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Abstract 

BACKGROUND & AIMS: This study aims to investigate the role of DnaJ 

(Hsp40) homolog, subfamily B, member 6 (DNAJB6) in esophageal squamous 

cell carcinoma (ESCC) pathogenesis. 

METHODS: Tissue microarray analysis was used to investigate the clinical 

relevance of DNAJB6 in 160 Hong Kong ESCC patients stratified into defined 

metastasis- and age-subgroups, followed by functional and molecular studies 

in cell lines and mouse models to verify the results and to elucidate 

mechanistic actions.  

RESULTS: Nuclear DNAJB6 staining of primary ESCC specimens was a good 

prognostic marker in distant metastasis-free (M0) patients independent from 

pathological stage and presence of lymph node metastases (p-value=.002, 

n=148). The staining correlated with increased overall survival significantly in 

late-onset (p-value=.000, n=87), but not in early-onset M0 patients 

(p-value=.430, n=61). Nuclear DNAJB6 staining of primary tumors negatively 

associated with presence of lymph node metastases (p-value=.006, n=148). 

Over-expression of the DNAJB6a nuclear isoform suppressed tumor growth in 

an isoform-specific and localization-dependent manner. The HPD motif in the J 

domain of DNAJB6a suppresses oncogenic Akt signaling and tumor growth. 
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Loss of DNAJB6a resulted in upregulation of Akt signaling in cancer cells and 

immortalized esophageal epithelial cells. Expression of constitutively active Akt 

construct rescued proliferation and downstream molecular alterations. 

DNAJB6a expression negatively modulates cellular sensitivity to Akt inhibition 

in ESCC and regulates Akt signaling in other cancers.  

CONCLUSIONS: Nuclear DNAJB6 staining was shown to be a favorable 

prognostic marker in a subgroup of ESCC patients. As a novel Akt regulator, 

DNAJB6a suppresses tumorigenicity and is a potential biomarker for 

progression of ESCC. 

Keywords: esophageal squamous cell carcinoma; prognostic marker; tissue 

microarray. 

(260/260 words) 

Additional keywords for submission only: functional analysis; mouse model; 

signaling study; 
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INTRODUCTION 

Esophageal carcinoma ranks as the eighth frequent cancer worldwide, 

with an estimated 9% age-standardized incidence rate and 7.7% 

age-standardized mortality rate in 2012.1 It is classified into two major 

histologic forms including esophageal squamous cell carcinoma (ESCC) and 

esophageal adenocarcinoma (EAC).2 EAC is more frequent in developed 

Western countries, while ESCC is the dominant histologic type in Asia 

including China and Hong Kong.3  

The DNAJ/HSP40 family mainly functions as co-chaperones which 

modulate the activity and substrate specificity of chaperone proteins such as 

HSP90 and HSP70 families. DNAJB6 is a member of the HSP40/DNAJ 

family.4 Two variants resulting from alternative splicing exist with differences at 

the C-terminal end resulting in two protein isoforms, DNAJB6a and DNAJB6b.5 

Mutation of DNAJB6b has been detected and studied in the pathogenesis of 

limb-girdle muscular dystrophy.6  

We reported the role of DNAJB6a in breast cancer is related to the 

regulation of the GSK3β/β-catenin pathway.7-9 Herein, we studied the 

expression of DNAJB6 and correlates with the clinicopathological features of 

ESCC. The expressions of DNAJB6 nuclear isoform, DNAJB6a were studied 
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in vivo and in vitro to reveal its mechanisms in ESCC. 

 

Materials and Methods details are in Supplementary Materials 

 

Results 

Nuclear DNAJB6 staining is a good prognostic marker  

Kaplan-Meier survival analysis showed that higher nuclear DNAJB6 

staining in primary tumors (n=160) was significantly correlated with better 

patient overall survival (median survival ± standard error: 19.2±1.8mo, 

95%CI:15.6-22.8) compared to lower nuclear staining (12.6±1.4mo, 

95%CI:9.8-15.4; p-value=.004 by Log Rank test, Figure 1A; overall median 

survival of the whole population: 12.05±2.9mo), suggesting a general 

protective role of nuclear DNAJB6 in ESCC. 

