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HSPD1 repressed E-cadherin 
expression to promote cell invasion 
and migration for poor prognosis in 
oral squamous cell carcinoma
Bor-Hwang Kang1,2,3, Chih-Wen Shu  4,5, Jian-Kang Chao6, Cheng-Hsin Lee7, Ting-Ying Fu8, 
Huei-Han Liou7, Luo-Ping Ger5,7 & Pei-Feng Liu  7,9

Buccal mucosa squamous cell carcinoma (BMSCC) is one of major subsites of oral cancer and is 
associated with a high rate of metastasis and poor prognosis. Heat shock proteins (HSPs) act as 
potential prognostic biomarkers in many cancer types. However, the role of HSPD1 in oral cancer, 
especially in BMSCC, is still unknown. Through data analysis with The Cancer Genome Atlas (TCGA), we 
found the association of HSPD1 gene expression with tumorigenesis and poor prognosis in oral cancer 
patients. Our cohort study showed that higher HSPD1 protein level was associated with tumorigenesis 
and poor prognosis in BMSCC patients with lymph node invasion, suggesting that HSPD1 may be 
involved in tumor metastasis. Moreover, knockdown of HSPD1 induced E-cadherin expression and 
decreased the migration and invasion of BMSCC cells. In contrast, ectopic expression of HSPD1 
diminished E-cadherin expression and promoted the migration/invasion of BMSCC cells. Further, 
HSPD1 regulated RelA activation to repress E-cadherin expression, enhancing the migration and 
invasion of BMSCC cells. Furthermore, HSPD1 protein level was inversely correlated with E-cadherin 
protein level in tumor tissues and co-expression of high HSPD1/low E-cadherin showed a significant 
association with poor prognosis in BMSCC patients. Taken together, HSPD1 might repress E-cadherin 
expression and promote metastatic characters of BMSCC cells for poor prognosis of BMSCC patients.

Oral squamous cell carcinoma (OSCC) remains a major global health problem with increased incidence and 
poor 5-year overall survival1,2. Although OSCC is relatively easy to access for early diagnosis, it is an aggressive 
disease with the propensity for local recurrence and cervical lymph node metastasis3. OSCC accounts for 95% of 
all cancers in the oral cavity that includes the lip, tongue and buccal mucosa and the incidence of buccal mucosa 
squamous cell carcinoma (BMSCC) is higher in Southeast Asia use to betel quid chewing and tobacco smoking4,5. 
In North America and Western Europe, BMSCC also accounts for nearly 10% of cancer in oral cavity. BMSCC 
patients have a recurrence rate of up to 57% with associated low 5-year survival rates of approximately 50%. In 
addition, the incidence rate of cervical lymph node metastasis in BMSCC patients ranges from 25% to 54%6.

Heat shock proteins (HSPs) are groups of proteins involved in protein homeostasis under stresses and heat shock 
during normal physiology7,8. The major groups of HSPs classified by different molecular weight include HSPB1 
(HSP27), DNAJB1 (HSP40), HSPD1(HSP60), HSPA4 (HSP70), HSP90AA1(HSP90) and HSPH (HSP110)9. Except 
normal cell protection, HSPs also play important roles in cancers development, progression, metastasis and drug 
resistance10. Potential clinical roles of several HSPs in oral cancers have been reported. For example: HSPA4 is 
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considered as a prognostic indicator in OSCC11. HSP90AA1 and HSPB1 are prognostic biomarker and therapeutic 
target in OSCC12,13. HSP90B1 has potential clinical application as a novel diagnostic and prognostic biomarker for 
human OSCC14. HSPA5 is a potential biomarker for detection and treatment of oral cancer patients9,15,16. However, 
the clinical significance and molecular mechanism of HSPD1 in oral cancer is still not clear, particular in BMSCC.

Epithelial-to-mesenchymal transition (EMT), a process by the conversion of epithelial cells to a mesenchy-
mal phenotype, is a key process linked to tumor metastasis17–19. The downregulation of E-cadherin required 
for polarity and cell-cell contacts is a hallmark of EMT20, which is related to poor prognosis in various cancer 
types21. The E-cadherin protein is downregulated in oral cancer cells compared with normal cells22. Importantly, 
low E-cadherin expression can predict lymph node metastasis in human OSCC cases and is considered an inde-
pendent marker for survival in OSCC patients23. Moreover, E-cadherin can be transcriptionally repressed by 
several transcription factors, such as RelA and β-catenin24,25. The classical nuclear factor-kappa B (NF-κB), as a 
heterodimer of p50/p65 (RelA), translocate into the nucleus for E-cadherin repression24. Besides, β-catenin/T cell 
factor/lymphoid enhancer factor (TCF/LEF) transcription complex binds to target genes encoding repressors to 
downregulate E-cadherin expression25. These studies imply that the transcription factors may be involved in the 
regulation of E-cadherin for metastasis of OSCC.

In the present study, we indicated that HSPD1 regulated E-cadherin repression likely through RelA activation 
to promote cell migration and invasion of BMSCC cells. High HSPD1 was associated with poor prognosis in 
patients with lymph node invasion. In addition, according to The Cancer Genome Atlas (TCGA) database and 
our cohort, patients with high HSPD1 and low E-cadherin co-expression levels had shorter survival, suggesting 
that HSPD1 and E-cadherin conferred to metastasis and poor prognosis in BMSCC patients.

