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ALDH1A3 Accelerates Pancreatic Cancer Metastasis by Promoting Glucose Metabolism
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Background: The aldehyde dehydrogenase 1 family member A3 (ALDH1A3) is a key enzyme associated with a variety of metabolic processes, including glucose metabolism. We recently uncovered that glucose metabolism played an essential role in promoting metastasis of pancreatic ductal adenocarcinoma (PDAC). As ALDH1A3 labels an aggressive subtype of PDAC, we hypothesized that ALDH1A3 functionally promoted PDAC metastasis via its metabolic effect on glucose metabolism.

Methods: Expression of ALDH1A3 was detected in human PDAC tissues by immunohistochemistry. ALDH1A3 was knocked down or overexpressed in PDAC cells by either shRNA or overexpression vector. The functional roles of ALDH1A3 were characterized in vitro and in vivo. Transcriptional profiling via RNA-sequencing was used to explore the possible underlying molecular mechanisms. Glucose uptake, extracellular lactate, and ATP production were measured to access the metabolic influence of ALDH1A3 on PDAC cells.

Results: ALDH1A3 was associated with poor prognosis in PDAC patients. Functionally, ALDH1A3 promoted PDAC metastasis in vitro and in vivo. Further studies revealed that ALDH1A3 activated PI3K/AKT/mTOR signaling pathway and its downstream target-PPARγ (peroxisome proliferator-activated receptor gamma). This led to increase the expression of HK2 (hexokinase 2), which subsequently enhanced the glycolysis in PDAC cells. Additionally, the pharmacological inhibition of PPARγ activity in ALDH1A3-positive cells impaired glycolytic genes expression, PI3K/AKT/mTOR activity and cellular glycolysis.

Conclusions: ALDH1A3 promotes PDAC metastasis via its metabolic influence on glucose metabolism. PPARγ and its downstream PI3K/AKT/mTOR signaling pathway maybe involved in this process.

Keywords: pancreatic ductal adenocarcinoma, ALDH1A3, PPARγ, HK2, tumor metastasis, glycolysis


INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is an extremely aggressive disease with dismal prognosis (1). Despite enormous studies in the understanding of molecular tumor biology, the overall survival rate of PDAC patients has remained unchanged for the past 20 years (2, 3). This may be partially attributed to the fact that PDAC is a complex, heterogenic disease with extensive variations in genetic, clinical, and histological profiles. A variety of molecular subtypes with distinctive tumor biology seem to exist (4), thus it is an unmet need to sub-classify PDAC into clinically relevant subtypes and subsequently to develop targeted therapies accordingly. In this regard, we previously used a reverse-translational approach to define PDAC subtypes in mice (5–9) and generated several novel transgenic mouse models of PDAC entities with different potency of aggressiveness. Detailed analyses revealed that metastasis was driven by the KrasG12D/Mek/mTOR signaling axis, for which ALDH1A3 (aldehyde dehydrogenase family 1, subfamily A3) constituted a specific marker (8). Furthermore, ALDH1A3 labeled an aggressive subtype of human PDAC with very short overall survival.

Metabolism reprogramming is one of characteristic hallmarks in cancer cells. In contrast with normal cells, cancer cells primarily rely on aerobic glycolysis for glucose metabolism even under normoxia, which is known as the Warburg effect (10). Aerobic glycolysis could efficiently generate the energy and macromolecules required for cell growth, thereby fueling the rapid growth and proliferation observed in tumors (11). Aberrant regulation of glycolysis-related genes is partly responsible for metabolic shift to aerobic glycolysis to facilitate cancer progression (12, 13). Notably, ALDH1A3 is a key enzyme involved in a variety of metabolic processes, including glucose metabolism (14, 15). Thus, we hypothesized that ALDH1A3 might promote PDAC progression via regulating glucose metabolism. To confirm this, the expression of ALDH1A3 in human PDAC tissues was detected primarily. Furthermore, we generated human PDAC cell lines with different expression levels of ALDH1A3. Then in vitro and in vivo functions of ALDH1A3 were tested by PDAC metastasis and glucose metabolism. Transcriptional profiling via RNA-sequencing was applied to explore the possible underlying molecular mechanisms.



