β and CQ (Supplementary Figure 

S12A, B). Thus, autophagy may serve as a cytoprotective mechanism against oxidative 

stress during EMT-mediated CD44L to CD44H cell conversion.

Mitophagy is required for EMT-mediated CD44H cell generation

Further evaluation of EPC2T cells co-treated with TGF-β and CQ revealed accumulation of 

mitochondrial superoxide (O2
−) (Figure 8A, B) and accumulation of mitochondria with 

diminished membrane potential (Figure 8C). Moreover, upon TGF-β treatment, CD44L 

EPC2T cells displayed small, fragmented mitochondria lacking intact cristae (Figure 9A). 

As mitochondrial fragmentation is a prerequisite for mitophagy, we evaluated co-localization 

of Parkin and the mitochondrial outer membrane protein TOM20 and found that Parkin 

translocation to mitochondria was augmented in CD44L EPC2T cells stimulated with TGF-

β for 7 days as compared to controls (Figure 9B, C). Mitochondrial DNA (mtDNA) level 

was also depleted in TGF-β-treated EPC2T cells (Figure 9D) and remained decreased in 

purified CD44H cells (Supplementary Figure S13). A requirement for mitophagy in CD44H 

cell generation was evident as genetic depletion of PARK2 suppressed TGF-β-mediated 

CD44H cell expansion to level comparable to that seen with inhibition of BECN1 (Figure 

9E; Supplementary Figure S14). Parkin depletion in TGF-β-treated EPC2T cells further 
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resulted in elevation of mitochondrial superoxide (O2
−) and accumulation of mitochondria 

with diminished membrane potential (Figure 9F, G).

We finally treated immunocompromised mice bearing established TE11 xenograft tumors 

with mitochondria division inhibitor (Mdivi)-1 which attenuates mitophagy by blocking 

mitochondrial fission.6 Mdivi-1 promoted accumulation of mitochondria with depleted 

membrane potential (Figure 10A). Although the drug had no effect on tumor volume (Figure 

10B), 40% of Mdivi-1-treated tumors showed necrosis (Figure 10C). Mdivi-1 also depleted 

cells with high CD44 expression in tumors while promoting oxidative stress (Figure 10D–

G). By contrast, 100% of vehicle-treated tumors remained intact histologically (Figure 10C). 

These findings are consistent with our in vitro studies and suggest that mitophagy acts as a 

cytoprotective mechanism during EMT-mediated generation of CD44H cells via regulation 

of redox homeostasis and Parkin-dependent clearance of dysfunctional mitochondria.

Discussion

In this study, we demonstrate that high expression of cleaved LC3 correlates with poor 

prognosis in ESCC (Figure 1) and that pharmacological autophagy inhibition depletes ESCC 

cells with high CD44 expression in xenograft tumors while promoting oxidative stress 

(Figure 2). We then utilize well-characterized transformed esophageal and oral keratinocyte 

cell lines to define the mechanism through which autophagy contributes specifically to 

CD44H cell generation via TGF-β-induced EMT. We report that AV content is augmented 

upon EMT-mediated CD44L to CD44H cell conversion as a result of enhanced autophagic 

flux (Figures 3–6). Moreover, autophagy acts as a cytoprotective mechanism to mitigate 

mitochondrial dysfunction, oxidative stress and apoptotic cell death during TGF-β-mediated 

EMT and CD44L to CD44H cell conversion (Figures 6–9). We also demonstrate that 

mitophagy is activated during EMT-mediated CD44H expansion, facilitating clearance of 

dysfunctional mitochondria and modulation of oxidative stress (Figures 9–10).

Autophagy supports initiation and maintenance of CD44H breast cancer cells with 

mesenchymal characteristics via transcriptional downregulation of CD24 and upregulation 

of the mesenchymal marker Vimentin;8 however, autophagic targeting of the EMT-

associated transcription factors Snail and Twist has been demonstrated to inhibit EMT, 

tumor growth and metastasis in mammary carcinoma.29 The dichotomous nature of the 

relationship between autophagy and EMT is illustrated further in the liver where autophagy 

promotes EMT in hepatocellular carcinoma cells via activation of the TGF-β/Smad3 

signaling axis,27 but prevents EMT in non-transformed hepatocytes via Snail degradation.14 

While the potential for cell type- and context-dependent roles for autophagy with regard to 

EMT and CD44H cell dynamics cannot be excluded, one potential source of ambiguity in 

the aforementioned studies is the presence of mixed epithelial and mesenchymal populations 

that may be differentially influenced by autophagy modulation. Limited spontaneous 

CD44H generation in purified CD44L EPC2T cells coupled with robust EMT-mediated 

CD44L to CD44H cell conversion in response to TGF-β (Figure 3) facilitated our 

investigation into the functional role of autophagy specifically in the expansion of CD44H 

cells, representing a strength of the current study. Our findings utilizing this experimental 

system indicate a critical cytoprotective role for autophagy in keratinocytes undergoing 
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EMT-mediated generation of CD44H cells (Figure 7; Supplementary Figure S11). We have 

previously implicated various additional factors, including ZEB140, Wnt28, Notch,41 

EGFR41 and IGFBP338, in EMT by transformed esophageal keratinocytes and it will be of 

interest to elucidate potential interactions between autophagy and these pathways in the 

context of ESCC.