Results
The association of HSPD1 with tumorigenesis and survival in oral cancer patients according to 
TCGA dataset. To examine the clinical significance of HSPD1 in oral cancer, we analyzed gene expression 
levels of HSPD1 and several reported HSPs between 30 normal tissues and 315 tumor tissues in oral cancer 
patients with TCGA dataset. As data shown in Table 1, we found that expression levels of HSPD1 (p = 0.001), 
HSP90AA1 (p < 0.001), HSPE1 (p = 0.021), HSPH1 (p < 0.001), PSMA7 (p < 0.001), HSP90B1 (p < 0.001) and 
HSPA5 (p < 0.001) are significantly higher in tumor tissues. However, expression levels of DNAJB1 (p = 0.018), 
HSPB2 (p < 0.001), HSPB6 (p < 0.001) and HSPA1A (p = 0.021) were significantly lower in tumor tissues. 
Moreover, high expression level of HSPD1 (AHR = 1.76, 95% confidence interval (CI) = 1.06–2.92, p = 0.029, 
Table 1), HSP90AA1 (AHR = 1.47, 95% CI = 1.04–2.10, p = 0.032, Table 1) and HSAP5 (AHR = 1.77, 95% 
CI = 1.08–2.89, p = 0.023, Table 1) were significantly associated with poor OS but not with poor DFS. Although 
high expression level of HSPA4 (AHR = 1.65, 95% CI = 1.15–2.36, p = 0.006, Table 1) was also associated with 
poor OS, it was not associated with tumorigenesis in patients with oral cancer (p = 0.747, Table 1). The clinical 
oncogenesis roles of HSP90AA1 and HSPA5 in oral cancer have been reported as mentioned above. However, the 
clinical role of HSPD1 and its molecular mechanisms in cancer metastasis is not clear in oral cancer.

The association of HSPD1 protein level with tumorigenesis and prognosis in BMSCC patients.  
Because BMSCC is the most common oral cavity cancer, we further investigated the clinical role of HSPD1 
in BMSCC patients. HSPD1 protein level was compared between 128 corresponding tumor adjacent normal 

ENTREZ 
gene symbol

Expression level of HSPs in tumor 
tissues compared to adjacent normal 
tissues

The association of high 
expression level of HSPs in 
tumor tissues with OS

The association of high 
expression level of HSPs in 
tumor tissues with DFS

Fold change 
(T/N) p value* AHR p value† AHR p value†

HSPD1 1.03 0.001 1.76 (1.06–2.92) 0.029 1.30 (0.66–2.58) 0.448

HSP90AA1 1.03 <0.001 1.47 (1.04–2.10) 0.032 0.94 (0.56–1.58) 0.820

HSPA4 1.00 0.747 1.65 (1.15–2.36) 0.006 1.40 (0.83–2.36) 0.209

HSPB1 1.00 0.741 0.89 (0.57–1.37) 0.580 1.32 (0.65–2.69) 0.443

HSPE1 1.03 0.021 1.47 (1.00–2.18) 0.052 1.36 (0.79–2.34) 0.266

HSPH1 1.07 <0.001 1.38 (0.91–2.09) 0.134 1.00 (0.56–1.78) 0.992

PSMA7 1.04 <0.001 1.24 (0.87–1.76) 0.242 1.30 (0.77–2.20) 0.331

HSP90B1 1.05 <0.001 1.32 (0.89–1.93) 0.164 1.06 (0.61–1.84) 0.846

HSPA5 1.04 <0.001 1.77 (1.08–2.89) 0.023 0.93 (0.51–1.70) 0.808

DNAJB1 0.98 0.018 1.25 (0.88–1.77) 0.210 1.30 (0.77–2.18) 0.326

HSPB2 0.77 <0.001 1.22 (0.86–1.73) 0.266 1.57 (0.93–2.63) 0.090

HSPB6 0.62 <0.001 1.23 (0.87–1.75) 0.246 0.95 (0.56–1.60) 0.838

HSPA1A 0.97 0.021 1.10 (0.72–1.67) 0.663 0.66 (0.38–1.16) 0.150

Table 1. The correlation of gene expression level of HSPs with tumorigenesis and survival of oral cancer 
patients from TCGA database. Abbreviations: HSPs, heat shock proteins DFS, disease-free survival; OS, overall 
survival; AHR, adjusted hazard ratio. N, normal tissues (n = 30); T, tumor tissues (n = 315). *p values were 
estimated by Student’s t-test. †p values were adjusted for cell differentiation (moderate + poor vs. well) and 
AJCC pathological stage (stage III + IV vs stage I + II) by multivariate Cox’s regression.
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(CTAN) tissues and 186 BMSCC tissues on a tissue microarray (TMA) by immunohistochemistry (IHC). 
Similarly, the results showed that higher HSPD1 protein level was found in BMSCC tissues compared to the 
paired CTAN tissues (Supplementary Table S1, p < 0.001). Next, HSPD1 protein level and pathological outcome 
(T-classification, N-classification and cell differentiation) data were assessed using a Cox regression model for 
survival analysis. HSPD1 protein level showed an impact on disease-specific survival (DSS) [adjusted hazard 
ratio (AHR) = 3.85, 95% confidence interval (CI) = 2.28–6.50, p < 0.001, Table 2] and disease-free survival (DFS) 
(AHR = 2.00, 95% CI = 1.22–3.29, p = 0.006, Table 2) in BMSCC patients having N1 and N2 lymph node metas-
tasis compared to those patients having no lymph node invasion (N0). These results revealed that HSPD1 protein 
level was associated with tumorigenesis and with poor prognosis in BMSCC patients with lymph node invasion.

Involvement of HSPD1 in the migration and invasion of BMSCC cells. To verify the involvement 
of HSPD1 in metastatic characteristics, such as cell migration and invasion, in BMSCC, BMSCC cell lines TW1.5 
and TW2.6 were transfected with siRNA and shRNA against HSPD1 or an expression vector encoding HA-tagged 
HSPD1. HSPD1 siRNA knockdown cells showed a 40% reduction in HSPD1 levels (Fig. 1A) and decreased 
migration (Fig. 1B) and invasion (Fig. 1C) abilities compared to cells transfected with scrambled siRNA. Similarly, 
stable HSPD1 shRNA knockdown cells showed a 40% reduction in HSPD1 levels (Fig. 1D) and had decreased 
migration and invasion abilities by 30% (Fig. 1E) and by 50% (Fig. 1F) compared to cells transfected by control 
shRNA, respectively. Conversely, HSPD1-overexpressing cells transfected with the HA-tagged HSPD1 expression 
vector showed a 50% increase in HSPD1 levels (arrow indicates HSPD1-fused HA-tag, Fig. 1G) and had higher 
migration and invasion abilities by 40–60% (Fig. 1H) and by 30% (Fig. 1I) compared to that of control cells, 
respectively. These results showed that HSPD1 may promote the migration and invasion of BMSCC cells.

