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Abstract

Background & aims: Pancreatic ductal adenocarcinoma (PDAC) is characterized by severe 

metabolic stress due to fibrosis and poor vascularization. BZW1 is an eIF5-mimic protein involved 

in tumorigenesis and progression. The aim of this study was to investigate the role of BZW1 in 

metabolic stress resistance in PDAC.

Methods: BZW1 expression was evaluated in human PDAC tissue microarray and PDAC cells. 

Glycolysis regulation of BZW1 and its correlation with glycolysis-related genes was analyzed. 

Tumor growth, cell proliferation and apoptosis were evaluated in mice xenograft tumors and 

patient-derived organoids.

Results: The results of bioinformatic screening identified that BZW1 was one of the top three 

genes favorable for tumor progression in PDAC. The analysis of our cohort confirmed that BZW1 

was overexpressed in human PDAC tissues compared with non-tumor tissues, and its abnormal 
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expression was correlated with large tumor size and poor prognosis. BZW1 promoted cell 

proliferation and inhibited apoptosis in both mouse xenograft models and PDAC derived organoids 

via facilitating glycolysis in oxygen-glucose deprivation condition. Mechanically, BZW1 serve as 

an adaptor for PERK, facilitate the phosphorylation of eIF2α, promoted internal ribosome entry 

site (IRES) - dependent translation of HIF1α and c-Myc, and thereby boosted the Warburg effect. 

In organoid-based xenografts with high BZW1 levels, both the PERK/eIF2α phosphorylation 

inhibitor GSK2606414 and ISRIB significantly suppressed tumor growth and prolonged animal 

survival.

Conclusion: BZW1 is a key molecule in the IRES-dependent translation of HIF1α/c-Myc and 

plays crucial roles in glycolysis of PDAC. BZW1 might serve as a therapeutic target for patients 

with pancreatic cancer.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) remains one of the most lethal cancers with a 

5-year survival rate of less than 7%1. Despite recent progress in diagnostics and therapeutics, 

the prognosis of PDAC patients was still unsatisfactory2.

From a recent study utilizing systems-level approaches to analyze the genome-wide 

transcriptomes of 17 major cancer types with respect to clinical outcome, a general pattern 

emerged: poor survival was associated with the up-regulation of genes involved in cell 

growth3. PDAC is histologically characterized by significant fibrosis and poor vascularity, 

causing severe metabolic stress in cancer cells4. Cancer cells predominantly metabolize 

glucose by aerobic glycolysis (Warburg effect) rather than oxidative phosphorylation even 

in the presence of sufficient oxygen5, 6. The Warburg effect is controlled by the activation 

of oncogenic signaling, such as the MAPK, PI3K-AKT pathways and abnormally activated 

oncogenes (e.g., Ras, HIF1α, c-Myc)7–9.

Metabolic stress elicits adaptive responses in cells that coordinate genes expression to 

control cell proliferation and survival. In general, these responses inhibit global translation, 

especially for proteins non-essential for cell survival and proliferation, to preserve energy, 

while selective translation of essential genes is often prominent instead10, 11. One key 

player in translation control is the translation initiation factor eIF2α12. Stress-induced 

phosphorylation of eIF2α at serine 5113 leads to global protein synthesis reduction while 

paradoxically enhancing the translation of selected mRNAs containing short upstream open 

reading frames (uORF) in the 5′ Untranslated Regions (UTRs) and Internal Ribosome 

Entry Site (IRES) in a cap-independent manner14. Many IRES-containing mRNAs encode 

proteins involved in cell proliferation and survival, such as HIF1α and c-Myc, suggesting 

the importance of IRES-dependent translation regulation for cells adaption to stress 

conditions15, 16.
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Basic leucine zipper and W2 domain-containing protein 1 (BZW1), containing a N-

terminal bZIP and a C-terminal W2 domain, was originally identified as a conserved 

regulator involved in the control of histone H4 gene during G1/S transition17. BZW1 

was overexpressed in certain types of cancers and involved in tumorigenesis and 

progression18–22. As an eIF5-mimic protein, the BZW1 complex purified from HEK293T 

cells contained eIF2α, which was also found in the eIF5 partners23. However, the specific 

effect of BZW1 on eIF2α is unclear yet.

Here we investigated the role of BZW1 in PDAC tumor growth under metabolic stress. 

Our results demonstrated that BZW1 overexpression in PDAC promoted metabolic stress 

resistance and glycolysis by controlling eIF2α phosphorylation mediated translation of 

HIF1α and c-Myc.

Materials and Methods

Cell Culture and Reagents

Pancreatic cancer cell lines and normal pancreatic ductal epithelial cell line HPDE6-C7 

were obtained from the Type Culture Collection Committee of the Chinese Academy of 

Sciences (Shanghai, China). Primary PDAC cell lines PTX0001, PTX0015 and PTX0049 

were purchased from WuXi Pharmatech Company (WuXi, China). Cells were cultured in 

basic medium (DMEM, RPMI-1640 or IMDM) supplemented with 10% (v/v) fetal bovine 

serum and 1% (v/v) penicillin/streptomycin and incubated at 37°C in a humidified incubator 

under 5% CO2 condition.

Clinical Specimens

Human PDAC tissues were collected from patients during surgery in Tianjin Medical 

University Cancer Institute and Hospital (China). Approval to collect specimens and 

patients’ information include age, gender, TNM stage, etc. was granted by the Ethics 

Committee of the Tianjin Medical University Cancer Institute and Hospital with a written 

informed consent giving to the patients.