When patients were divided according to distant metastasis status (M 

stage), higher nuclear DNAJB6 staining was significantly correlated with better 

survival in distant metastasis-free (M0, n=148) patients (19.6±5.4mo, 

95%CI:9.0-30.2) compared to lower staining (12.6±1.4mo, 95%CI:10.0-15.3; 

p-value=.001, Figure 1A). Although the results were limited by sample size, a 

trend was observed that higher nuclear staining was correlated with poorer 
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patient survival (5.7±1.7mo, 95%CI:2.4-9.1) compared to lower staining 

(6.8±11.5mo, 95%CI:0.0-29.4, p-value=.039) in patients with distant 

metastasis (M1, n=12). This suggests a dual functional nature of nuclear 

DNAJB6. Multivariable Cox regression analysis confirmed nuclear DNAJB6 

staining is a predictor for overall survival in both the whole population 

(p-value=.025) and the M0 patients (p-value=.002), independent from 

pathological stage, presence of lymph node metastases, and M stage (for 

whole population analysis) (Table 1).   

 

Nuclear DNAJB6 staining correlates with better survival only in a 

subgroup of M0 patients with later age of onset 

According to the age distribution of the patients recruited, a mixture of two 

age groups was observed (Figure 1B). We identified two groups of ESCC 

patients differing in age of disease onset by statistical analysis 

(Expectation-Maximization algorithm), namely an early-onset group: 56.9±2.9 

(mean age ± standard deviation) and a late-onset group: 69.3±6.7. The age 

cut-off was estimated using the upper 95 reference range of early-onset group; 

thus, the age of 62/63 was used to differentiate between the two groups in the 

following analyses (Figure 1B). 
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When the population of M0 patients was subdivided according to their age 

of onset, higher nuclear DNAJB6 staining is significantly correlated with better 

survival only in late-onset patients (age of onset ≥ 63, n=87) (28.7±6.5mo, 

95%CI:16.0-41.3 versus 11.3±1.6mo, 95%CI:8.2-14.3, p-value=.000, Figure 

1C), but not in early-onset patients (age of onset ≤ 62, n=61) (12.2±4.2mo, 

95%CI:3.9-20.5 versus 14.1±1.9mo, 95%CI:10.4-17.8, p-value=.430). 

Multivariable Cox regression analysis confirmed nuclear DNAJB6 staining was 

an independent survival predictor for late-onset M0 patients (p-value=.002, 

Table 1), but it is not significant for early-onset patients (p-value=.564). This 

suggests different mechanisms are involved in tumor pathogenesis of early- 

and late-onset ESCC patients. The specific tumor suppressive effect of 

nuclear DNAJB6 is evident only in the latter population.  

 

Nuclear DNAJB6 staining in primary tumor is associated with presence 

of lymph node metastasis 

To further characterize possible associations behind the beneficial survival 

effect of nuclear DNAJB6 staining, more clinical associations were examined 

with a focus on M0 patients. M0 patients with low nuclear DNAJB6 staining 

were more likely to have lymph node metastases, compared to patients with 
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high staining (p-value=.017, 2-sided by Pearson Chi-Square test, 

Supplementary Table 1).  

However, in the 25 pairs of matched primary tumor/ lymph node 

metastases, 64% (16 pairs) showed comparable and 36% (9 pairs) showed 

differential nuclear DNAJB6 staining intensity. Overall, nuclear DNAJB6 

expression level is comparable between primary tumor and lymph node 

metastasis, suggesting loss of nuclear DNAJB6-mediated tumor-suppressive 

function occurs early before metastasis.  

When M0 patients were divided according age of onset, nuclear DNAJB6 

staining in primary tumors is negatively associated with presence of lymph 

node metastases only in late-onset patients (p-value=.004), but not in 

early-onset patients (p-value=1.000, Supplementary Table 2), showing 

consistency with the beneficial survival effect.  

To explore the possibility that nuclear DNAJB6 expression regulates 

lymph node metastases in enhancing patient survival in ESCC, correlation 

between lymph node metastases status and patient survival was also 

examined. However, in the present study only marginal correlations were 

found between presence of lymph node metastases and patient survival in 

either early-onset (p-value=.073, Supplementary Figure 2) or late-onset M0 
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patient (p-value=.051). Multivariable Cox regression analysis also confirmed 

that unlike nuclear DNAJB6 staining, lymph node metastases was not an 

independent survival predictor for late-onset M0 patients (p-value=.392) (Table 

1). This suggests a limited role of regulation of lymph node metastases by 

nuclear DNAJB6 expression in promoting survival of patients with late-onset 

metastasis-free ESCC. 

 

DNAJB6a encodes nuclear DNAJB6 and is downregulated in ESCC 

There are two isoforms of DNAJB6, DNAJB6a and DNAJB6b, differing in 

their carboxy terminal sequences. A functional nuclear localization signal (NLS) 

was present in DNAJB6a7 (Supplementary Figure 3). The presence of a 

functional nuclear export signal (NES) has not been reported for DNAJB6b. 

The subcellular localization of DNAJB6 in ESCC was examined by expressing 

fluorescence fusion proteins in two cell lines (Supplementary Figures 4 and 5). 