This is the first report to implicate mitophagy in the regulation of EMT and cancer cells with 

high CD44 expression. In transformed esophageal keratinocytes undergoing EMT-mediated 

CD44L to CD44H cell conversion, we detect evidence of mitophagy, including loss of 

mtDNA (Figure 9). Reduced mtDNA content has been reported in various cancer types, 

including esophageal cancer and head and neck squamous cell carcinoma,45, 60 and may 

correlate with invasion, metastasis and poor clinical prognosis.42, 52 Although the molecular 

mechanisms governing tumor-associated mtDNA depletion remain elusive, our findings 

suggest a role for mitophagy in mtDNA reduction and acquisition of malignant potential. 

Alterations in mitochondrial content often result from imbalance between mitochondrial 

clearance and mitochondrial biogenesis,3 raising the possibility that impaired mitochondrial 

biogenesis may also accompany CD44H cell generation. As depletion of mtDNA induces 

EMT and CD44H cell expansion in mammary epithelial cells,15 it remains to be determined 

if mitophagy drives EMT-mediated CD44H cell expansion or is a permissive factor during 

this process.

Mitophagy-mediated ROS regulation suppresses senescence and age-associated stem cell 

exhaustion in skeletal muscle.12, 13 Our finding that autophagy inhibition in keratinocytes 

undergoing EMT promotes cell death associated with mitochondrial dysfunction and ROS 

accumulation (Figure 9) further supports a role for mitophagy in cell fate determination in 

the context of cancer cells with high CD44 expression and enhanced malignant potential. 

Although TGF-β drives EMT and CD44H cell expansion in transformed keratinocytes, we 

have previously demonstrated induction of TGF-β-mediated senescence in non-transformed 

esophageal keratinocytes.22 Wild type p53 interacts with Parkin to inhibit mitophagy.17 As 

such, it is tempting to speculate that differential cell fates induced by TGF-β in non-

transformed (wild type p53) and transformed (overexpression of mutant p53, EGFR and 

Cyclin D1) esophageal keratinocytes may be related to the ability of these cells to modulate 

mitophagy via p53. In addition to regulating ROS, mitophagy may be activated by ROS, 

including O2
−. The mitochondrial antioxidant superoxide dismutase (SOD) 2 attenuates 

mitophagy following photodynamic stress.46 Our findings in transformed esophageal 

keratinocytes demonstrate transient SOD2 downregulation during TGF-β-mediated CD44L 

to CD44H cell conversion22 where we now find evidence of mitophagy. Thus, SOD2 and 

mitophagy may act coordinately in transformed keratinocytes exposed to TGF-β in order to 

fine tune ROS to a level that is permissive for EMT, but insufficient to engage alternative cell 

fates such as apoptosis. An additional question that remains is whether mitophagy regulates 

mesenchymal-epithelial transition. As EPC2T cells display minimal interconversion between 

CD44L and CD44H cells in the absence of TGF-β, future studies will address this issue 

utilizing transformed keratinocytes capable of robust CD44H to CD44L conversion.

Previous reports analyzing LC3 in ESCC patients exhibited discrepant results regarding the 

relationship to patient outcome.16, 58 In a cohort of chemoradiotherapy naïve ESCC patients, 
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we demonstrate that high cleaved LC3 expression correlates with poor clinical outcome, 

consistent with the findings of Hao et al.16 Pharmacological autophagy or mitophagy 

impairment in ESCC xenograft tumors decreased intratumoral content of cells with high 

CD44 expression (Figures 2 and 10), supporting autophagy as tumor-promoting factor in 

ESCC. Given the association between high cleaved LC3 expression and metastasis in ESCC 

patients (Table 1), it is of interest to determine the influence of autophagy or mitophagy 

inhibition upon ESCC metastasis. Co-administration of pharmacological autophagy 

inhibitors with chemo-22 or radiotherapy21 enhances ESCC therapeutic response in 

preclinical settings. Our findings offer pretreatment with autophagy or mitophagy inhibitors 

as a mechanism to deplete cells with high CD44 expression and induce oxidative stress prior 

to intervention with neoadjuvant therapies, many of which require ROS for tumoricidal 

activity.47 Issues regarding specificity and potency have complicated the use of 

lysosomotropic agents to block autophagy in human patients1 and development of more 

potent autophagy inhibitors, including the dimeric CQ derivative Lys05, represents an active 

area of investigation.2, 35 Overall, the current study indicates future clinical strategies in 

ESCC as well as other cancer types in which autophagy and CD44H cells have been 

implicated will benefit from improved methods for pharmacologically targeting autophagy 

and mitophagy.