PDAC organoid construction

PDAC organoids construction was guided by methods previously described24. Briefly, 

PDAC surgical samples were collected and cut into pieces and mechanically dissociated 

in Digestion Media in Human Complete Feeding Medium at 37°C with consistent agitation 

for 5 to 10 minutes. The supernatant was then removed while sedimentary dissociated cells 

and tissue fragments were washed by Human Wash Medium to terminate digestion. Then 

the sediments were plated with Matrigel and grown in Human Complete Feeding Medium. 

Subsequent experiments were performed after at least 5 times of passage.

Glucose uptake and lactate production assay

Glucose uptake and lactate production assay was performed according to the manufacturer’s 

protocols (Biovision). Briefly, cells were seeded into 6-well plates, and starved them in 

Krebs–Ringer–Phosphate–Hepes buffer containing 2% BSA for 40 min after adhesion. 10 

mM 2-DG was added and incubated for 20 min. Cells were lysed with 90 ml of extraction 
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buffer and then heated at 90°C for 40 min and cool on ice for 5 min. The cell lysates 

or tumor homogenates were neutralized by adding 10 ml of neutralization buffer. After 

centrifugation, the supernatant was used for determination of glucose uptake (Biovision). 

Lactate production in the medium was detected using the Lactate Assay Kit according to 

the manufacturer’s instruction. Results were normalized to protein concentration of each 

sample.

IRES-dependent translation

The bicistronic vector pRF was constructed by inserting the firefly luciferase gene from 

the plasmid pGL-6 (Beyotime) into the linker region of the plasmid pRL-SV4 (Promega), 

downstream of the Renilla luciferase gene. HIF1A or MYC IRES was inserted upstream of 

the translation start codon of the firefly luciferase gene in the dual luciferase vector. Tumor 

cells were transfected with the indicated reporters harboring different IRES. The firefly 

and Renilla luciferase activities were measured and the ratio of firefly luciferase activity to 

Renilla was calculated.

Subcutaneous and Orthotopic Xenograft Model

Female athymic male nu/nu mice 4–6 weeks were purchased from Charles River company 

and housed in a high-efficiency particulate air (HEPA)-filtered animal facility. All 

procedures were approved by the Ethics Committee of Tianjin Medical University Cancer 

Institute and Hospital and in accordance to NIH guidelines. A total of 2×106 cells in 

Matrigel were subcutaneously or orthotopically injected in each mouse to develop tumors. 

After 4 weeks, mice were partially sacrificed and the tumors were collected and measured 

after keeping enough mice for survival analysis. The tumor volume was calculated as 

follows: volume = length × width× width /2. As regard the treatment study, mice were 

randomly separated into different groups for drug administration. GSK2606414 (100mg/kg) 

was administrated by gavage, or ISRIB (2.5mg/kg) was intraperitoneally injected into the 

mice twice a week after the tumor developed.

Statistical Analysis

Statistical analysis was performed using IBM SPSS 19 and Graphpad Prism v7. Data were 

presented as mean ± SD, and each experiment was performed in triplicate. The student’s 

t-test or one-way ANOVA was used for comparison between or among groups, respectively. 

Cumulative survival time was calculated by the Kaplan-Meier curve and analyzed by the 

log-rank test. For survival analysis, 1/3–2/3 vs 2/3–1/3 was used in TCGA-PDAC datasets 

to separate into two groups25. Correlation of BZW1 expression with clinicopathological 

features of PDAC patients was evaluated by χ2 test or Fisher’s exact test. All probability 

values had a statistical power level of 90%, and a 2-sided level of 5%. P < 0.05 was 

considered statistically significant.

Results

BZW1 is a candidate tumor-promoting gene in pancreatic cancer.

To identify potential genes oncogenes driving tumor progression in PDAC, we utilized the 

current public data bases and conducted series filtration process. The genes abundantly 
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expressed in PAAD, and negatively correlated with patients’ prognosis were considered 

to be candidate genes. Meanwhile, we focused on genes promoting tumor growth which 

was mostly reflected by T stage in all these clinicopathological parameters. Based on this 

selection pattern, we first selected 568 significantly up-regulated genes in tumor tissues 

from three large-scale GEO datasets consisting of 220 pairs of PDAC tumor tissues and 

non-tumor tissues (Supplementary Table 1). Among these, 206 genes were associated with 

unfavorable overall survival (OS) and disease-free survival (DFS) based on The Cancer 

Genome Atlas (TCGA) datasets. To search for potential cell growth related genes, these 

206 genes were further analyzed according to the tumor size data of TCGA, highlighting 

45 positively correlated genes. Finally, the genome-wide mRNA sequencing was performed 

to rank their expression levels in 3 primary PDAC cell lines. The top three genes were 

GAPDH, LDHA and BZW1 (Figure 1A, Supplementary Figure 1A–1D). Glyceraldehyde 

3-phosphate dehydrogenase (GAPDH) and Lactate dehydrogenase A (LDHA) were key 

enzymes in the process of glycolysis, which have been extensively explored in cancer, 

including pancreatic cancer26–31, However, the roles of BZW1 were rarely explored in 

tumors. In this study we analyzed the clinical significance and elucidated the roles of BZW1 

in pancreatic cancer.

In the TCGA cohort of 179 patients, high mRNA level of BZW1 was significantly correlated 

with advanced tumor size (Supplementary Table 2), implicating a role of BZW1 in PDAC 

tumor growth. IHC staining in 76 pairs of PDAC tumor tissues and their matched adjacent 

non-tumor tissues exhibited that BZW1 was overexpressed in most tumor tissues (Figure 

1B–C). In 8 pairs of fresh PDAC tumor tissues and adjacent non-tumor tissues (surgical 

samples), the expression of BZW1 was also higher in tumor tissues (Supplementary Figure 

1E–F). Consistently, BZW1 expression was substantially higher in most PDAC cell lines 

compared with the normal pancreatic ductal epithelial cell line (Supplementary Figure 1G–

H).