EGFP-alone diffuses inside the cell. Wild type (WT) DNAJB6a was mainly 

concentrated in the nucleus, while WT DNAJB6b diffuses throughout the cell. 

DNAJB6a ΔNLS loses the ability to reside in the nucleus completely, indicating 

a functional NLS in DNAJB6a in ESCC. The data also suggest a functional 

NES in DNAJB6b in ESCC. These results suggest that nuclear DNAJB6 
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staining in the tissue microarray (TMA) analysis mainly corresponds to the 

DNAJB6a isoform. 

Expression of the DNAJB6a transcript was significantly downregulated in 

two sets of esophageal non-tumor/tumor tissue samples by hybridization–

based oligonucleotide microarray analysis (GSE20347 and GSE29001) (probe 

209015_s_at; p-value=.000 and .030, respectively), but not the DNAJB6b 

transcript (probe 208810_at; p-value=.554 and .727, respectively) (Figure 1D). 

Expression of the DNAJB6a transcript was downregulated in 56.3% (9/16) and 

upregulated in 18.8% (3/16) of ESCC cell lines using an immortalized normal 

esophageal epithelial (NE) cell line, NE3, as a reference (Supplementary 

Figure 6). The expression of the DNAJB6b transcript does not show significant 

upregulation or downregulation.  

 

DNAJB6a expression level affects tumorigenesis in mouse model and 

proliferation in a variant-specific and localization-dependent manner 

DNAJB6a expressions were restored by over-expression in four 

tumorigenic cell lines with downregulated endogenous DNAJB6a expression, 

namely KYSE510/30TSI/140/70TS, and injected subcutaneously into the mice 

and compared with cells expressing vector-alone (VA), diffusely localized 
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DNAJB6b, and mislocalized DNAJB6a containing the deletion of the NLS 

(DNAJB6a ΔNLS) as controls. Only the WT DNAJB6a over-expressing cells, 

but not the controls, produce much smaller tumors and display a 2 to 4-week 

lag period for tumor growth (Figure 2A, Supplementary Figures 7 and 8). Two 

cell lines, KYSE510 and KYSE30TSI, showing greater tumor-suppressive 

effects by DNAJB6a expression, were used for further functional and 

mechanistic analyses.  

Endogenous DNAJB6a expression silencing in KYSE450 and T.Tn cell 

lines enhance in vivo tumor growth as compared to the control oligo (Figures 

2A, Supplementary Figure 9). These data collectively demonstrate that the 

expression of the nuclear DNAJB6 protein affects tumorigenicity in vivo, as 

observed with the TMA.  

In vitro cell viability was assessed. WT DNAJB6a-over-expressing cells 

proliferate more slowly compared to VA, DNAJB6a ΔNLS, and DNAJB6b- 

over-expressing cells (Figure 2B, Supplementary Figure 10). Silencing of 

DNAJB6a also results in increased proliferation (Figure 2B, Supplementary 

Figure 11). These data show the inhibitory effects of DNAJB6a on cell 

proliferation.  

Flow cytometry study was performed to examine possible cell cycle 
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regulation by DNAJB6a.  Cells over-expressing DNAJB6a were synchronized 

at G1 by serum starvation. After release, cells over-expressing DNAJB6a 

progress at a reduced rate towards G2 phase, as compared to control cells 

(Figure 2C), while DNAJB6a silencing promotes progression. As a control, 

cells over-expressing DNAJB6a go through mitosis at a comparable rate 

compared to control cells (Supplementary Figure 12).  

 

DNAJB6a regulates Akt signaling in cancer cells 

The molecular machinery related to cell cycle control was examined. 

Consistent with the aforementioned results, the protein expression of cyclin E1 

is downregulated in DNAJB6a over-expressing cells compared to VA cells both 

in vivo and in vitro (Figure 3A). Silencing of DNAJB6a also upregulates cyclin 

E1 protein expression level in vivo and in vitro (Figure 3B). This is consistent 

with a previous finding that downregulation of cyclin E1 by microRNA reduced 

tumor growth and cell proliferation in ESCC.10 

One of the major signaling pathways that regulates cyclin E1 protein 

expression is the v-akt murine thymoma viral oncogene homolog 1 

(AKT1)/cyclin-dependent kinase inhibitor 1B (P27KIP1) pathway.11-14 The 

phosphorylation status of threonine 308 (T308) and serine 473 (S473) of AKT1 
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was examined. Downregulation of phosphorylated AKT1, along with P27KIP1 

upregulation, was observed in both in vivo and in vitro 

DNAJB6a-over-expressing cells (Figure 3A). Silencing of DNAJB6a 

upregulates AKT1 phosphorylation and downregulates P27KIP1 in vivo and in 

vitro (Figure 3B). These data suggest that DNAJB6a acts on AKT1 to regulate 

P27KIP1, leading to regulation of cyclin E1 protein expression.  