Materials and Methods

Human ESCC tissue microarray

ESCC tissues along with adjacent non-cancerous mucosa were obtained as surgical biopsies 

from Kagoshima University Hospital, as described previously.38 Clinical materials were 

obtained from informed-consent patients according to the Institutional Review Board 

standard and guideline.

Cell culture

EPC2T and OKF6T were generated and cultured in keratinocyte-serum free medium 

(KSFM; Thermo Fisher Scientific, Waltham, MA, USA) as described previously.10, 22, 40 

TE11 cells were cultured in Dulbecco’s Modified Eagle Medium (Thermo Fisher Scientific) 

as previously described.40 Countess™ Automated Cell Counter (Thermo Fisher Scientific) 

was used to count cells with 0.2% Trypan Blue dye to exclude dead cells. Recombinant 

human TGF-β1 (R&D Systems, Minneapolis, MN, USA) was reconstituted in Dulbecco’s 

Phosphate Buffered Saline (DPBS) containing 10% FBS. Chloroquine diphosphate solid salt 

(Sigma-Aldrich, St Louis, MO, USA) was reconstituted in water. CDDP (Sigma-Aldrich) 

and 5FU (Sigma-Aldrich) were dissolved in DMSO. Organotypic 3D culture (OTC) was 

carried out as described previously.19 The earliest frozen stocks of all cell lines are stored at 

the Cell Culture Core of the University of Pennsylvania. We have propagated cells from 

frozen stocks of original vials that were authenticated by short tandem repeat profiling 

(ATCC) for highly polymorphic microsatellites to validate the identity of cells by comparing 

cells at the earliest stocks and those grown >8–12 passages. All cell lines undergo routine 

mycoplasma testing.

Whelan et al. Page 9

Oncogene. Author manuscript; available in PMC 2017 October 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



RNA interference and transfection

siRNA sequences directed against PARK2 (Silencer Select s224170 and s10043; 10 nm; 

Thermo Fisher Scientific), BECN1 (BECN1; Silencer Select s16537 and s16358; 10 nm; 

Thermo Fisher Scientific) or a non-silencing control sequence (Silencer Select Negative 

Control #1; 10 nm; Thermo Fisher Scientific) were transfected with Lipofectamine RNAi 

Max reagent (Thermo Fisher Scientific) as described previously.22

Quantitative real-time reverse-transcription polymerase chain reaction (RT-PCR) and 
mtDNA PCR

RNA isolation, cDNA synthesis and quantitative RT-PCR were performed using SYBR 

green or TaqMan® Gene Expression Assays (Thermo Fisher Scientific) as previously 

described.22 The following TaqMan® gene expression assays were utilized: 

Hs01081473_m1 for CD44s, Hs01081480_m1 for CD44v3-v10, and Hs1075866_m1 for 

CD44v2-v10. SYBR green was also used to quantitate mRNA for PARK2 and CD44 with 

paired forward and reverse primers: PARK2-F (5′-

AAATCAGGTGGCTCCCTTCTGTCA-3′); PARK2-R (5′-

CATGCAGATTGGGAAGGCGCAATA-3′); CD44-F (5′-

TAAGGACACCCCAAATTCCA-3′); and CD44-R (5′-

ACTGCAATGCAAACTGCAAG-3′). Relative PARK2 or CD44 level was normalized to β-

actin (ACTB) using the following primers: β-ACTIN-F (5′-

TTGCCGACAGGATGCAGAA-3′) and β-ACTIN-R (5′-

GCCGATCCACACGGAGTACT-3′). DNA was extracted from cells using DNeasy Blood & 

Tissue Kit (Qiagen, Valencia, CA, USA). mtDNA content measured by quantitative RT- 

PCR using specific primers for mtDNA-coded Cytochrome Oxidase I (MTCO1) and nuclear 

DNA-coded Cytochrome Oxidase IV (COXIV) or Glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH), as previously described.15, 22 Primers sequences for mtDNA 

analysis are as follow: MTCO1-F (5′-CCCACCGGCGTCAAAGTAT-3′); MTCO1-R (5′-

TGCAGCAGATCATTTCATATTGC-3′); COX-IV-F (5′-GGGCGGTGCCATGTTTC-3′); 

COX-IV-R (5′-CATAGTGCTTCTGCCACATGA-3′); GAPDH-F (5′-

CCAGGTGGTCTCCTCTGACTTC-3′); and GAPDH-R (5′-

GTGGTCGTTGAGGGCAATC-3′).