The clinical significance of BZW1 expression was further analyzed in a tissue microarray 

containing 142 PDAC specimens (Figure 1D). Among them, BZW1 was positive expressed 

in 119 (83.8%) and negative expressed in 23 (16.2%) PDAC specimens. 34 (23.9%) 

specimens were highly expressed, 46 (32.4%) specimens were moderately expressed 

and 39 (27.5%) specimens were weakly expressed. Our results showed that BZW1 was 

positively correlated with TNM staging, lymph node metastasis, tumor size, and predicted 

a poor prognosis (Figure 1E, 1F and Supplementary Table 3). Meanwhile, BZW1 was 

an independent prognostic factor using multivariate analysis (Supplementary Table 4). 

Taken together, our results suggested that BZW1 was overexpressed in PDAC tissues and 

unfavorable for patients’ survival.

BZW1 facilitates cancer cell survival and proliferation in low oxygen-glucose condition

Since BZW1 expression in PDAC patients was related to tumor size, we explored the 

effects of BZW1 on PDAC cells survival and proliferation. PDAC stable cell lines with 

BZW1 overexpression or knockdown were established (Supplementary Figure 2A) and 

subjected to oxygen-glucose deprivation, a condition mimicking metabolic stress in PDAC. 

BZW1 knockdown increased apoptosis (Figure 2A–B, Supplementary Figure 2B) and 
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reduced the cell proliferation rate and viability of L3.7-2 and CFPAC-1 cells (Figure 2C–D, 

Supplementary Figure 2C–D), while BZW1 overexpression in SW1990 and PanC-1 cells 

showed opposite results (Figure 2A–D, Supplementary Figure 2B–D).

Genetic silencing of BZW1 significantly reduced the PDAC tumor burden in both 

subcutaneous and orthotopic xenograft model and prolonged the median survival of 

orthotopic xenograft mice for several weeks, while BZW1 overexpression increased 

the tumor burden and shortened the median survival of these mice (Figure 2E, 2H, 

Supplementary Figure 3A, 3D). In the harvested tumors, BZW1 depletion increased cells 

apoptosis and reduced proliferation, and vice versa, implicating that BZW1 is essential for 

PDAC cell survival and proliferation (Figure 2F–G, Supplementary Figure 3B–C, 3E–F).

To more precisely evaluate the function of BZW1 in PDAC, we constructed several 

organoids derived from different surgical samples of PDAC patients. Based on their 

background BZW1 expression level (Supplementary Figure 4A–B), we knocked down and 

overexpressed BZW1 in #3 and #6 organoids, respectively (Supplementary Figure 4C). 

The viability of organoids was decreased upon BZW1 knockdown and increased after 

BZW1 overexpression (Figure 2I). We subcutaneously xenografted these organoids into the 

nude mice, as shown in Figure 2J and Supplementary Figure 4D, the BZW1 knockdown 

decreased, while BZW1 overexpression aggravated the tumor burden of these nude mice. 

The TUNEL and Ki67 staining showed BZW1 promote survival and proliferation of the 

organoid xenograft model (Figure 2K–2L).

Importantly, in clinical samples with high BZW1 expression, the cell proliferation rate 

was remarkably higher, while cell death rate was lower than that in the low BZW1 

expression group (Figure 2M). Simultaneously, in TCGA data, BZW1 mRNA expression 

were positively correlated with the proliferative marker MKI67 and negatively correlated 

with the apoptosis marker BAX (Figure 2N), which was another strong evidence in large 

sample supporting our hypothesis.

BZW1 modulates glycolysis to facilitate PDAC cell survival and proliferation

To explore the mechanism that BZW1 promotes tumor growth, Gene set enrichment analysis 

(GSEA) was performed using TCGA data of PDAC patients based on BZW1 transcriptional 

levels. The results showed significant alterations in glycolysis, one of the key processes 

affecting tumor growth in PDAC’s metabolic stress condition, as well as hypoxia and Myc 

pathway, which were also highly related with cancer cells proliferation and metabolism, 

especially glycolysis (Figure 3A). Moreover, BZW1 mRNA expression was positively 

correlated with most of the glycolytic enzymes in TCGA (Supplementary Figure 5) and 

this correlation were verified in our PDAC cell lines (Figure 3B). Then we investigated 

the underlying reprogrammed glucose metabolism modulated by BZW1. We found that 

BZW1 knockdown significantly inhibited, while BZW1 overexpression promoted glucose 

uptake, lactate excretion, ECAR and OCR in PDAC cells in oxygen-glucose deprivation 

condition (Figure 3C, Supplementary Figure 6A–D). Furthermore, liquid chromatography-

coupled tandem mass spectrometry (LC-MS/MS)-based analysis indicated a decrease in the 

intermediate metabolites of glycolysis upon silencing BZW1, such as G6P, F6P, pyruvate 

and lactate. BZW1 overexpression, conversely, increased their levels (Figure 3D). BZW1 
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knockdown exhibited same effects on glucose uptake, lactate production and expression 

level of vital glycolytic genes in xenografted models (Supplementary Figure 6E–H). These 

in vivo and in vitro experiments suggested the crucial role of BZW1 in regulating Warburg 

effects.