HSPD1 modulated E-cadherin repression in the migration and invasion of BMSCC cells. Low 
E-cadherin expression is associated with the invasiveness and metastatic potential of oral cancer cells. However, 
the role of HSPD1 in E-cadherin regulation of BMSCC cells is not understood. To verify the association of HSPD1 
and E-cadherin with cell migration and invasion in BMSCC, HSPD1 was knockdowned by siRNA and shRNA in 
TW1.5 and TW2.6 cells and E-cadherin expression was analyzed by Real-Time PCR (RT-PCR) and Western blot 
analysis. The gene (Fig. 2A) and protein (Fig. 2B) expressions of E-cadherin were higher in HSPD1-knockdown 
cells, whereas E-cadherin expression was lower in HSPD1-overexpressing cells compared to that of control cells 
(Fig. 2C). Moreover, to investigate if HSPD1-regulated E-cadherin repression was involved in cell migration 
and invasion, E-cadherin stable knockdown TW1.5 and TW2.6 cells were established using shRNA (Fig. 2D). 
Reduced effects of silencing HSPD1 on migration and invasion were significantly recovered in E-cadherin stable 
knockdown cells in comparison to that control cells (Fig. 2E–H). Indeed, the cell migration of stable E-cadherin 
knockdowned cells was slightly reversed by siHSPD1, indicating that E-cadherin is not the only molecule mod-
ulated by HSPD1 for cell migration. Further, HSPD1-overexpressing cells transfected with the GFP-tagged 
E-cadherin expression vector (Fig. 2I) showed decreased migration and invasion by 25–40% (Fig. 2J) and by 
50% (Fig. 2K) compared to control cells, respectively. These results indicated that HSPD1-regulated E-cadherin 
repression is involved in the migration and invasion of BMSCC cells.

Involvement of RelA in HSPD1-modulated E-cadherin repression and migration/invasion 
of BMSCC cells. RelA (in the NF-κB pathway) and β-catenin (in the Wnt/β-catenin pathway) are repres-
sors of E-cadherin expression and are required for the migration and invasion of cancer cells. To investigate 
whether the NF-κB pathway or Wnt/β-catenin pathway is activated by HSPD1, NF-κB- and β-catenin-mediated 

Variable No. (%) AHR (95% CI) p value

Disease-specific survival

T classification
T1, T2 141 (75.8) 1.00

T3, T4 45 (24.2) 1.42 (0.86–2.32) 0.168

N classification
N0 138 (74.2) 1.00

N1, N2 48 (25.8) 3.85 (2.28–6.50) <0.001

Cell differentiation
Well 50 (26.9) 1.00

Moderate, poor 136 (73.1) 1.51 (0.80–2.87) 0.205

Disease-free survival

T classification
T1, T2 141 (75.8) 1.00

T3, T4 45 (24.2) 0.79 (0.46–1.34) 0.379

N classification
N0 138 (74.2) 1.00

N1, N2 48 (25.8) 2.00 (1.22–3.29) 0.006

Cell differentiation
Well 50 (26.9) 1.00

Moderate, poor 136 (73.1) 1.60 (0.90–2.86) 0.110

Table 2. The correlation of protein level of HSPD1 and survival by different clinicopathological outcomes 
in BMSCC patients. Abbreviations: AHR, adjusted hazard ratio; BMSCC, buccal mucosa squamous cell 
carcinoma; CI, confidence interval. p values were estimated by multivariate Cox’s regression. p values were 
adjusted for cell differentiation (moderate + poor vs. well), T classification(T3 + T4 vs T1 + T2), and N 
classification(N1 + N2 vs N0).
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transcriptional activities were examined in HSPD1- knockdown and -overexpressing cells with luciferase assays. 
Both NF-κB- and β-cat-mediated transcriptional activities were reduced in HSPD1-knockdown cells (Fig. 3A,B; 
Fig. 3C,D) and increased in HSPD1-overexpressing cells (Fig. 3E,F), indicating that the NF-κB pathway and 
Wnt/β-catenin pathway were both activated by HSPD1.

To further investigate if RelA or β-catenin is involved in HSPD1-regulated migration and invasion, RelA and 
β-catenin stable knockdown cells were established (Fig. 4A). Unlike control cells and stable β-catenin knock-
downed cells, E-cadherin expression was elevated in RelA stable knockdowned cells with both scramble siRNA 
and siRNA against HSPD1 (Fig. 4A). Moreover, stable knockdown of RelA had no additive effects on silenced 
HSPD1-reduced migration and invasion in BMSCC cells (Fig. 4B–E). On the other hand, ectopic HSPD1 
expression-reduced E-cadherin was recovered in RelA knockdowned cells, whereas it had no effects in β-cat 
stable knockdowned cells (Fig. 4F). Moreover, HSPD1 overexpression-promoted migration was reduced in RelA 
stable knockdown cells (Fig. 4F–H). These results indicated that HSPD1-regulated E-cadherin expression was 
mediated by RelA, which was involved in HSPD1-regulated migration and invasion.

To further evaluate if RelA is activated by HSPD1, protein levels of phosphorylated RelA from the cytoplasm 
and nucleus were compared in HSPD1-knockdown TW1.5 and TW2.6 cells. Our results indicated that the level of 
phosphorylated RelAS536 was decreased in both the cytoplasm and nucleus of HSPD1-knockdown cells (Fig. 4I). 
Taken together, HSPD1-regulated E-cadherin repression in the migration and invasion of BMSCC cells, which 
might be through phosphorylation and transcriptional activity of RelA.