Immunohistochemistry and immunofluorescence

IHC and IF in tissue sections and were performed as described previously56 using the 

following primary antibodies: anti-cleaved LC3 (1:250; AP1805a; Abgent, San Diego, CA), 

anti-E-cadherin (1:100; 610182; BD Biosciences, San Jose, CA, USA); anti-phospho-

Histone H2A.X Ser139 (20E3) (1:250; 9718; Cell Signaling Technology, Danvers, MA), 

anti-ZEB1 (1:200; Douglas S. Darling),9 α-Smooth Muscle Actin (1A4) (1:200; A5528; 

Sigma-Aldrich). To detect CD44, we utilized mouse anti-CD44 clone 156-C11 (1:100; 3570; 

Cell Signaling Technology) which recognizes an epitope in the amino-terminal extracellular 

region of CD4448, consisting of the nonvariable exons 1 to 5, allowing for detection of the 

standard isoform of CD44 as well as variant CD44 isoforms. To detect CD44v6, we utilized 

anti-CD44v6 clone #2F10 (1:100; R&D Systems). A pathologist blind to molecular and 

clinical data scored all slides. Cleaved LC3 staining was scored based on intensity and 
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distribution. Score 0, no stain detected; Score 1, marginal to mild stain affecting nuclei only; 

Score 2, moderate to intense nuclear staining and occasional cytosolic stain; Score 3, intense 

nuclear stain together with obvious cytosolic stain with or without puncta. Scores 0 and 1 

were classified as low while scores 2 and 3 were defined as high with regard to LC3 

expression. For Histone H2A.X Ser139 IHC staining, a labeling index was determined as the 

percentage of nuclei positively stained nuclei per total nuclei counted (≥375 cells per tumor). 

Slides were imaged on a Nikon E600 microscope.

For immunocytochemistry, cells grown on glass coverslips precoated with bovine collagen 

(1 μg/ml; Organogenesis, Canton MA, USA) were fixed in 4% formaldehyde for 20 minutes, 

permeabilized with 0.1% Triton X-100 in DPBS, and blocked with 5% bovine serum 

albumin for 1 hour. Cells were incubated with rabbit anti-Parkin (1:100; ab15954; Abcam, 

Cambridge, MA) and mouse anti-TOM20 (F10) (1:100; sc-17764; Santa Cruz, Dallas, TX, 

USA) overnight at 4°C, and then with rabbit-Cy2- and mouse-Cy3-conjugated secondary 

antibodies (1:200; Jackson ImmunoResearch, West Grove, PA, USA) for 1 hour at room 

temperature. Nuclei were counterstained by 4′,6-diamidino-2-phenylindole (DAPI; 1:10000; 

Thermo Fisher Scientific). Stained objects were imaged with a Leica TCS SP8 confocal 

microscope using LAS software (Leica Microsystems, Buffalo Grove, IL, USA).

Immunoblot analysis

Western blotting was performed as described previously18, 22 using the following primary 

antibodies: rabbit anti-LC3B (1:1000; 2775; Cell Signaling Technology), mouse anti-p62/

SQSTM1 (D-3) (1:1000; sc-28359; Cell Signaling Technology), rabbit anti-Beclin1 

antibody (1:1000; 3738; Cell Signaling Technology), mouse anti-E-cadherin (1:10000; 

610182; BD Biosciences), mouse anti-N-cadherin (1:1000; 610921; BD Biosciences), and 

mouse anti-β-Actin (AC-74) (1:10000; A5316; Sigma-Aldrich). To detect CD44, we utilized 

mouse anti-CD44 clone 156-C11 (1:1000; 3570; Cell Signaling Technology) which 

recognizes an epitope in the amino-terminal extracellular region of CD4448, allowing for 

detection of the standard isoform of CD44 as well as variant CD44 isoforms. CD44v6 

expression was evaluated via mouse anti-CD44v6 clone 2F10 (1:500; BBA13 R&D 

Systems). Densitometry was performed with Image J (National Institutes of Health).

Transmission electron microscopy

Cells and tissue sections were fixed and analyzed as described previously.26 AVs were 

identified as double-membrane vesicles containing cellular material.25 AV counts were 

performed in at least 50 cells per condition by two independent investigators blinded to 

experimental conditions.

Soft agar colony formation assay

Soft agar colony formation assays were done as described.41 Colonies ≥100 μm were 

counted following Giemsa staining.

Migration and invasion assays

Cell migration and invasion assays were done using Boyden chambers as described 

previously.41 In brief, 2.5 × 104 cells were suspended in base medium devoid of growth 
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factors and placed in each insert coated with or without Matrigel matrix (BD Biosciences). 

Cells were allowed to move toward full media filled in the bottom well for 24 hours and 

stained with 4 μg/ml Calcein AM dye (Invitrogen). All Boyden chamber assays were 

performed at least three times in triplicate.

Flow cytometry and FACS

Flow cytometry and FACS were performed as described previously22, 38 using FACSCalibur 

or LSR II cytometers (BD Biosciences) and FlowJo software (Tree Star) for cells suspended 

in DPBS containing 1% bovine serum albumin (BSA). CD44Low-CD24High (CD44L), 

CD44High-CD24−/low (CD44H) and CD44High-CD24High (CD44T) subpopulations were 

identified via staining with PE/Cy7-anti-CD24 [ML5] (1:40; 101822; BioLegend, San 