To determine whether the function of BZW1 in PDAC depended on glycolysis, PDAC 

cells were cultured in medium containing galactose instead of glucose. Replacing glucose 

with galactose slowed down glycolytic flux and forced the cells to rely on oxidative 

phosphorylation32, 33, abrogating the anti-apoptotic effect of BZW1 (Figure 3E–F). 

Collectively, these findings indicated that BZW1 facilitated PDAC cell survival and 

proliferation under metabolic stress by modulating glycolytic capability.

BZW1 enhances the Warburg effect via selective translation of HIF1α and c-Myc

We speculated that BZW1 might interact with hypoxia and Myc pathways and affect 

glycolysis through them, since these two pathways were upregulated in the BZW1 high 

patients (Figure 3A) and vital adjustment of Warburg effect. Thereby, we investigated the 

effect of BZW1 on HIF1α and c-Myc, core molecules of these two pathways, in PDAC 

cell lines9, 34, 35. As shown in Figure 4A, knockdown of BZW1 remarkably decreased, 

whereas BZW1 overexpression significantly increased HIF1α and c-Myc protein level. We 

also re-expressed BZW1 in BZW1 knockdown cells. The expression levels of HIF1α and 

c-Myc were also restored, indicating specificity of this effect (Supplementary Figure 7A). 

Knockdown of BZW1 also significantly reduced HIF1α and c-Myc expression in mouse 

transplanted tumor tissues (Figure 4B and Supplementary Figure 7B). BZW1 was also 

co-localized with HIF1α and c-Myc in consecutive sections of PDAC tissues (Figure 4C), 

implicating their positive correlation in PDAC patients. Overexpression of HIF1α or c-Myc 

remarkably recovered glycolysis, cell survival and proliferation of BZW1 knockdown cells 

(Supplementary Figure 8A–F), indicating that BZW1 promoted the glycolysis and metabolic 

stress resistance through HIF1α and c-Myc.

Next, we explored the mechanism by which BZW1 regulated HIF1α or c-Myc expression. 

We found that HIF1A and MYC mRNA levels were not changed upon BZW1 

overexpression or knockdown, suggesting the posttranscriptional regulation by BZW1 

(Figure 4D). Meanwhile, BZW1 did not alter the degradation of HIF1α and c-Myc protein 

(Figure 4E and Supplementary Figure 7C), indicating that BZW1 might affect HIF1α and 

c-Myc translation. To test our hypothesis, the polysomal mRNA levels of HIF1A and 

MYC were examined. Knockdown of BZW1 remarkably decreased the polysomal mRNA 

levels of HIF1A and MYC while increasing the levels of overall polysome fractions, and 

vice versa (Figure 4F–G). In addition, the O-propargyl-puromycin (OPP) protein synthesis 

assay showed that the newly translated proteins were increased upon BZW1 knockdown 

and decreased when BZW1 was overexpressed (Figure 4H). These data demonstrated that 

BZW1 promoted the selective translation of HIF1α and c-Myc, but reduced global protein 

synthesis.

To test whether translation of HIF1α and c-Myc might be regulated by BZW1 through 

IRES they both possessing, we constructed a series of bicistronic reporter systems36. BZW1 

overexpression significantly increased the activity of HIF1A and MYC IRES controlled 
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luciferase reporter while BZW1 knockdown decreased (Figure 4I). Meanwhile, mutation of 

IRES sequence almost abrogated its translational regulation by BZW1 (Figure 4I). These 

results supported that BZW1 promoted the selective translation of HIF1α and c-Myc, and 

thus their expression level in an IRES dependent manner.

BZW1 induces eIF2α phosphorylation to regulate selective translation

It was reported that BZW1 and BZW2 were both eIF5 mimic proteins23 and BZW2 

could bind to eIF2α, key controller of IRES-dependent translation in integrated stress 

response37, 38 to regulate global translation39. Hence, there is a reasonable inference that 

BZW1 might regulate selective translation of HIF1α and c-Myc through eIF2α. As shown 

in Figure 5A, the phosphorylation of eIF2α-Ser51 was markedly decreased in BZW1 

knockdown and increased in BZW1 overexpression cells without altering the total eIF2α 
level. BZW1 was also co-localized with p-eIF2α in consecutive sections of PDAC tissues 

(Figure 5B). Moreover, the PDAC patients with low p-eIF2α expression had better prognosis 

than those with high p-eIF2α expression (Figure 5C). Treating BZW1 knockdown cells 

with Salubrinal (a selective inhibitor of cellular complexes that dephosphorylate eIF2α40) 

and Sal003 (a cell-permeable inhibitor of the eIF2α phosphatase GADD3441), markedly 

increased eIF2α phosphorylation and restored the expression levels of HIF1α and c-Myc 

(Figure 5D), indicating that eIF2α phosphorylation was involved in BZW1 mediated 

regulation of HIF1α and c-Myc. The multicolor immunofluorescence staining showed 

the co-expression of BZW1, HIF1α, c-Myc, and elF2α in the human PDAC cell line 

and organoids (Supplementary Figure 9A–B). In the meantime, luciferase reporter assay 

with bicistronic reporters harboring HIF1A and MYC IRES showed that Salubrinal and 

Sal003 treatment was able to restore the impaired IRES-dependent translation of HIF1α 
and c-Myc (Figure 5E). The reduced glycolysis capability (Figure 5F) as well as cell 

survival and proliferation (Figure 5G) could also be regained. Taken together, these findings 

supported that BZW1 regulated HIF1α and c-Myc, controlled glycolysis and metabolic 

stress resistance in PDAC by promoting eIF2α phosphorylation.