To investigate the causal relationship between cyclin E1 protein 

expression and AKT1 phosphorylation, the effect of IGF-1, a well-known AKT1 

pathway activator, on cells over-expressing DNAJB6a was investigated. The 

results show cyclin E1 protein expression is upregulated upon AKT1 activation 

by IGF-1, and AKT1 activation abolishes the down-regulation of cyclin E1 

protein expression by DNAJB6a over-expression, indicating that cyclin E1 

protein expression is downstream and a consequence of AKT1 activation in 

ESCC (Figure 3C). An AKT1 inhibitory assay was performed in 

DNAJB6a-silenced cells. AKT inhibition abolishes the upregulation of cyclin E1 

protein expression by DNAJB6a silencing, further confirming a regulatory role 

of AKT1 on cyclin E1 protein expression (Figure 3D). These data strongly 

suggest that DNAJB6a regulates cell proliferation by modulating Akt 

phosphorylation.  
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DNAJB6a regulates Akt signaling in immortalized normal cells 

TMA analysis showed no significant difference of nuclear DNAJB6 

staining related to early/late T-stage (p-value=.630 for whole population 

and .802 for M0 patients, Supplementary Table 1), suggesting that loss of 

nuclear DNAJB6-mediated tumor-suppressive effect may occur early in ESCC 

development. To examine the role of DNAJB6a in precancerous cells, two NE 

cell lines, NE3 and NE083, were utilized for DNAJB6a silencing. Silencing of 

DNAJB6a in NE cells increases AKT1 phosphorylation and upregulates the 

protein expression level of cyclin E1 (Figure 3E). AKT1 inhibition diminishes 

the upregulation of cyclin E1 protein expression by DNAJB6a silencing (Figure 

3F). This suggests that the AKT1 regulatory effect of DNAJB6a is not cancer 

cell-specific and may apply generally under different circumstances.  

 

Loss of DNAJB6a by variant-specific functional knockout (fKO) 

upregulates Akt signaling and enhances proliferation 

Considering the possible non-specific targeting of mRNA variant by short 

hairpin RNA silencing, the newly developed CRISPR-Cas9 system15 genome 

engineering tool was utilized to interfere with DNAJB6 protein expression by 
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targeting a variant-specific exon leading to variant-specific sequence 

alterations (Supplementary Figure 3). Western blotting confirmed 

isoform-specific loss of DNAJB6 by variant-specific targeting oligo (Figure 4A). 

Consistent with the DNAJB6a silencing results, DNAJB6a fKO upregulates 

AKT1 phosphorylation and cyclin E1 protein expression (Figure 4B) and 

enhances cell proliferation (Figure 4C, Supplementary Figure 13). The results 

further confirmed specific Akt regulation by the DNAJB6a isoform. 

 

Proliferation and cell cycle regulation by DNAJB6a is Akt-dependent 

To examine the causality between Akt regulation and proliferation 

inhibition by DNAJB6a, a myr-tagged constitutively active AKT1 construct 

(myrAKT) was introduced in DNAJB6a over-expressing cell to restore the 

down-regulated Akt activity. Akt activity rescue significantly eliminates the 

proliferation inhibitory effect (Figure 4D), the cell cycle progression 

suppression (Figure 4E), and p27/cyclin E1 protein expression 

down-regulation (Figure 4F) in DNAJB6a over-expressing cells. The results 

strongly indicate that DNAJB6a acts through Akt activity regulation to inhibit 

proliferation and, thus, tumor suppression. Proliferation inhibition by DNAJB6a 

is Akt-dependent.  
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The HPD motif in the J domain is crucial for Akt signaling regulation and 

tumor-suppressive effects of DNAJB6a 

DNAJ/HSP40 proteins rely heavily on the J domain containing a highly 

conserved tripeptide of histidine, proline, and aspartic acid residues (HPD 

motif) for proper functioning. Therefore, the HPD motif dead DNAJB6a mutant, 

in which the tripeptide was changed to three alanines (AAA), was utilized to 

characterize the molecular basis for DNAJB6a function in ESCC. Introduction 

of the mutant greatly abolishes the in vivo tumor-suppressive effect of WT 

DNAJB6a, as mutant over-expressing cells share similar growth kinetics with 

the control cells in mouse (Figure 5A, Supplementary Figure 14). Introduction 

of the mutant also abolishes the inhibitory effect on in vitro cell proliferation 

(Figure 5B, Supplementary Figure 15) and the regulation of both AKT1 

phosphorylation and cyclin E1 protein expression (Figure 3A). These data 

demonstrate the critical role of the HPD motif in the J domain in 

DNAJB6a-dependent tumor suppression in ESCC. 