Diego, CA, USA) and APC-anti-CD44 clone G44-26 (1:20; 559942; BD Biosciences) on ice 

for 30 minutes. Anti-CD44 clone G44-26 recognizes an epitope in the extracellular amino-

terminal region of CD4423 which consists of the nonvariable exons 1 to 5, allowing for 

detection of the standard isoforms of CD44 as well as variant isoforms. CD44v6 expression 

was evaluated utilizing PE-anti-CD44v6 clone #2F10 (1:10; AB3660P; R&D Systems). To 

define cells with high CD44 expression in TE11, a gate set in vehicle control was applied to 

all experimental groups. FACS Aria II (BD Biosciences) was used to sort purified CD44L 

and CD44H cells. AVs were determined with Cyto-ID® fluorescent dye (ENZ-51031; Enzo 

Life Sciences, Farmingdale, NY, USA) as previously described.51, 56 ROS were determined 

with 2′, 7′-dichlorodihydrofluorescein diacetate (DCF; 10 μM; D399; Thermo Fisher 

Scientific) and MitoSOX™ (M36008; 5 μM; Thermo Fisher Scientific) as previously 

described.22, 51, 56 For MitoTracker™ Green (1:20000; M7514; Thermo Fisher Scientific) 

and Deep Red (1:50000; M22426; Thermo Fisher Scientific) staining, cells were incubated 

with indicated dilutions of 1 mM stock in KSFM at 37°C for 30 minutes. Cells were then 

cultured in KSFM for 3 hours prior to flow cytometry. Viability was determined using DAPI. 

Apoptosis was determined using the Annexin-V-FLUOS kit (11858777001; Sigma-Aldrich) 

according the manufacturer’s instructions.

Xenotransplantation studies and histological analysis

Xenograft experiments were performed as described38 under an Institutional Animal Care 

and Use Committee-approved protocol. Cells were suspended in 50% Matrigel and 

implanted subcutaneously into the dorsal flanks of 4 week old female athymic nu/nu mice 

(Taconic Biosciences, Hudson, NY, USA). Tumor growth was monitored using digital 

calipers and volume was calculated using the formula: tumor volume (mm3) = [width 
(mm)]2 × length (mm) × 0.5. Mice were subjected to intraperitoneal (i.p.) injection of HCQ 

(60 mg/kg; Spectrum Chemical, New Brunswick, NJ, USA), Lys05 (20 mg/kg; a gift from 

Drs. Amaravadi and Winkler)35 or DPBS according to a 3 days on/2 days off regimen for 2 

weeks. Mdivi-1 (0.375 mg/tumor; Sigma-Aldrich) or DMSO was delivered via intratumoral 

injection twice weekly for 2 weeks. All xenograft experiments were completed at least 2 

independent times. Sample size for groups were projected based upon previous xenograft 

studies then adjusted following acquisition of data in initial experiment. Tumors were 

harvested for histopathological analysis, flow cytometry or TEM as previously described.38 

Animals were only excluded from analyses in event of death from procedure-related causes 

(e.g. sepsis) that were unrelated to experimental differences between groups. Animals were 
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randomized by cage upon arrival. Investigators were informed of groups during treatment 

phase of experiments. Upon processing, tumors were given a unique identifier to blind 

investigators during analyses and outcome assessments.

Statistical analyses

Data were analyzed as indicated using GraphPad Prism 7.0 software. p <0.05 was 

considered significant. Equal variance across groups being compared was confirmed by 

Bartlett’s test (for ANOVA) or F-test (Student’s t-test).

Data availability

Microarray data were deposited at the NCBI Gene Expression Omnibus (http://

www.ncbi.nlm.nih.gov/geo) under accession numbers GSE37993 and GSE37994. 

Additional datasets are available upon request.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

3D 3-dimensional

5FU 5-fluorouracil

αSMA α-smooth muscle actin expression (ATG, autophagy-

related

AV(s) autophagic vesicle(s)

BSA bovine serum albumin

CD44H CD44High-CD24−/Low

CD44L CD44Low-CD24High

CD44s standard isoform of CD44

CD44T CD44High-CD24High
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CD44v variant isoforms of CD44

CDDP cisplatin

COXIV Cytochrome Oxidase IV

CQ Chloroquine

DAPI 4′,6-diamidino-2-phenylindole

DCF 2′, 7′-dichlorodihydrofluorescein diacetate

DPBS Dulbecco’s Phosphate-Buffered Saline

EMT epithelial-mesenchymal transition

EPC2T EPC2-hTERT-EGFR-p53R175H-CyclinD1

ESCC esophageal squamous cell carcinoma

ESRP epithelial splicing regulatory protein

FACS fluorescence activated cell sorting

GAPDH Glyceraldehyde 3-phosphate dehydrogenase

HCQ Hydroxychloroquine

i.p. intraperitoneal

IHC Immunohistochemistry

KSFM keratinocyte-serum free medium

LC3 microtubule-associated protein 1 light chain 3

Mdivi-1 mitochondria division inhibitor-1

MTCO1 Mitochondrial encoded Cytochrome Oxidase I

mtDNA mitochondrial DNA

O2
− superoxide

OKF6T OKF6-hTERT-EGFR-p53R175H

OTC organotypic culture

p-H2A.XSer139 phospho-Histone H2A.X Serine139

PCR polymerase chain reaction

PI propidium iodide

ROS reactive oxygen species

RT Reverse-transcription
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sd standard deviation

sem standard error of the mean

siRNA small interfering RNA

SOD superoxide dismutase

TEM transmission electron microscopy

TGF transforming growth factor
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Figure 1. High cleaved LC3 expression correlates with poor prognosis in ESCC patients
(A) Representative IHC images of cases from primary ESCC tissues on tissue microarrays 

classified as having low or high cleaved LC3 expression. Scale bar, 50 μm. (B) High cleaved 