The oncogenic Kras mutation is the major event in pancreatic cancer and related to 

tumor growth8, 42. BZW1 also correlated with HIF1α, c-Myc and p-eIF2α in KPC (LSL-

KrasG12D/+, LSL-Trp53R172H/+ and Pdx1-Cre) mouse models and cell line (Supplementary 

Figure 10A–C). These effects were also observed in both hTERT-HPNE (HPNE) and 

hTERT HPNE E6/E7 St Kras (HPNE Kras mut) cell lines (Supplementary Figure 10D). 

BZW1 overexpression promoted the lactate excretion and glucose uptake of these cell lines 

and vice versa (Supplementary Figure 10E–F), implicating the effects of BZW1 under both 

mutant and wild type Kras.

We next determined whether BZW1 was also physically associated with eIF2α. The co-

immunoprecipitation assay with exogenous Flag-BZW1 or endogenous BZW1 suggested 

that these two proteins could interact with each other in PDAC cells (Figure 5H). 

Immunofluorescence staining of cell lines and human PDAC tissues showed their co-

localization (Supplementary Figure 11A). The in vitro co-immunoprecipitation assay 

with purified BZW1 and eIF2α implicated a directly interaction of these two proteins 

(Supplementary Figure 11B). To further investigated which domain of BZW1, N-terminal 
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bZIP or C-terminal W2 domain, was responsible for interacting with eIF2α, we generated 

Flag-bZIP and Flag-W2 domains of BZW1. As shown in Supplementary Figure 11C, W2 

domain of BZW1, rather than bZIP domain, was able to pull-down eIF2α, suggesting the 

indispensable role of W2 domain in this interaction.

BZW1 scaffolding function regulates eIF2α phosphorylation by promoting eIF2α-PERK 
interaction

Next, we explored the deeper molecular mechanisms of BZW1 stimulating eIF2α 
phosphorylation. Based on the facts that BZW1 could interact with eIF2α, we speculated 

that BZW1 might be involved in the interaction of some molecules with eIF2α, especially 

for eIF2α kinase and phosphatase, crucial regulators of eIF2α phosphorylation. Thus, co-

immunoprecipitation (CoIP) combined with mass spectrometry was performed to identify 

possible BZW1 interaction partners (Supplementary Figure 12A). The result showed that 

PERK was a potential BZW1 interaction partner (Supplementary Table 5), and their 

interaction was further examined by co-immunoprecipitation (Figure 6A). No interaction 

between BZW1 and other eIF2α main regulators including GADD34, HRI, PKR or GCN2 

was detected (Figure 6A). Immunofluorescence staining showed that BZW1 and PERK also 

co-localized in PDAC cells and tissues (Supplementary Figure 12B).

PERK is a type I ER transmembrane protein consisting of a N-terminal lumenal domain 

and a C-terminal cytoplasmic catalytic domain which directly interacts with eIF2α43–45. 

Therefore, we speculated that the interaction between BZW1 and PERK depended on the 

catalytic domain of PERK. To investigate this hypothesis, we generated a series of domains 

of PERK. As shown in Supplementary Figure 12C, the catalytic domain of PERK, but not 

lumenal domain, was able to pull-down BZW1, indicating that BZW1 interact with PERK 

through its catalytic domain. Since PERK is an ER transmembrane protein, which is difficult 

to purify in vitro, the purified catalytic domain of PERK was utilized to detect the direct 

interaction between PERK and BZW1 (Supplementary Figure 12D–E). We also found that 

the bZIP domain of BZW1 mediated the direct interaction with PERK (Supplementary 

Figure 12F–H).

These results indicated that BZW1, eIF2α and PERK could form a complex in PDAC cells. 

BZW1 knockdown decreased the amount of eIF2α immunoprecipiated by PERK in PDAC 

cell lysates (Figure 6B). Meanwhile, BZW1 directly promoted eIF2α and PERK interaction 

in vitro. (Figure 6C), suggesting a scaffolding function of BZW1.

To further determine whether BZW1 regulated eIF2α phosphorylation through PERK, we 

downregulated PERK by using siRNA or inhibited PERK activation by using the PERK 

inhibitor GSK2606414 (an adenosine triphosphate-competitive inhibitor of PERK46) in 

PDAC cells overexpressing BZW1. Increased eIF2α phosphorylation and HIF1α and c-Myc 

expression consequent on BZW1 overexpression were all eliminated by PERK knockdown 

or inhibition (Figure 6D). The enhanced translational activity of HIF1A and MYC IRES, 

Warburg effect, cell survival and proliferation were also reversed (Figure 6E–G).

To explore the role of BZW1-PERK-eIF2α complex in vivo, we treated the xenograft model 

with GSK2606414 or ISRIB (an integrated stress response inhibitor rescuing translation in 
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the presence of p-eIF2α by facilitating the assembly of more active eIF2B47, 48), which 

markedly reduced the tumor burden, promoted cell apoptosis, inhibited cell proliferation 

and extended the survival time upon BZW1 overexpression (Figure 6H–K), suggesting the 

importance of this pathway.

BZW1 is a promising biomarker for predicting the efficacy of PERK-eIF2α inhibitors.

Given importance and hyperactivation of BZW1, we conducted initial translation research. 