The association of HSPD1/E-cadherin co-expression with prognosis in BMSCC patients. Our 
results demonstrated that HSPD1-regulated E-cadherin repression was associated with migration and invasion of 
BMSCC cells (Fig. 2). To examine the correlation of HSPD1 and E-cadherin in BMSCC patients, we evaluated the 
protein levels of HSPD1 and E-cadherin with TMA and found that protein level of HSPD1 was higher (Fig. 5A, 
p < 0.001; Supplementary Table S1, p < 0.001) and protein level of E-cadherin was lower (Fig. 5B, p < 0.001; 
Supplementary Table S1, p < 0.001) in BMSCC tissues in comparison to the CTAN tissues. Moreover, protein 
level of HSPD1 negatively correlated with protein level of E-cadherin in BMSCC tissues (Fig. 5C; correlation 
coefficient (r) = −0.344, p < 0.001). To determine whether the co-expression levels of HSPD1 and E-cadherin 
were involved in the survival of BMSCC patients, the Kaplan-Meier method and Cox proportional hazards mod-
els were used. The co-expression level of high HSPD1/low E-cadherin was significantly associated with poor DSS 
(log rank p = 0.001, Fig. 5D; AHR = 2.24, 95% CI = 1.32–3.83, p = 0.003, Table 3) and DFS (log rank p = 0.016, 
Fig. 5E; AHR = 1.88, 95% CI = 1.13–3.14, p = 0.015, Table 3) in BMSCC patients. Moreover, BMSCC patients 
with co-expression level of high HSPD1/low E-cadherin had poor overall survival (OS) (log rank p = 0.010, 
Fig. 5F; AHR = 1.88, 95% CI = 1.18–2.98, p = 0.008, Supplementary Table S2). Similarly, TCGA data analysis 
showed that oral cancer patients with co-expression level of high HSPD1/low E-cadherin also had poor OS (log 
rank p = 0.023, Fig. 5G; AHR = 1.86, 95% CI = 1.15–3.01, p = 0.012, Supplementary Table S3). These data indi-
cated that co-expression level of high HSPD1/low E-cadherin was associated with poor prognosis of BMSCC 
patients.

Figure 1. Effects of HSPD1 on the migration and invasion in TW1.5 and TW2.6 cells. The HSPD1 protein 
levels, migration and invasion of (A–C) HSPD1-silenced cells transfected with scrambled siRNA (5 nM, 
siCtrl) or siRNAs against HSPD1 (5 nM, siHSPD1), of (D–F) HSPD1 stable knockdown cells transfected with 
scrambled shRNA and shRNAs against HSPD1, and of (G–I) HSPD1-overexpressing cells transfected with the 
HA-tagged HSPD1 expression vector were analyzed. HA protein levels were analyzed by Western blot analysis. 
Abilities of migration and invasion were measured by wound-healing assay and transwell invasion assay, 
respectively. Full-length blots are presented in Supplementary information.
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Discussion
HSPD1, a nuclear-encoded mitochondrial protein association with co-chaperonin HSP10, helps fold proteins 
to facilitate degradation of misfolded or denatured proteins, which involved in the activation of the immune 
system, has pro-inflammatory functions, and has pro-survival or pro-apoptotic roles26. Moreover, abnormalities 
in expression and subcellular localization of HSPD1 were also related to neurodegenerative disorders, inflam-
matory diseases and various cancers. Most studies showed that overexpression of HSPD1 is associated with can-
cer progression in various tumors16,27–31. However, its clinical role and molecular mechanisms in oral cancer 
remains unclear, especially in BMSCC. In the study, we reported the following findings: First, we found HSPD1 
gene expression was associated with both tumorigenesis and poor prognosis in oral cancer patients from TCGA 
database. Second, HSPD1 protein level was associated with tumorigenesis and poor survival in BMSCC patients. 
Third, HSPD1 was involved in the migration and invasion of BMSCC cells, likely through RelA activation and 
E-cadherin repression. Fourth, co-expression level of high HSPD1 and low E-cadherin was highly correlated with 
poor prognosis in BMSCC patients, suggesting these molecules could be potential prognostic factors for BMSCC.

HSPD1 is a molecular chaperone localized mainly in the mitochondrial matrix32, but it is recently found in 
many extramitochondrial sites, such as the outer mitochondrial surface, the cell surface, the intracellular vesicles, 

Figure 2. Effects of HSPD1 on E-cadherin repression and the migration and invasion of TW1.5 and TW2.6 
cells. (A) E-cadherin gene expression was analyzed in cells transfected with scrambled siRNA or siRNA against 
HSPD1. (B) E-cadherin and HSPD1 protein levels were analyzed in HSPD1-silenced cells. (C) E-cadherin 
and HA protein levels were analyzed in cells transfected with the HA-tagged HSPD1 expression vector. (D) 
E-cadherin and HSPD1 protein levels were analyzed in E-cadherin stable knockdown cells harboring siRNAs 
against HSPD1. (E-F) The migration ability of E-cadherin stable knockdown cells harboring siRNAs against 
HSPD1 was analyzed. (G-H) The invasion ability of E-cadherin stable knockdown TW1.5 cells harboring 
siRNAs against HSPD1 was analyzed. (I) The HSPD1 protein level was analyzed in cells co-expressing GFP-
tagged E-cadherin and HA-tagged HSPD1. (J) The migration ability of cells co-expressing GFP-tagged 
E-cadherin and HA-tagged HSPD1 was analyzed. (K) The cell invasion ability of TW1.5 cells co-expressing 
GFP-tagged E-cadherin and HA-tagged HSPD1 was analyzed. Gene expressions and protein levels were 
analyzed by RT-PCR and Western blot analysis, respectively. Abilities of migration and invasion were 
measured by wound-healing assay and transwell invasion assay, respectively. Full-length blots are presented in 
Supplementary information.
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nucleus, the extracellular space, and even in the cytosol. Recently, exosomal HSPD1 is reported as a potential 
diagnostic and prognostic biomarker in cancer, especially in colorectal cancer33. Accumulating evidence has 
demonstrated that HSPD1, especially cytosolic HSPD1, is involved in survival and the metastasis of various can-
cers27,28. One group indicated that cytosolic HSPD1 interacts with β-catenin to promote metastasis by increas-
ing the protein levels and transcriptional activity of β-catenin in head and neck cancer31, which may led to the 
accumulation of free β-catenin to activate mesenchymal gene expression34. Moreover, cytosolic HSPD1 activates 
NF-κB by directly interacting with IκB kinase (IKK) α/β for cell survival35. However, its molecular mechanism 
in metastatic cancer is still unclear. Our studies first indicated that HSPD1 might promote cell invasion and 
migration by increasing the transcriptional activation of RelA to repress E-cadherin in BMSCC, while the local-
ization of cytosolic HSPD1 in RelA regulation will need further investigation. Astonishingly, there is an opposite 
finding that HSPD1 acts as a tumor suppressor to inhibit invasion by increasing E-cadherin in hepatocellular 
carcinoma30, likely due to different mechanisms in various cancer types.