LC3 expression predicts a poor 5-year survival rate. Overall survival curves were plotted 

according to the Kaplan-Meier method and p value was calculated using log rank test.
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Figure 2. Effects of autophagy inhibition on ESCC tumors in vivo
Immunocompromised mice bearing established TE11 xenograft tumors (~75 mm3) were 

treated with HCQ (60 mg/kg), Lys05 (20 mg/kg) or vehicle control via i.p. injection 

according to a 3 days on/2 days off schedule for 2 weeks. (A, B) Dissociated tumor cells 

were assessed for CD44 expression with flow cytometry plot of representative samples (in 

A). Note cells with high CD44 expression are present to the right of the hatched line. Bar 

diagram (mean ± sem) representing average percentage of cells with high CD44 expression 

in tumors from mice treated with vehicle (n=8), HCQ (n=8) or Lys05 (n=7) is shown (in B). 

*, p<0.005 vs. vehicle; #, p<0.001 vs. vehicle; ANOVA with Tukey’s post-hoc test. (C) Co-

immunofluorescence for E-cadherin (E-cad) and ZEB1 identified EMT cells (indicated by 

arrowheads) in tumor sections. Nuclei were visualized with DAPI. (D) Tumor sections were 
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stained for p-H2A.XSer139 via IHC to assess oxidative stress. At least 4 tumors were 

evaluated (in C and D) with representative images shown. Scale bars, 100 μm.
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Figure 3. TGF-β promotes AV accumulation concurrent with EMT-mediated CD44L to CD44H 
cell conversion in transformed esophageal keratinocytes
FACS-purified CD44L EPC2T cells were cultured with TGF-β (5 ng/ml) for indicated time 

periods. (A, B) Cells were analyzed for expression of CD24 and CD44 by flow cytometry to 

determine CD44H cells with representative dot plots (in A) and fold change (in B) shown. *, 

p<0.0001 vs. TGF-β at day 0 ; #, p<0.0001 vs. TGF-β at day 7; (n=3); (C) Immunoblot 

analysis determined expression of indicated proteins. β-actin was used as a loading control. 

Densitometry determined level of indicated proteins relative to β-actin as shown in bar 

diagram (mean ± sem) at bottom. *, p<0.05 vs. TGF-β 0 d for LC3; #, p<0.01 vs. TGF-β 0 d 
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for E-cadherin. †, p<0.0001 vs. TGF-β 0 d for N-cadherin; (n=3). (D, E) Flow cytometry 

determined Cyto-ID with representative histogram plot for each condition (in D) and relative 

Cyto-ID levels (average geometric mean ± sem) (in E) shown. *, p<0.0001 vs. TGF-β at day 

0. ANOVA with Tukey’s post-hoc test was used to determine p values (in B, C and E).
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Figure 4. Evaluation of AVs by TEM
FACS-purified CD44L EPC2T cells were cultured with or without TGF-β (5 ng/ml) for 7 

days then subjected to TEM analysis. (A) Representative micrographs. Area noted by 

hatched black box is shown at higher magnification in lower panel. Scale bars, 2 μm. (B) Bar 

diagram (mean± sem) representing average AV count/cell. *, p<0.05 vs. TGF-β (−); two-

tailed Student’s t-test; (n=3).
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Figure 5. AV content is upregulated during TGF-β-mediated CD44L to CD44H cell conversion 
and remains increased in established CD44H cells
(A) EPC2T cells were cultured with or without TGF-β (5 ng/ml) for 7 days. Cells were 

analyzed for CD24, CD44 and Cyto-ID by flow cytometry. Bar diagram shows relative 

Cyto-ID levels for each population (average geometric mean ± sem). *, p<0.05 vs. CD44L 

TGF-β (−); #, p<0.05 vs. CD44T TGF-β (−). †, p<0.05 vs. CD44H TGF-β (−); ANOVA 

with Tukey’s post hoc test; (n=3); (B) Early passage FACS-purified CD44L and CD44H 

EPC2T cells were evaluated for expression of indicated proteins via immunoblot analysis 

with β-actin as a loading control. Densitometry determined level of indicated proteins 

relative to β-actin as shown in bar diagram (mean ± sem). *, p<0.05 vs. CD44L for LC3; #, 

p<0.001 vs. CD44L for E-cadherin. †, p<0.0001 vs. CD44L for N-cadherin; two-tailed 