Based on the expression levels of BZW1, we divided our organoid models into BZW1 

high and low group (Supplementary Figure 4B). Then we treated these organoids with 

GSK2606414 or ISRIB. As shown in Figure 7A and supplementary Figure 13A, BZW1 high 

group was significantly more sensitive to eIF-2α phosphorylation inhibition due to BZW1 

high expression. The TUNEL and Ki67 staining showed consistent results (Figure 7B–C, 

Supplementary Figure 13B–C), implicating that the expression level of BZW1 could be a 

marker for PERK-eIF2α pathway inhibition therapy. Next, we transplanted these organoids 

into the nude mice and treated the mice with these inhibitors, the tumor inhibition rate of 

BZW1 high group was significantly higher than that of BZW1 low group (Figure 7D–E, 

Supplementary Figure 13D). The Ki67 and TUNEL staining results also strongly proved our 

conclusion (Figure 7F–G, Supplementary Figure 13E–F). Taken together, targeting BZW1-

PERK-eIF2α pathway could greatly inhibit PDAC cells proliferation and survival, and the 

expression level of BZW1 would predict the therapeutic efficiency of these inhibitors and 

filtrate benefit population.

Discussion

Poor patient survival is generally associated with the up-regulation of genes involved in 

cell growth and down-regulation of genes involved in cellular differentiation3. We utilized 

multiple sequencing data to search for potential unfavorable tumor size related genes, which 

is the most intuitive reflects on tumor growth. In the present study, several novel insights 

into BZW1-mediated malignant phenotype were revealed.

Our study indicated the oncogenic characteristics of BZW1 in PDAC. In previous study, 

BZW1 was found to promote tumor progression in multiple cancer types18–22. We found 

that BZW1 was high expressed in PDAC tumor tissues compared with non-tumor tissues. 

Exogenous BZW1 facilitated cancer cells survival and proliferation under low oxygen-

glucose condition mimicking the metabolic stress in PDAC. These results were consistent 

with its clinicopathological features and supported our screening process. In addition, 

the pro-survival and pro-proliferation role of BZW1 are dependent on Warburg effect as 

revealed by the transcriptomic and metabolomic analysis.

Accumulated evidence reveals the increased importance of Warburg effect in promoting 

tumor growth. HIF-1α and c-Myc are key regulators of the Warburg effect9, which enhance 

the expression of the majority of the glycolytic genes and thereby stimulating glycolytic 

influx35, 49. Interestingly, in this study, we found that BZW1’s oncogenic function depended 

on the IRES-dependent selective translation of HIF1α and c-Myc. It is not a coincidence 

that both HIF1A and MYC harbored an IRES structure in their mRNA. Although the 

existence of IRES in viral mRNAs is abundantly studied and accepted, the understanding 
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of the role of cellular IRES is not completely clear. Noteworthily, most IRES-containing 

cellular mRNAs play crucial roles in cell survival, proliferation, and apoptosis. IRES-

mediated translation allows the selective translation of these mRNAs when the global 

protein synthesis is relatively reduced under stress conditions.

BZW1 was originally identified as a conserved regulator for histone H4 transcription50. 

However, in our study, BZW1 is mainly expressed in the cytoplasm and rarely detected 

in the nucleus of PDAC cells. Recently, several studies have defined BZW1 as an eIF5-

mimic protein that might interact with eIF2α similar to its homologous protein eIF5 and 

BZW223. eIF2α is the key regulator of translation efficiency. Many different types of stress 

triggered the phosphorylation of eIF2α, which leaded to global protein synthesis reduction, 

paradoxically enhancing the translation of a subset of specific mRNAs especially for 

mRNAs containing IRES, such as PDGF-2, VEGF and c-Myc10, 51, 52. Thus, we speculated 

the effect of BZW1 on HIF1α and c-Myc was associated with eIF2α. The results showed 

that BZW1 directly interacted with eIF2α via W2 domain, and BZW1 overexpression 

induced phosphorylation of eIF2α, which was indispensable for BZW1 mediated HIF1α 
and c-Myc translation.

The phosphorylation of eIF2α is regulated by 4 protein kinases: heme-regulated inhibitor 

kinase (HRI), protein kinase RNA (PKR), PKR-like endoplasmic reticulum kinase (PERK), 

general control non-derepressible-2 (GCN2) and phosphatase GADD3445, 53, 54. Our 

results showed that BZW1 directly interacted with PERK. Moreover, the interaction 

between PERK and eIF2α was decreased when BZW1 was knocked down. These results 

suggested that BZW1 acted as a scaffolding protein to promote PERK-eIF2α interaction. 

As expected, the genetic or pharmacological inhibition of PERK impeded BZW1-mediated 

translational control and glycolytic phenotypes, because phosphorylation of eIF2α during 

oxygen-glucose deprivation is largely mediated by PERK. Our study revealed that the 

BZW1-PERK-eIF2α complex played a vital role in metabolic stress microenvironment of 

PDAC cells.

We assumed that relative high expression of BZW1 in PDAC could result in hyperactivation 

and reliability of PERK-eIF2α pathways, thus we conducted some initial translation 

experiments. The results showed BZW1 high patients might benefit more from PERK-eIF2α 
inhibition. This conclusion was more solid based on our preliminary positive effects on 

patient-derived organoid model, which was more realistic to the clinical situation. The 

application of these new inhibitors in PDAC will provide a new thought for treatment since 

drug combinations are becoming increasingly prevalent in cancer therapy.