 

Protein phosphatase 2A (PP2A) activity is required for Akt signaling 

regulation of DNAJB6a 
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In order to dissect the molecular mechanism leading to 

DNAJB6a-mediated Akt signaling regulation, inhibition of PP2A, a well-studied 

modulator of AKT1 phosphorylation,16, 17 was applied to DNAJB6a 

over-expressing cells to investigate the involvement of PP2A phosphatase 

activity in the downregulation of AKT1 phosphorylation. Okadaic acid (OA), a 

well-known PP2A-specific inhibitor, was used. Inhibition of PP2A phosphatase 

activity by OA treatment greatly abolishes the downregulation of AKT1 

phosphorylation by DNAJB6a over-expression in cell lines tested (Figure 5C), 

suggesting the requirement of PP2A phosphatase activity in AKT1 regulation 

by DNAJB6a in ESCC. 

 

DNAJB6a potentially complexes with AKT1 in nucleus 

Data to put, if further confirmed. Figure 5D. 

 

DNAJB6a modulates cell sensitivity to Akt inhibition 

The functional consequence of modulation of DNAJB6a expression in 

ESCC was assessed in cell viability assays. Upon pharmaceutical Akt 

inhibition, ESCC cells over-expressing DNAJB6a became less sensitive to 

inhibition and showed a significantly higher viability, while in contrast, cells with 
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DNAJB6a silenced showed significantly higher sensitivity and lower viability, 

as compared to control cells, respectively (Figure 6A). As a control, cells did 

not show alteration of sensitivity to inhibition of the mitogen-activated protein 

kinase. These results suggest that modulation of AKT1 phosphorylation by 

DNAJB6a confers opposing functional consequences to the survival of the 

cells upon inhibition of the Akt signaling and provides indications for targeted 

therapy on Akt signaling.  

 

DNAJB6a modulates Akt signaling in other type of cancer cells 

The possibility that DNAJB6a acts as a more general Akt regulator in 

various cell lines was tested for various cancer/tissue types by DNAJB6a 

over-expression or silencing. Interestingly, DNAJB6a regulates Akt signaling 

only in a subset of cell lines, including A549, HepG2, HONE1, and NP460 cells, 

but not in others (Figure 6B). Therefore, these data suggest that DNAJB6a 

may act as a general Akt regulator in a tissue-specific manner. 

We further examined the expression levels of DNAJB6a transcripts in 

other cancers using publicly available microarray data. Interestingly DNAJB6a 

expression is down-regulated in EAC, another major subtype of esophageal 

cancer. We did not observe significant down-regulation of DNAJB6a transcript 
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in other cancer types (Supplementary Figure 20).  

 

Over-expression of DNAJB6a does not suppress lung colonization in a 

distant metastasis mouse model 

The TMA analysis showed a possible adverse functional influence of 

nuclear DNAJB6 staining on distant metastasis (Figure 1A). To explore the 

functional effect of DNAJB6a on distant metastasis, a tail-vein metastasis 

mouse model was utilized. In vivo bioluminescent imaging showed that cells 

over-expressing DNAJB6a colonize the lungs of the mice at a comparable rate 

as compared to cells over-expressing VA (Supplementary Figures 16 and 17). 

The survival data also showed consistency with the imaging result. Mice 

injected with cells over-expressing DNAJB6a share similar survival dynamics 

(p-value=.496 by Log Rank test, Supplementary Figure 18). These data 

indicate that expression of DNAJB6a elicits no inhibitory effect on distant 

metastasis. 

 

Discussion 

This study provides the first evidence of a tumor-suppressive role of 

DNAJB6a in ESCC. The TMA analysis indicates that nuclear DNAJB6 is an 
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independent indicator for better overall survival in metastasis-free ESCC 

patients. Compared to early-onset patients, late-onset metastasis-free patients 

presented significantly stronger pro-survival association.   