Our results showed that HSPD1 repressed E-cadherin expression at transcriptional and translational levels 
in BMSCC (Fig. 2). In addition to the repression of E-cadherin by HSPD1 through RelA activation, E-cadherin 
could be repressed by several factors, including SNAIL, ZEB1, ZEB2, SLUG and TWIST36–38. However, the 
involvement of SNAIL, SLUG and TWIST in HSPD1-mediated E-cadherin repression was not observed in 
BMSCC cells (Supplementary Fig. S1), implying that HSPD1-mediated EMT process may be regulated by other 
pathways16,39. On the other hand, E-cadherin could also repress the nuclear localization of NF-κB, affecting its 
transcriptional activity40, and a loss of E-cadherin leads to the induction of NF-κB activity in the cell41. Thus, the 
reciprocal repression between E-cadherin and RelA on HSPD1-modulated metastasis needs to be verified in the 
future.

In the study, we would like to investigate the role of HSPD1 in cell migration/invasion. Thus, we meas-
ured several important EMT-markers such as E-cadherin, N-cadherin, Snail, Twist, Slug and c-Myc in 
HSPD1-knockdowend cells and found that only E-cadherin was significantly regulated by HSPD1 (Supplementary 
Fig. S1). Moreover, previous studied indicated that the downregulation of E-cadherin required for polarity and 
cell-cell contacts is a hallmark of EMT and low E-cadherin expression has been considered an independent 
marker for survival in OSCC patients. Thus, we focused on estimating the change of HSPD1-regulated E-cadherin 
expression and found that that E-cadherin was one of potential EMT-markers for HSPD1-mediated metastasis in 
OSCC. Definitely, other EMT-markers involving in HSPD1-mediated metastasis could not be excluded.

Figure 3. Effects of HSPD1 on NF-κB and β-catenin transcriptional activity in TW1.5 and TW2.6 cells. The 
transcriptional activities of NF-κB and β-catenin in (A-B) HSPD1-silenced cells with scrambled siRNA or 
siRNAs against HSPD1, in (C-D) HSPD1 stable knockdown cells with scrambled shRNA or shRNAs against 
HSPD1 infected cells, and in (E-F) HSPD1-overexpressing cells with the HA-tagged HSPD1 expression vector 
were analyzed. HSPD1 and HA protein levels were analyzed by Western blot analysis. The transcriptional 
activity was measured by luciferase assay. Full-length blots are presented in Supplementary information.
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Our results indicated that co-expression level of high HSPD1/low E-cadherin was significantly associated with 
poor survival in BMSCC patients (Fig. 5 and Table 3). Analysis with another independent cohort from TCGA 
database also showed that oral cancer patients with co-expression level of high HSPD1/low E-cadherin had poor 
OS compared to those with co-expression level of low HSPD1/high E-cadherin (Fig. 5G and Supplementary 
Table S3). Moreover, our results indicated that cells with low HSPD1/low E-cadherin showed lower migration 
ability compared to cells with high HSPD1/low E-cad (Fig. 2E,F). Furthermore, patients with low HSPD1/low 
E-cadherin expression still have better survival [DSS AHR = 1.49 (0.75–2.96); DFS AHR = 1.16 (0.60–2.26), 
Table 3] compared to patients with high HSPD1/low E-cadherin expression [DSS AHR = 2.24 (1.32–3.83); DFS 
AHR = 1.88 (1.13–3.14), Table 3], which supports the notion that low HSPD1/low E-cadherin expression has 
protective effects in oral cancer patients although it is not significant different. The possible reason might be i) 
cohort limitation ii) heterogenous and complicated microenvironment of tumors in vivo. On the other hand, 
patients with high HSPD1/high RelA also showed poor OS than those with co-expression level of low HSPD1/low 
RelA (AHR = 1.98, 95% CI = 1.11–3.55, p = 0.021, Supplementary Table S4). These analyzed data might imply the 
importance of high HSPD1/low E-cadherin/high RelA expressions in the prognosis of BMSCC patients.

Except epithelial E-cadherin, epithelial N-cadherin, nuclear Snail and Twist and cytoplasmic Vimentin were 
also well-known biomarker markers for EMT process in cancers42. To investigate if these EMT markers also 
involve in HSPD1-mediated the expression, the expression correlation between these EMT markers and HSPD1 
was analyzed. We found that protein level of E-cadherin was the only EMT marker negatively correlated with 
protein level of HSPD1 (r = −0.327, p < 0.001, Supplementary Table S5), highlighting the HSPD1 repressed 
E-cadherin expression is specifically critical for metastasis and poor prognosis in BMSCC.