In conclusion, we demonstrated that BZW1 facilitated PDAC cells survival and proliferation 

by increasing glycolysis under metabolic stress. The underlying molecular mechanisms was 

that BZW1 acted as a scaffolding protein to promote the interaction between eIF2α and 

PERK, resulting in increased eIF2α phosphorylation, thereby increasing HIF1α and c-MYC 

IRES-dependent translation. Significantly, BZW1 was highly expressed in PDAC tissues and 

associated with poor prognosis, which pointed out the potential significance of therapeutic 

intervention against BZW1 to combat PDAC. Although effective and selective BZW1 

inhibitors are not available, PERK and eIF2α inhibitors have already been developed. 
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Our data revealed that BZW1 is a promising biomarker for predicting the efficacy of 

PERK-eIF2α inhibitors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Expression and clinical significance of BZW1 in PDAC tissues and cell lines.
A, schematic illustrate for strategies screening key genes involved in tumor progression 

of PDAC. GEO datasets were used to determine the up-regulated genes in PDAC tissues 

(T) compared with normal or non-tumor tissues (N/NT). TCGA datasets were used to 

select genes related to unfavorable prognosis and tumor size. RNA sequencing profiles 

of three primary PDAC cell lines (PTX0001, PTX0015 and PTX0049) was used to 

determine specific genes highly expressed in PDAC cell lines. B-C, representative images 

of differential BZW1 staining in PDAC tumor and NT tissues: no expression (−), weak (+), 

moderate (++) and strong expression (+++) (B). The differential expression of BZW1 in 

76 pairs of tumors and NT tissues are shown in a heat-map and then statistically analyzed 

by Wilcoxon signed ranks test (C). D, the distribution of IHC staining intensity in 142 

PDAC tissues. E, Kaplan–Meier analysis of OS and DFS of 142 PDAC patients according to 

different BZW1 expression level. Moderated and strong expression were defined as BZW1 

high and others as BZW1 low. F, statistical analysis of the tumor sizes according to different 

BZW1 expression in our cohort, unpaired t tests were used. Shown are mean ± SD, *P < 

0.05. Scale bar, 100μm.
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Figure 2. BZW1 promotes tumor growth in pancreatic cancer
A-B, the indicated cells were cultured in an extremely low oxygen-glucose condition 

(glucose concentration, 1 mM; oxygen concentration, 1%). Apoptosis was detected 

by Annexin-V/PI staining followed by flow cytometry 12h after incubation (A) and 

Caspase-3/7 activity was measured 48h after incubation (B). C-D, the indicated cells 

were cultured in a low oxygen-glucose condition (glucose concentration, 2.5 mM; oxygen 

concentration, 1%). the EDU incorporation assay were conducted 24 hours after incubation 

and detected by flow cytometry (C). CCK8 assay was used to detect the cell viability at 

the indicated time point (D). E-H, the indicated tumor cells were orthotopically transplanted 

into nude mice. The tumor volumes of the indicated group were shown in E. Percentages 

of TUNEL+ (F) and Ki67+ (G) cells were detected in the harvest tumors. Cumulative 

survival analysis of the indicated group was shown in H. I, BZW1 overexpression or 

knockdown organoids of equal amounts of cells were passaged (day 0). Cell viability at the 

indicated time point under relative low glucose (10 mM) and low oxygen (1%) condition 

was measured by CellTiter-Glo. Representative images under 20× magnification was shown 

in left. The cell viability detected by the luminescence signal intensity was shown in right. 

Scale bar, 200μm. J-L, BZW1 overexpression or knockdown organoids were xenografted 

into the nude mice, and the volumes of the harvested tumor were calculated in J. The 

percentages of Ki67+ (K) and TUNEL+ (L) cells were also shown. M, correlation analysis 
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of BZW1 with TUNEL+ and Ki67+ cells in human PDAC samples. Representative images 

of TUNEL+/Ki67+ cells revealed by IF staining were shown in left. Scale bar, 100μm. N, 

Spearman correlation analysis between mRNA expression level of BZW1 and MKI67 or 

BAX in 179 PDAC patients from TCGA data. Unpaired t tests were used. Shown are mean ± 

SD, *P < 0.05.
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Figure 3. BZW1 modulates glycolysis to facilitate cancer cell survival and maintain proliferation.
A, indicated GSEA plots based on the TCGA data using Hallmarks gene sets. NES: 

normalized enrichment score. NOM-p-val: nominal p value. FDR q-val: false discovery 

rate q-value. B-D, the indicated cells were cultured in a low oxygen-glucose condition. 

RT-PCR was used to detect relative mRNA expression of glycolysis-related genes (B). 

Glucose uptake, lactate excretion, ECAR and OCR measurement were shown in C. Major 

metabolites alteration in the glycolytic pathway detected by LC-MS/MS were shown in 

D. E-F, the BZW1 knockdown cells were cultured in no glucose medium with additional 

2.5mM galactose and low oxygen condition. The apoptosis rate was detected by Annexin 

V/PI staining (E) and Caspase-3/7 activity (F). Unpaired t tests were used. Shown are mean 

± SD, *P < 0.05.
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Figure 4. BZW1 promotes IRES-dependent translation of HIF1α and c-Myc in low oxygen-
glucose condition
A, indicated PDAC cell lines with BZW1 up-regulation or knockdown was subjected 

to Western blotting (WB). B, L3.7-2 cells with or without BZW1 knockdown were 

orthotopically transplanted into the nude mice. The harvested tumors were subjected to 

IHC staining to analyze HIF1α and c-Myc expression. Representative IHC staining images 

were shown. C, representative IHC staining images of high and low BZW1 and matched 