Early-age onset cancers are more frequently associated with the 

presence of germ-line mutations or existence of dominant oncogenic genetic 

alterations playing major roles in tumorigenesis, while cases with later-age 

onset are often related to accumulation of alterations following longer 

exposure to environmental carcinogens, as in the cases of breast18, 19, lung20, 

colon21, and gastric cancers22. Patients with early-age onset are believed to 

develop cancer with a different molecular profile. In the present study, nuclear 

DNAJB6 showed stronger significant beneficial association in late-onset ESCC 

patients, indicating a tumor-suppressive effect of nuclear DNAJB6 is possibly 

more effective against accumulations of subtle oncogenic stimuli. This also 

suggests the existence of subgroups of ESCC patients with distinct 

pathogenesis mechanisms. However, patients enrolled in the study were from 

a single institute. Multi-institutional analysis will be preferred due to more 

comprehensive representation of the population characteristics. And an extra 

validation cohort will be needed to verify the role of DNAJB6 staining as a 

biomarker. Further study is urged for clarification.     
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We showed that DNAJB6a localizes to the nucleus due to the existence of 

a functional NLS at the C-terminal end and DNAJB6b diffuses throughout the 

cell partially due to the existence of a functional NES in ESCC. Therefore, the 

observed nuclear DNAJB6 staining in tumor specimens corresponds mostly to 

the DNAJB6a isoform. Cell line-based models showed that the tumor 

suppressive effect is isoform-specific. Consistent with the TMA result, only 

over-expression of nucleus-localized WT DNAJB6a induces in vivo tumor 

suppression and in vitro proliferation inhibition. This is consistent with our 

previous findings that DNAJB6a suppresses tumor growth in breast cancer.7, 9 

By introducing a constitutively active AKT1 construct to compensate for the 

down-regulated AKT1 activity in DNAJB6a over-expressing cells, we showed 

that the proliferation inhibition induced by DNAJB6a is AKT1-dependent, 

indicating that DNAJB6a acts through AKT1 regulation to inhibit proliferation 

and, thus, tumor suppression. In our previous studies, DNAJB6a was reported 

to regulate the Wnt/β-Catenin signaling.8, 9 This indicates that DNAJB6a plays 

a tissue-specific role. 

The current study revealed a novel Akt signaling regulation by a member 

of the DNAJ/HSP40 family in cancer. As a major oncogenic player, continuous 

activation of Akt signaling usually results from aberrant upstream signals that 



Page 25 of 41 
 

phosphorylate AKT1 at T308 and S473.23 Phosphorylation at both sites is 

strictly controlled by interactions with kinases and phosphatases.24 The Akt 

signaling pathway is highly activated in ESCC through over-expression, 

amplification, and mutation events.25 We showed that the DNAJB6a regulates 

phosphorylation of AKT1 and the dependent downstream effects and a 

functioning protein phosphatase PP2A is needed for such regulation (Figure 

6C). We also showed Akt signaling regulation by DNAJB6a expression in 

normal immortalized esophageal epithelial cells, indicating that loss of 

DNAJB6a in precancerous tissues may elicit oncogenic features.  

Mechanistically, the analyses using mutant DNAJB6a in functional and 

molecular analysis showed for the first time in ESCC that the tumor 

suppression of DNAJB6a essentially relies on the HPD motif in the J-domain. 

Members of the DNAJ/HSP40 family bind and stimulate the ATP-hydrolysis 

activity of HSP70 through the highly conserved HPD motif in J-domain.26-28 We 

also confirmed in an esophageal cancer cell line that DNAJB6a interacts with 

HSP70 by the co-immunoprecipitation assay (Supplementary Figure 21). 

Moreover, HSP90, another intrinsic interacting partner of HSP70 binds to 

AKT1 to stabilize it. PP2A-mediated dephosphorylation of AKT1 was then 

inhibited.29, 30 In our previous study, we also showed that DNAJB6a interacts 
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with the PP2A catalytic subunit in cancer cells.9 Therefore, we propose a 

mechanistic hypothesis that DNAJB6a complexes with HSP70/90, decreasing 

the interaction and, thus, the stabilizing effect of HSP90 on AKT1 to promote 

dephosphorylation of AKT1 by PP2A.  

DNAJB6a expression also modifies cellular sensitivity to Akt inhibition by a 

small molecule inhibitor. Increasing DNAJB6a expression level leads to 

downregulated Akt signaling but also decreased sensitivity to Akt inhibition, 

and vice versa, suggesting that ESCC cells adapt to elevated oncogenic 

signaling and gain addiction. This suggests that Akt hypoactivation by 

DNAJB6a and Akt inhibition by a chemical inhibitor does not work 

synergistically, which may provide insight into molecular targeted therapy 

focusing on oncogene addiction. 

In order to examine whether the effect on Akt signaling regulation of 

DNAJB6a is ESCC-specific or represents a more general phenomenon, 

several cell lines from other types of cancer or immortalized normal cells were 

studied. DNAJB6a expression modulation regulates AKT1 phosphorylation in 

four of the eight cell lines tested, indicating a tissue-specific role. This is akin to 

the reported tissue-specific expression of various PP2A regulatory subunits31. 