Notably, survival rate of oral cancer patients with co-expression level of low HSPD1/low E-cadherin is higher 
than those with co-expression level of high HSPD1/high E-cadherin from TGCA cohort (Fig. 5G), which is 
opposite to the findings in our cohort study (Fig. 5D–F). Our cohort study was based on protein level in BMSCC 
patients, whereas TCGA database analysis was based on mRNA level. Moreover, oral cancer cohort from TCGA 

Figure 4. Involvement of HSPD1 in RelA-mediated migration and invasion through phosphorylation of RelA 
at Ser536 in TW1.5 and TW2.6 cells. (A) The protein levels of RelA and β-catenin stable knockdown TW1.5 
and TW2.6 cells harboring siRNAs against HSPD1 were analyzed. (B-C) The migration abilities of RelA and 
β-catenin stable knockdown TW1.5 and TW2.6 cells harboring siRNAs against HSPD1 were analyzed. (D-E) 
The invasion abilities of RelA and β-catenin stable knockdown TW1.5 cells harboring siRNAs against HSPD1 
were analyzed. (F) The protein levels of RelA and β-catenin stable knockdown TW2.6 cells harboring an HA-
tagged HSPD1 expression vector were analyzed. (G-H) The migration abilities of RelA and β-catenin stable 
knockdown TW2.6 cells harboring an HA-tagged HSPD1 expression vector were analyzed and quantified. (I) 
RelAS536 phosphorylation and RelA expression in both the cytoplasm and nucleus of TW1.5 and TW2.6 cells 
transfected with HSPD1 siRNA were analyzed. HSPD1 protein levels were analyzed by Western blot analysis. 
The transcriptional activity was measured by luciferase assay. Full-length blots are presented in Supplementary 
information.
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database only includes 24 BMSCC patients and most of oral patients are TSCC patients. Thus, co-expression 
level of HSPD1 and E-cadherin plays different role between our cohort and TCGA might be due to (1) different 
molecular level (2) different subsites of tumor tissues.

HSPD1 is related to chronic inflammation, which may increase cancer metastasis43. Moreover, the buc-
cal mucosa is the site with the highest risk of contracting a malignancy in patients exposed to common 
inflammation-related carcinogens, such as cigarettes, betel quid, and alcohol44. In our stratified analysis, we found 
a possible association of higher HSPD1 expression with BMSCC patients who chewed betel quid (p = 0.009, 
Supplementary Table S6) but not who smoked or drank alcohol (Supplementary Table S6). Moreover, HSPD1 
expression is associated with recurrence in BMSCC patients, implying that HSPD1 may mediate drug resistance 
and could be a prognostic factor for cancer therapy45. Sphere-forming stem-like cell populations have the poten-
tial for chemoresistance or radioresistance in human sarcoma cell lines46. However, cell viability in 3D cell spheres 
was not significantly different between the control and HSPD1-knockdown cells (Supplementary Fig. S2). The 
possible roles of HSPD1 in chemoresistance or radioresistance in the recurrence of BMSCC still require further 
verification. The HSPD1 repressed E-cadherin expression through RelA activation may be involved in metastasis 
in BMSCC cells, and co-expression of high HSPD1/low E-cadherin could be a potential prognostic biomarker 
for BMSCC patients.

Methods
Clinical samples. The specimens of 128 CTAN and 186 BMSCC tissues from 1993 to 2006 were har-
vested in Kaohsiung Veterans General Hospital. These informed consents were provided by all patients and the 
study was approved by the Institutional Review Board at Kaohsiung Veterans General Hospital (IRB number: 
VGHKS11-CT12-13). All studies involving human participants were in accordance with the ethical standards of 
the institutional and/or national research committee.

TMA block construction. The representative area of tumor and CTAN tissues was selected and the TMA 
blocks were constructed as described previously47. Basically, TMA block was composed of 48 trios. Each trio 
contained two cores from the tumor tissue and one core from the CTAN of the same patient. Five cores of nor-
mal uvula epithelium from other persons were also included in each TMA block. Cores with incorrect content 
were excluded. therefore, total 7 TMA blocks were constructed. TMA blocks were cut into 4-μm serial sections, 
deparaffinized in xylene, rehydrated in gradient ethanol, and washed for 5 min with phosphate-buffered saline 
for further IHC staining.

Figure 5. Correlation analysis of HSPD1 and E-cadherin protein levels in tumor tissues and survival curves 
according to co-expression level of HSPD1 and E-cadherin in oral cancer patients. (A) The HSPD1 protein 
levels determined by IHC were compared between CTAN and tumor tissues in BMSCC patients. (B) The 
E-cadherin protein levels determined by IHC were compared between CTAN and tumor tissues in BMSCC 
patients. (C) The correlation of HSPD1 and E-cadherin protein levels in BMSCC patients was analyzed.  
(D-E) The Kaplan-Meier curves were analyzed for DSS and DFS in BMSCC patients with co-expression level 
of HSPD1 and E-cadherin. (F) The Kaplan-Meier curves were analyzed for OS in BMSCC patients with co-
expression level of HSPD1 and E-cadherin. (G) The Kaplan-Meier curves were analyzed for OS of TCGA oral 
cancer patients with co-expression level of HSPD1 and E-cadherin. (H, means high protein level of HSPD1 or 
E-cadherin; L, means low protein level of HSPD1 or E-cadherin).
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IHC analysis and scoring. IHC staining for all tissues were performed by the Novolink Max Polymer 
Detection System (Leica, Newcastle Upon Tyne, United Kingdom). Antigen retrieval was accessed by a pressure 
boiler in Tris-EDTA (10 mM, pH 9.0) for 10 min, and endogenous peroxidase was blocked with 3% hydrogen 
peroxide at room temperature for 10 min. The slides were incubated with anti-HSPD1 (dilution 1:200; Abcam 
Inc. Cambridge, MA, USA) and anti-E-cadherin (dilution 1:200; BD Bioscience, San Diego, CA, USA) anti-
bodies overnight at 4 °C in a moisture chamber. After washing with PBS, the slides were incubated with second-
ary antibody labeled with horseradish peroxidase at room temperature for 10 min and then counterstained with 
hematoxylin.