Student’ s t-test; (n=3). (C) EPC2T cells were cultured in the presence of TGF-β (5 ng/ml) 

for indicated number of days. Immunoblot analysis determined expression of indicated 

proteins. β-actin was used as a loading control. Densitometry determined LC3 level relative 

to β-actin as shown in bar diagram (mean ± sem). *, p<0.005 vs. TGF-β 0 d; ANOVA with 

Dunnett’s post hoc test.; (n=3).
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Figure 6. Autophagy flux is activated during and required for EMT-mediated CD44H cell 
expansion
EPC2T cells were cultured in the presence or absence of TGF-β (5 ng/ml) and/or CQ (1 

μg/ml) as indicated for 7 days. (A) Flow cytometry determined Cyto-ID with relative levels 

(average geometric mean ± sem) shown. *, p<0.05 vs. TGF-β (−) CQ (−); #, p<0.05 vs. 

TGF-β (+) CQ (−) and TGF-β (−) CQ (+). (B) Immunoblot analysis determined expression 

of indicated proteins. β-actin was used as a loading control. Densitometry determined level 

of indicated proteins relative to β-actin as shown in bar diagram (mean ± sem). *, p<0.05 vs. 

TGF-β (−) CQ (−) for LC3; #, p<0.05 vs. TGF-β (−) CQ (−) for E-cadherin. †, p<0.0001 
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vs. TGF-β (−) CQ (−) for N-cadherin; £, p<0.05 vs. TGF-β (+) CQ (−) and TGF-β (−) CQ 

(+) for LC3; €, p<0.0001 vs. TGF-β (+) CQ (−) for N-cadherin; (n=3). (C, D) Boyden 

chambers determined migration (in C) and invasion (in D) with fold change shown in bar 

diagrams (mean ± sem). *, p<0.05 vs. TGF-β (−) CQ (−); #, p<0.05 vs. TGF-β (+) CQ (−); 

(n=3). (E, F) Cells were analyzed for expression of CD24 and CD44 by flow cytometry to 

determine CD44H cells with representative dot plot (in C) and relative fold change shown in 

bar diagram (mean ± sem) (in D). Note presence of CD44H cells in lower right quadrant. *, 

p<0.05 vs. TGF-β (−) CQ (−); #, p<0.05 vs. TGF-β (+) CQ (−) and TGF-β (−) CQ (+); 

(n=3). ANOVA with Tukey’s post-hoc test was used to determine all p values.
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Figure 7. Pharmacological impairment of autophagy flux during EMT promotes cell death and 
oxidative stress
EPC2T cells were cultured in the presence or absence of TGF-β (5 ng/ml) and/or CQ (1 

μg/ml) for 14 days. (A) Trypan blue exclusion assessed cell viability as shown in bar 

diagram (mean ± sem) representing data from three independent experiments. *, p<0.05 vs. 

TGF-β (−) CQ (−), p<0.05 vs. TGF-β (+) CQ (−), and TGF-β (−) CQ (+); (n=3). (B) Flow 

cytometry for Annexin-V/PI determined apoptosis with bar diagram (mean ± sem) depicting 

average percentage of early (Annexin-V-positive PI-negative) and late (Annexin-V-positive 

PI-positive) apoptotic cells shown. *, p<0.05 vs. TGF-β (−) CQ (−); #, p<0.05 vs. TGF-β 
(+) CQ (−) and TGF-β (−) CQ (+); (n=3). (C, D) Reactive oxygen species were evaluated by 

DCF flow cytometry with representative histogram plot for each condition (in C) and 

relative fluorescence levels (average geometric mean ± sem) (in D) shown. *, p<0.05 vs. 
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TGF-β (−) CQ (−); #, p<0.01 vs. TGF-β (+) CQ (−) and TGF-β (−) CQ (+); (n=3). ANOVA 

with Tukey’s post-hoc test was used to determine p values (in A, B and D).
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Figure 8. Mitochondrial ROS production and depolarization are induced in autophagy-impaired 
cells undergoing EMT
EPC2T cells were cultured in the presence or absence of TGF-β (5 ng/ml) and/or CQ (1 

μg/ml) for 14 days. (A, B) Mitochondrial O2
− was evaluated by flow cytometry for 

MitoSOX with representative histogram plot for each condition (in A) and relative 

fluorescence levels (average geometric mean ± sem) (in B) shown. *, p<0.05 vs. TGF-β (−) 

CQ (−); #, p<0.05 vs. TGF-β (+) CQ (−) and TGF-β (−) CQ (+); ANOVA with Tukey’s 

post-hoc test; (n=3). (C) Cells were stained with MitoTracker green (membrane potential 

insensitive) and MitoTracker Deep Red (membrane potential sensitive) to evaluate 
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mitochondrial membrane potential by flow cytometry. Note that cells present within hatched 

oval represent those with low mitochondrial membrane potential. Flow plots are 

representative of data from 3 independent experiments.
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Figure 9. Mitophagy is activated during and required for EMT-mediated CD44H cell expansion
(A–C) EPC2T cells were cultured with or without TGF-β (5 ng/ml) for 7 days. (A) 