Intriguingly, in a recent study by Zhang et al., DNAJB6 expression was found 
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to be oncogenic and to promote invasion in colorectal cancer,32 consistent with 

our data in SW480, which further suggests a tissue-specific role. However, we 

did not observe significant down-regulation of DNAJB6a transcripts in clinical 

samples of other cancer types. It is possible that besides Akt signaling 

regulation, DNAJB6a does not play a critical tumor suppressive role in these 

cancers. Assay on determining DNAJB6a protein expression levels and more 

functional studies are needed in order to fully assess its functional impact in 

these cancer types. Interestingly, DNAJB6a shows significant down-regulation 

in EAC clinical samples, similar to ESCC, indicating that generally in 

esophageal cancer DNAJB6a plays an important tumor suppressive role. 

Detailed functional and molecular assays of DNAJB6a in EAC are warranted.   

Distant metastasis resulting as a succession of multiple individual 

processes occurs for a tiny fraction of primary tumor cells33. Distinct molecular 

networks are involved in primary and metastatic tumors. The TMA analysis 

showed nuclear DNAJB6 is significantly associated with poorer survival in 

patients with distant metastatic tumors, although this trend was not as robust 

as the pro-survival association in metastasis-free patients. The mouse model 

indicated that DNAJB6a does not possess suppressive effects in distant 

metastasis. A previous study indicated that AKT1 activated by the chemokine 
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receptor CXCR4 in oral squamous cell carcinoma promoted lymph node 

metastasis, but not distant metastasis34. All these data suggest a differential 

role of DNAJB6a, likely involving Akt-regulated signaling in primary tumor 

growth, lymph node metastasis, and distant metastasis.  

This study shows that nuclear DNAJB6 is a tumor suppressor in ESCC, 

which plays a critical role in the development of primary ESCC, especially in 

late-onset patients. This study also provides new insights into the regulation of 

Akt signaling and suggests DNAJB6 could act as a prognostic and therapeutic 

biomarker for ESCC. 
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Figure Legends 

Figure 1. Nuclear DNAJB6 expression as a good prognostic marker. (A) 

Kaplan-Meier analysis showed that DNAJB6 nuclear staining was a prognostic 

marker. (B) Age distribution analysis of the population showed the existence of 

two mixed age groups. (C) Kaplan-Meier analysis showed that DNAJB6 

nuclear staining was a good prognostic marker solely in late-onset M0 patients. 

(D) DNAJB6a transcript was significantly downregulated in two sets of ESCC 

non-tumor/tumor specimens by publicly available microarray analysis. 

Figure 2.  Suppression of tumor growth and cell proliferation of DNAJB6a.  

(A) Summary of in vivo tumor growth of DNAJB6-over-expressing or 

DNAJB6a-silenced cells in subcutaneous tumorigenicity mouse models. For 

individual cell line growth curves and confirmations of protein expression see 

Supplementary Figures 7 and 9. Time points presented: week 4 for KYSE510, 

KYSE30TSI, and KYSE140; week 3 for KYSE70TS; week 5 for KYSE450 and 

T.Tn. (B) Summary of in vitro proliferation. For individual cell line growth curves 

see Supplementary Figures 10 and 11. Time points presented: day 5 for 

KYSE510, KYSE450, and T.Tn; day 6 for KYSE30TSI. (C) Cell cycle 

progression after release from G1 synchronization. Recovery time: 18 hours 

for KYSE510; 30 hours for KYSE30TSI; 23 hours for KYSE450; 20 hours for 



Page 31 of 41 
 

T.Tn. #: adjusted p-value<.1; ##: adjusted p-value<.05; ###: adjusted p-value<.01; 

####: adjusted p-value<.001; n.s.: adjusted p-value>.1. ***: p-value<.001; ctrl: 

non-targeting control oligo. 

Figure 3. Akt signaling regulation of DNAJB6a. (A) Western blotting shows 

downregulated cyclin E1 protein expression and AKT1 phosphorylations with 

upregulated p27KIP1 protein expression in DNAB6a-over-expressing cells 

both in vivo and in vitro. Introduction of HPD motif dead mutant (AAA) greatly 

abolished the regulation of Akt signaling by WT DNAJB6a in vitro. (B) Western 

blotting showed upregulated cyclin E1 protein expression and AKT1 

phosphorylations with downregulated p27KIP1 protein expression in 

DNAJB6a-silenced cells both in vivo and in vitro. (C) Western blotting showed 

that cyclin E1 protein expression is upregulated after AKT1 activation by IGF-1, 

and that AKT1 activation greatly abolishes the downregulation of cyclin E1 

protein expression by DNAJB6a over-expression. (D) Western blotting 

revealed that Akt inhibition (AKTi) by small molecular inhibitor diminishes the 

upregulation of cyclin E1 protein expression in DNAJB6a-silenced cells. (E) 

Western blotting showed upregulated cyclin E1 protein expression and AKT1 

phosphorylation with downregulated p27KIP1 protein expression in 

DNAB6a-silenced NE cells. (F) Western blotting shows that Akt inhibition 
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diminishes the upregulation of cyclin E1 protein expression in 

DNAJB6a-silenced NE cells. VA: vector-alone; Da: DNAJB6a; ctrl: 

non-targeting control oligo; shDa: DNAJB6a silencing. 