A semiquantitative approach was used to grade immunoreactivity. First, an oral cancer pathologist (Ting-Ying 
Fu) accompanied two pathology technicians (Cheng-Hsin Lee and Huei-Han Liou) evaluated the slides to resolve 
all discrepancies. Total 5–20% of the core samples were randomly selected by the oral cancer pathologist for 
re-evaluation after they independently reviewed all of the slides. The staining intensity of cytoplasmic HSPD1 
and membrane E-cadherin staining was measured using a numerical scale indicated as 0 (negative expression), 1 
(weak expression), 2 (moderate expression) and 3 (strong expression) (Supplementary Fig. S3). The percentage of 
cells staining was scored as 0 (<5%), 1 (5–25%), 2 (26–50%), 3, (51–75%), and 4 (>75%). The final scores (0–7) 
was the sum of the score for intensity (0–3) added to the score for percentage (0–4). Based on the distribution of 
HSPD1 and E-cadherin scores, the low and high expression levels were dichotomized by the cutoff set at the 50th 
percentile with cutoff values 4 and 3 for HSPD1 and E-cadherin, respectively. The low and high gene expression 
levels from TCGA were dichotomized based on a receiver operating characteristic curve analysis.

Vectors. An NF-κB responsive promoter vector (pGL4.32), a TCF/LEF responsive promoter vector (pGL4.49) 
and a CMV constitutive promoter vector (pGL4.50) were purchased from Promega (Promega Corporation, 
Madison, WI, USA). The pCGN-HA expression vector encoding full-length cDNA of HSPD1 was a gift from 
Dr. Sang Won Kang at Ewha Womans University in Korea. A GFP-tagged E-cadherin expression vector was pur-
chased from Addgene (plasmid # 28009).

Cell culture. Buccal mucosa oral cancer-derived cell lines (TW 1.5 and TW 2.6)48,49, provided from 
Dr. Michael Hsiao at Academia Sinica in Taiwan and Dr. Mark Yen-Ping Kuo at National Taiwan University 
Hospital, were grown in Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen-Gibco, Carlsbad, CA, USA) 
with 10% heat-inactivated fetal bovine serum (Biological Industries, Kibbutz, Israel), with 100 U/ml penicil-
lin (Invitrogen-Gibco, Carlsbad, CA, USA), and with 100 μg/ml streptomycin (Invitrogen-Gibco, Carlsbad, CA, 
USA) at 37 °C in a humidified 5% CO2 atmosphere. Cells were grown on Corning tissue culture plates (Corning 
Incorporated, Corning, CA, USA).

Cell transient transfection. Oral cancer cells were seeded into 6-well plates then transfected with the 
pCGN-HA vector containing full-length cDNA of human HSPD1 or with the GFP-tagged E-cadherin expres-
sion vector using X-tremeGENE (Sigma-Aldrich Corporation, St. Louis, MO, USA) for 24 h. For transient 
knockdown, cells were transfected with 5 nM scrambled siRNA or siRNA against HSPD1, RelA, β-catenin, and 
E-cadherin (Ambion, Foster City, CA, USA) using RNAiMAX (Life technologies, Carlsbad, CA, USA) for 48 h.

Variable No. (%) CHR (95% CI) p value* AHR (95% CI)
p 
value†

Disease-specific survival

HSPD1 (L) 
E-cad (H) 66 (35.5) 1.00 1.00

HSPD1 (H) 
E-cad (L) 57 (30.6) 2.24 (1.43–3.51) <0.001 2.24 (1.32–3.83) 0.003

HSPD1 (H) 
E-cad (H) 35 (18.8) 0.43 (0.21–0.90) 0.025 0.65 (0.29–1.46) 0.300

HSPD1 (L) 
E-cad (L) 28 (15.1) 1.14 (0.63–2.08) 0.658 1.49 (0.75–2.96) 0.253

Disease-free survival

HSPD1 (L) 
E-cad (H) 66 (35.5) 1.00 1.00

HSPD1 (H) 
E-cad (L) 57 (30.6) 1.96 (1.26–3.04) 0.003 1.88 (1.13–3.14) 0.015

HSPD1 (H) 
E-cad (H) 35 (18.8) 0.55 (0.29–1.07) 0.078 0.73 (0.35–1.51) 0.392

HSPD1 (L) 
E-cad (L) 28 (15.1) 0.96 (0.53–1.73) 0.888 1.16 (0.60–2.26) 0.662

Table 3. The association of co-expression level of HSPD1 and E-cad with survival in BMSCC patients. 
Abbreviations: AHR, adjusted hazard ratio; BMSCC, buccal mucosa squamous cell carcinoma; CHR, crude 
hazard ratio; CI, confidence interval; E-cad, E-cadherin; H, High expression; L, Low expression. *p values were 
estimated by Cox’s regression. †p values were estimated by multivariate Cox’s regression. †p values were adjusted 
for cell differentiation (moderate + poor vs. well), T classification (T3 + T4 vs T1 + T2), and N classification 
(N1 + N2 vs N0).
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Cell stable selection. shRNAs against HSPD1 (TRCN0000029446), RelA (TRCN0000014684), β-catenin 
(TRCN0000003845) and E-cadherin (TRCN0000237843) were purchased from The RNAi Consortium (TRC, 
Taiwan). Total vectors (2 μg) were transfected into 1 × 106 HEK293FT cells using 2 μl of Lipofectamine 2000 
(Thermo Fisher Scientific, Waltham, MA, USA). The culture supernatant was harvested on days 2, and the cell 
debris was removed for further infection of TW2.5 and TW2.6 cells. The infected TW2.5 and TW2.6 cells were 
selected with 1–3 μg/ml puromycin for at least 10 days to obtain stable cell lines. The knockdown efficiency in cells 
stably harboring shRNAs against HSPD1, RelA and β-catenin was verified by immunoblotting. All experiments 
were performed as approved by the Biosafety Committee at Kaohsiung Veterans General Hospital.