HIF1α/c-Myc in consecutive sections of our PDAC surgical specimen cohort. Spearman 

correlation analysis between BZW1 and HIF1α/c-Myc staining intensity were shown in 

right. D, indicated PDAC cell lines were subjected to RT-PCR to detect HIF1A and MYC 

mRNA expression level. E, HIF1α and c-Myc protein degradation curves. L3.7-2 cells with 

or without BZW1 knockdown treated with cycloheximide were harvested at the indicated 

time points and subjected to WB to detect HIF1α and c-Myc expression level. The gray 

scale was measured by ImageJ and normalized to β-Tubulin. F-G, Polysome profiles from 

the indicated cells. The fractions of polysomes were mixed. The RNA of the mixture was 

isolated and subjected to RT-PCR to determine the polysomal mRNA expression of HIF1A 

and MYC (F). Absorbance at 254 nm was shown as a function of sedimentation (G). H, the 

indicated cells were cultured in OPP containing media, and the OPP incorporated into newly 

translated proteins was detected by IF. I, BZW1 overexpression or knockdown cells were 
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transfected with the HIF1A or MYC IRES or mutated reporters (up). The ratio of firefly 

luciferase activity to Renilla was measured. Unpaired t tests were used. Shown are mean ± 

SD, *P < 0.05. Scale bar, 100μm.
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Figure 5. BZW1 expression induces phosphorylation of eIF2α
A, the indicated cells were subjected to WB to detect the total and phosphorylated eIF2α. 

B, Representative IHC staining images of PDAC consecutive sections with high and low 

BZW1 and matched p-eIF2α. Spearman correlation analysis of BZW1 with p-eIF2α in 

our cohort were also shown. Scale bar, 100μm. C, Kaplan–Meier analysis of OS and DFS 

according to different p-eIF2α expression level in our cohort. D, L3.7-2 control and BZW1 

knockdown cells were cultured with or without 10 nM Salubrinal or 100 nM Sal003 for 

12h, then subjected to WB to detect the expression of p-eIF2α, HIF1α and c-Myc. E-G, 

L3.7-2 control and BZW1 knockdown cells were incubated with or without Salubrinal or 

Sal003 for 24h. E, the indicated cells were transfected with the HIF1A or MYC IRES 

bicistronic reporters before incubation. The ratio of firefly luciferase activity to Renilla was 

calculated. Glucose uptake and lactate excretion level (F), Cell apoptosis and proliferation 

rate (G) of the indicated cells was measured after 24h low oxygen-glucose treatment in the 

meantime of drug administration. Unpaired t tests were used. Shown are mean ± SD, *P < 

0.05. H, PDAC cells were transfected with control plasmid or FLAG-tagged BZW1. Cell 

lysates were then subjected to immunoprecipitation. Immunoblotting was then performed 

using eIF2α or BZW1 antibody.
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Figure 6. BZW1 scaffolding function regulates eIF2α phosphorylation by promoting eIF2α-
PERK interaction
A, up, SW1990 cells were transfected with control plasmids or FLAG-tagged BZW1. 

Cell lysates were subjected to immunoprecipitation, then Flag, HRI, PKR, PERK, GCN2 

and GADD34 in the immunoprecipitation was detected by immunoblotting. Down, the 

SW1990 cell lysates were immunoprecipitated by control IgG or PERK antibody, then 

immunoblotted by BZW1 antibody to detected endogenous BZW1 - PERK interaction. 

B, the lysates from L3.7-2 cells with or without BZW1 knockdown was subjected to 

immunoprecipitation, and the WB were conducted with the indicated antibodies. C, the 

purified catalytic domain of PERK (PERK-CD) and eIF2α proteins were incubated together 

with or without BZW1 in vitro. The PERK-eIF2α interaction was examined by eIF2α IB 

after immunoprecipitated by PERK. D, SW1990 BZW1 overexpression cells were incubated 

with or without 10μM GSK2606414 (PERKi) or siRNA against PERK (PERKsi) for 12h, 

then subjected to WB. E-G, SW1990 BZW1 overexpression cells were incubated with or 

without GSK2606414 (GSK) or PERK siRNA. E, the cells were transfected with bicistronic 

reporters before incubation, the ratio of firefly luciferase activity to Renilla was calculated. 

Under the low oxygen-glucose condition, glucose uptake and lactate excretion of these 

cells were measured in F, cell apoptosis and proliferation were in G. H-K, the indicated 

tumor cells were subcutaneously transplanted into nude mice. GSK2606414 or ISRIB were 
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administrated to the mice after the tumor developed. The volume of the harvested tumors 

was measured (H, I), the apoptosis and proliferation of these tumors were detected (J) and 

the survival of the indicated group was shown in K. Unpaired t tests were used. Shown are 

mean ± SD, *P < 0.05.
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Figure 7. BZW1 is a promising biomarker for predicting the efficacy of eIF2α-PERK inhibitors.
A-C, the BZW1 high and low expression organoids (7–10 days after passage) were treated 

with 10μM GSK2606414 for 0–72h. A, the cell viability was measured by CellTiter-Glo 

and normalized by 0h. Representative images of the organoids were shown in left, and 

the relative cell viabilities of each sample at different time points were calculated in right. 

Scale bar, 200μm. B-C, representative TUNEL (B) and Ki67(C) staining images of the 

organoids treated with GSK2606414, and the percentage of positive cells was also shown. 

Scale bar, 100μm. D–G, the BZW1 high and low expression organoids were subcutaneously 

xenografted into the nude mice and treated with saline (Ctr.) or GSK2606414. The 

representative images of the harvested tumors were shown in D, and the volume and 

calculated inhibition rate (GSK versus Ctr.) were shown in E. The representative images 

and positive rate of TUNEL (F) and Ki67 (G) staining were also shown. Scale bar, 

100μm. Unpaired t tests were used. Shown are mean ± SD, *P < 0.05. H, schematic 

diagram. BZW1 promotes PERK-eIF2α interaction to facilitate eIF2α phosphorylation, 

thereby increasing HIF1α and c-Myc IRES dependent translation. These two key molecules 

controlling glycolysis enable cancer cells more resistant to the metabolic stress generated by 

PDAC microenvironment.
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