Figure 4. Isoform-specific DNAJB6a fKO assay and Akt activity rescue assay 

in ESCC cells. (A) Western blotting confirms isoform-specific loss of 

DNAJB6a/b by variant-specific targeting oligos. (B) Western blotting shows 

DNAJB6a fKO upregulates Akt signaling in cancer cells. (C) Summary of in 

vitro proliferation of DNAJB6a fKO cells. For individual cell line growth curves 

see Supplementary Figure 13. Time points presented: day 5 for KYSE450 and 

T.Tn. (D) Summary of in vitro proliferation of cells expressing constitutively 

active AKT1 construct. For individual cell line growth curves see 

Supplementary Figure 14. Time points presented: day 5 for KYSE510 and day 

7 for KYSE30TSI. (E) Cell cycle progression after release from G1 

synchronization of Akt activity rescued cells. Recovery time: 20 hours for 

KYSE510; 28 hours for KYSE30TSI; (F) Western blotting shows that the 

molecular changes induced by DNAJB6a expression are reversed by Akt 

activity rescue. #: adjusted p-value<.1; ##: adjusted p-value<.05; ###: adjusted 

p-value<.01; ctrl: non-targeting control oligo; sgRNA1 and sgRNA2: sgRNA 

specifically targets DNAJB6a. myrAKT: myr-tagged constitutively active AKT1 
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construct; VA: vector-alone; Da: DNAJB6a expression; Da+: DNAJB6a 

expression with constitutively active AKT1 expression. 

Figure 5. Mechanistic analysis of Akt signaling regulation of DNAJB6a. (A) 

Summary of in vivo tumor growth of WT and mutant DNAJB6a (AAA) 

over-expressing cells in subcutaneous mouse models. For individual cell line 

growth curves see Supplementary Figure 14, and for confirmation of protein 

expression see Figure 3A. Time points presented: week 4 for KYSE510 and 

week 5 for KYSE30TSI. (B) Summary of in vitro proliferation. For individual cell 

line growth curves see Supplementary Figure 15. Time points presented: day 5 

for KYSE510 and day 7 for KYSE30TSI. ##: adjusted p-value<.05; ###: adjusted 

p-value<.01; ####: adjusted p-value<.001; n.s.: adjusted p-value>.1. The in vivo 

tumor growth and in vitro proliferation profiles of VA and WT DNAJB6a 

over-expressing cells of KYSE510 and KYSE30TSI in (A) and (B) were 

duplicated from Figure 2A and 2B, respectively, as these data were generated 

from the same batches of samples. (C) PP2A inhibition by OA treatment 

greatly abolished the regulation of AKT1 phosphorylation by DNAJB6a 

over-expression. (D) to put DNAJB6a-AKT COMPLEXING CONFOCAL FIGURE 

Figure 6. DNAJB6a modulation of cellular sensitivity to Akt inhibition in ESCC 

and Akt signaling regulation in other types of cancer. (A) Summary of in vitro 
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cell viability test of cells with DNAJB6a over-expression or DNAJB6a silencing 

with cellular sensitivity to Akt inhibition (AKTi) and MEK inhibition (MEKi). AKTi: 

3.5 μM Akt Inhibitor XIII; MEKi: 80 μM U0126. ctrl: DMSO treatment. **: 

p-value<.01; n.s.: not statically significant. (B) Western blotting showed that 

modulation of DNAJB6a expression regulates Akt signaling only in a subgroup 

of cell lines tested (Responsive versus Non-responsive). VA: vector-alone; Da: 

DNAJB6a; ctrl: non-targeting control oligo; shDa: DNAJB6a silencing. (C) 

Proposed model illustrating the mechanism of tumor suppression of DNJAB6a 

in ESCC. 
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Table Legend 

Table 1. Univariate and multivariable survival analyses of clinical parameters 

and nuclear expression of DNAJB6 protein. CI: Confidence interval; B: 

Estimated coefficients; SE: Standard error of the coefficients; Wald: Wald’s 

Chi-Square values; df: Degrees of freedom; Exp(B): hazard ratio. Exp(B) 

larger than 1 indicates poor prognostic effect, vice versa. 
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