RT-PCR. Total RNA of TW2.5 and TW2.6 cells transfected with siRNA against HSPD1 was extracted 
with TRIzol reagent (Invitrogen, Carlsbad, CA, USA). Then, 1 μg of total RNA was reverse transcribed with 
SuperScript II RNase H-Reverse Transcriptase (Invitrogen, Carlsbad, CA, USA) for cDNA synthesis. The amount 
of target gene mRNA relative to actin was analyzed by RT-PCR performed in a StepOnePlusTM system (ABI 
Prism 7000 sequence detection system) with SYBR Green Master Mix (Applied Biosystems, Foster City, CA, 
USA). A comparative cycle threshold method was used for quantifying the fluorescence signals.

Immunoblotting. After PBS rinsed, the cells were lysed in RIPA buffer (1% NP40, 50 mM Tris-HCl pH 7.5, 
150 mM NaCl, 0.25% sodium deoxycholate, 0.1% SDS) plus protease inhibitor cocktail. The protein samples from 
the cells were separated by a 10% (w/v) SDS-PAGE gel and electrophoretically transferred from the gel to nitro-
cellulose membranes (Millipore, Billerica, MA, USA). The membranes were blocked in 5% (w/v) skim milk and 
then incubated overnight at 4 °C with primary antibodies against HSPD1 (Abcam, MA, USA), E-cadherin, RelA, 
RelAS536-P, β-catenin, H3 histone, GAPDH (Cell Signaling Technology Inc. Danvers, MA, USA), hemaggluti-
nin (HA) tag (Roche Diagnostics, Rotkreuz, AG, Switzerland) and ACTB (β-actin) (Sigma-Aldrich Corporation, 
St. Louis, MO, USA). The proteins were probed with horseradish peroxidase-labeled secondary antibody and 
detected with an ECL reagent. The protein expression level on the membrane was analyzed and measured with 
the ChemiDoc XRS Imaging System (Bio-Rad) and ImageJ software.

Luciferase reporter assay. To test RelA and β-catenin transcriptional activity, cells (8 × 103 cells/50 μl) 
were transfected with 2 μg of the NF-κB responsive promoter vector (pGL4.32) and TCF-LEF responsive reporter 
vector (pGL4.49) for 16 h in 96-well plates. The ONE-Glo® Luminescent Cell Viability Assay kit (Promega 
Corporation, Madison, WI, USA) and a Fluoroskan Ascent FL reader (Thermo Fisher Scientific, Waltham, USA) 
were used for measuring and quantifying the luminescence of the luciferase-based reporter, respectively. CMV 
constitutive luciferase expression (pGL4.50) was used to normalize luminescent signals50.

Wound-healing assay. Culture dishes were fitted with IBIDI Culture-Inserts (35 mm with high 
culture-insert coating). Suspensions of cells in FBS-free DMEM (140 µl) were seeded at a density of 1.5 × 105 
cells/ml in the insert and cultured at 37 °C with 5% CO2 overnight. Subsequently, culture inserts were removed, 
and wound healing as an indication of cancer migration was observed for 9 h. Migration distance was measured 
in triplicate.

Transwell invasion assay. The assay was performed using transwell inserts with 8 μm pore (Greiner 
Bio-One, St. Louis, MO, USA). A total of 8 × 104 cells in 300 µl DMEM containing 1% FBS were seeded into 
the top chamber of 0.5% Matrigel-coated transwell inserts (Collaborative Research Inc., Bedford, MA, USA). 
To stimulate cell invasion, complete medium was added to the bottom of transwell inserts. After 24 h, the cells 
on the upper side of the filter were removed, and the cells adhering to the bottom surface of the filter were fixed 
in 4% formaldehyde and stained with 0.1% crystal violet. The cells invading from matrigel to the reverse side of 
filter were counted under a microscope (magnification of × 200) in five random fields. All invasion assays were 
performed in triplicate.

Subcellular fractionation. The subcellular fractions were obtained after differential centrifugation. Briefly, 
cells were centrifuged, and the pelleted cell were resuspended in ice-cold fractionation buffer (10 mM HEPES 
pH = 7.9, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM dithiothreitol, protease inhibitors mixture, 1 mM 
NaF, 1 mM Na3VO4, and 50 mM β-glycerophosphate). After rupturing the cells, the cells and debris were removed 
by centrifugation at 500 g for 10 min and the supernatant was subsequently separated into pellets (nuclear frac-
tion) and supernatants (cytosol fraction) by centrifugation at 10,000 g for 10 min.

TCGA dataset and statistical analysis. All statistical analysis was performed with SPSS software (ver-
sion 20.0, SPSS Inc., Chicago, USA). RNA-sequencing transcriptome profiles of all genes were downloaded from 
the public TCGA data portal (https://cancergenome.nih.gov). The gene expression data of 30 normal and 315 
tumor tissues of oral cancer patients were used to analyze the association of HSPs expression with tumorigenesis. 
Also, the gene expression data of 315 tumors tissues of oral cancer patients from TCGA database were used for 
analyzing the impact of gene expression in survival. The hazard ratio was adjusted for cell differentiation (moder-
ate + poor vs. well) and AJCC pathological stage (stage III + IV vs. stage I + II) by multivariate Cox’s regression. 
In our cohort, DSS was measured as the time from date of the primary surgery to the date of cancer-specific death 
or the last follow-up. DFS, included both local and regional DFS, was calculated as the time from the date of the 
primary surgery to the date of first recurrence or the last follow-up. Kaplan-Meier method, log-rank test, and 
Cox’s proportional hazards model were used for survival analysis. The hazard ratio was adjusted for cell differen-
tiation (moderate + poor vs. well), T classification (T3 + T4 vs T1 + T2), and N classification (N1 + N2 vs N0). 
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A P-value of 0.05 or less was considered significant (*), a P-value of 0.01 or less was considered highly significant 
(**), and a P-value of 0.001 or less was considered extremely significant (***). All quantified results are expressed 
as the mean ± SEM from 3 individual experiments.
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