Representative micrographs with mitochondria outlined by hatched line and autophagic 

vesicle indicated by asterisk. Scale bars, 500 nm (B) Following IF staining for TOM20 (red) 

and Parkin (green), cells were imaged by confocal microscopy with representative images 

(in B) and quantification of colocalization in bar diagram (mean ± sd) (in C) shown. *, 

p<0.05 vs. TGF-β (−); (n=3). Scale bars, 5 μm. (D) mtDNA content was determined by 

quantitative real time PCR. Note that MTCO1 is encoded by mitochondrial DNA while 
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COXIV is encoded by nuclear DNA. Gene expression is presented relative to an internal 

loading control (GAPDH) in bar diagram (mean ± sd). *, p<0.05 vs. TGF-β (−); (n=3). (E-

G) EPC2T cells were transfected with siRNA targeting PARK2 or BECN1 or non-silencing 

control siRNA (NS). (E) Cells were analyzed for expression of CD24 and CD44 by flow 

cytometry to determine CD44H cells with relative fold change shown in bar diagram (mean 

± sem). *, p<0.05 vs. NS TGF-β (−); #, p<0.05 vs. NS TGF-β (+); (n=3). (F) Cells were 

analyzed for DCF by flow cytometry to determine ROS with relative fold change shown in 

bar diagram (mean ± sem). *, p<0.05 vs. NS TGF-β (−); #, p<0.05 vs. NS TGF-β (+); 

(n=3). (G) Cells were stained with MitoTracker green (membrane potential insensitive) and 

MitoTracker Deep Red (membrane potential sensitive) to evaluate mitochondrial membrane 

potential by flow cytometry. Note that cells present within hatched oval represent those with 

low mitochondrial membrane potential. Flow plots are representative of data from 3 

independent experiments. p values were determined by two-tailed Student’s t-test (in C and 

D) or ANOVA with Tukey’s post-hoc test was used to determine p values (in E and F).
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Figure 10. Effects of mitophagy inhibition in vivo
Immunocompromised mice bearing established TE11 xenograft tumors (~150 mm3) were 

treated with Mdivi-1 (0.375 mg/tumor) or vehicle control via intratumoral injection 2 times 

per week for 2 weeks. (A) Dissociated tumor cells were assessed for MitoTracker green 

(membrane potential insensitive) and MitoTracker Deep Red (membrane potential sensitive) 

to evaluate mitochondrial membrane potential by flow cytometry. Note that cells present 

within hatched oval represent those with low mitochondrial membrane potential. Flow plots 

represent data from at least 3 tumors. (B) Tumor volume was measured weekly as presented 
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in line graph (mean ± sem). ns, not significant vs. Mdivi-1; (n=8 in vehicle-treated group) or 

(n=10 in Mdivi-1-treated group); repeated measures ANOVA. (C) H&E images of 

representative tumors. Scale bar, 100 μm. (D, E) Dissociated tumor cells were assessed for 

CD44 expression with flow cytometry plot of representative samples (in D). Note cells with 

high CD44 expression are present to the right of the hatched line. (E) Bar diagram (mean ± 

sem) representing average percentage of cells with high CD44 expression in tumors from 

mice treated with vehicle (n=8) or Mdivi-1 (n=10). *, p<0.05 vs. vehicle. (F, G) Tumor 

sections were stained for p-H2A.XSer139 via IHC to assess oxidative stress. (F) 

Representative images. Scale bars, 100 μm. (G) Bar diagram as (mean ± sem) representing 

average p-H2A.XSer139 labeling index in tumors from mice treated with vehicle (n=8) or 

Mdivi-1 (n=10). *, p<0.01. ANOVA with Tukey’s post-hoc test was used to determine p 

values (in E and G).
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Table 1

Relationship between cleaved LC3 expression and clinicopathological characteristics of ESCC patients

Cleaved LC3 Expression, n (%)

Factors Total Low 86 (66.6) High 43 (33.3) p

Gender

Male 114 78 (68.4) 36 (31.6) 0.244

Female 15 10 (53.2) 7 (46.7)

Histology

Well 51 37 (72.6) 14 (27.4) 0.512

Moderate 56 35 (62.5) 21 (37.5)

Poor 22 14 (63.6) 8 (36.4)

pT

T1, T2 50 38 (76) 12 (24) 0.07

T3, T4 79 48 (68.8) 31 (39.2)

pN

N0 47 30 (80.9) 9 (19.1) 0.0008

N1 82 48 (58.5) 34 (41.5)

pM

M0 88 66 (75) 22 (25) 0.003

M1 41 20 (48.4) 21 (51.2)

p-Stage

I, II 57 44 (77.2) 13 (22.8) 0.023

III, IV 72 42 (58.3) 30 (41.7)

Lymphatic Involvement

Negative 42 35 (83.3) 7 (16.7) 0.004

Positive 87 51 (58.6) 36 (41.4)

Vascular Involvement

Negative 87 66 (77) 20 (23) 0.0003

Positive 42 19 (45.2) 23 (54.8)
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