RESULTS


High Expression of ALDH1A3 Is Correlated With Poor Prognosis in PDAC

To uncover the relationship between ALDH1A3 expression and clinical parameters in human PDAC, we first analyzed four previously published datasets about the expression of ALDH1A3 in PDAC vs. normal tissues from Oncomine. The results revealed that in two datasets ALDH1A3 was upregulated in PDAC tissues compared to the corresponding adjacent non-tumor tissues (Figure 1A). Though the other two datasets showed no significant change, the increased expression of ALDH1A3 mRNA levels in bulk PDAC tissues was also experimentally validated using QRT-PCR assay (8). So far, the reason for this disparity is unclear. We speculate that this might be due to the lack of sufficient case numbers of these databases. Furthermore, we investigated the expression ALDH1A3 in a cohort of 88 human PDAC tissues by immunohistochemical staining. This analysis revealed that ALDH1A3 mainly express in ductal epithelial cells, as well as in stromal cells partly. And the staining of which was primarily detected in cytoplasm (Figure 1B). Kaplan–Meier analysis revealed that patients with high expression of ALDH1A3 were associated with shorter overall survival time (p = 0.0023, Figure 1C). The median overall survival time was 21 months in the ALDH1A3-negative expression group and 14 months in the ALDH1A3-positive expression group. The HR of ALDH1A3-negative was 0.4713 (95% CI, 0.2473–0.8044). Moreover, ALDH1A3 expression levels were significantly associated with tumor size (p = 0.0228) and distant metastasis (p = 0.0315, Figure 1D). Additionally, chi-square test indicated the higher proportion of ALDH1A3-positive expression cases in patients with tumor size larger than 4 cm (p = 0.046) and in patients with distant metastasis (p = 0.028) in PDAC patients (Table 1). However, the number of cases with metastasis was low, further studies in this aspect is required.


[image: Figure 1]
FIGURE 1. High expression of ALDH1A3 is correlated with poor prognosis in PDAC. (A) The expression of ALDH1A3 increased in pancreatic cancer tissue compared to adjacent normal pancreatic tissue by Oncomine dataset analysis. (B) ALDH1A3 immunostaining signals were primarily detected mainly in cytoplasm, as well as in stroma partly. Bar:20 μm. (C) High expression of the ALDH1A3 in cancer tissues was associated with shorter overall survival time in the PDAC patients (p = 0.0023). (D) The ALDH1A3 expression levels were significantly associated with tumor size (p = 0.0228) and distant metastasis (p = 0.0315).



Table 1. The relationship between ALDH1A3 expression and clinicopathological features of PDAC patients.
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ALDH1A3 Promotes Migration and Metastasis in PDAC

To investigate the potential effects of ALDH1A3 on migration and metastasis of PDAC, we further studied the role of ALDH1A3 in human PDAC cell lines. First, we detected mRNA and protein levels of ALDH1A3 in six human PDAC cell lines, among which, PANC-1, MIAPaCa-2, Capan-1 had relatively low expression of ALDH1A3 (defined as ALDH1A3-negative cells) and AsPC-1, HPAC, SW1990 had relatively high expression of ALDH1A3 (defined as ALDH1A3-positive cells) (Figure 2A). Thus, we chose PANC-1 and HPAC cells for further overexpression and knockdown assays, respectively.


[image: Figure 2]
FIGURE 2. ALDH1A3 promotes migration in vitro and metastasis in vivo. (A) ALDH1A3 expression was detected in six human pancreatic cancer cell lines at mRNA and protein levels. (B) The overexpression of ALDH1A3 in monoclonal cells (named as M24 and M31) at mRNA and protein levels. (C) The overexpression of ALDH1A3 in PANC-1 cells increased the number of migrated cells in transwell assay at 24 h after cell seeding. (D) Transfection efficiency of the lentiviral vector expressing shRNAs targeting ALDH1A3 in HPAC cells at mRNA and protein levels. (E) Knock-down of ALDH1A3 in HPAC cells reduced the area proportion of metastatic lesions in the largest section of each lung sample 5 weeks after cell injection.


To generate overexpression of ALDH1A3 in ALDH1A3-negative cells, TrueORF cDNA transfection was conducted in PANC-1 cells, followed by monoclonal collection (named as M24 and M31) for stable overexpression (Figure 2B). Due to PANC-1 cells did not readily form lung metastasis tumors in our studies, transwell assay in vitro was conducted to test the potential impact of ALDH1A3 on migration and the results showed that the overexpression of ALDH1A3 significantly promoted the migration ability of PANC-1 cells (Figure 2C).

To achieve stable knockdown of ALDH1A3 in HPAC cells, two shRNAs targeting ALDH1A3 was constructed into a lentiviral vector. HPAC cells were transfected with the two shRNAs and knockdown efficiency was determined by qRT-PCR and western-blotting analysis (Figure 2D). Both shRNAs achieved satisfactory knockdown efficiency and was used for further study. To evaluate the effect of ALDH1A3 on PDAC metastasis, a lung-metastasis xenograft mouse model of HPAC cells was conducted. The area of metastatic lesions in lung was calculated and analyzed 5 weeks after intravenous inoculation. As shown in Figure 2E, knockdown of ALDH1A3 significantly reduced the area proportion of metastatic lesions (p = 0.0383).



ALDH1A3 Promotes the Expression of Key Enzymes in Glycolysis

To gain an insight into the mechanisms by which ALDH1A3 promoted PDAC metastasis, the gene expression in the ALDH1A3-overexpression PDAC cells (M24 and M31) and negative control cells was profiled by RNA sequencing and analyzed by gene set enrichment analysis (GSEA). RNA sequencing results revealed that 2,131 genes were differentially expressed according to diverse ALDH1A3 expression levels. Additionally, GSEA results showed that these genes were accumulated to metabolic processes, including glycolysis, mTORC1 signaling, hypoxia and Myc targets, suggesting that ALDH1A3 may alter the glycolytic flux in PDAC cells (Figure 3A). Furthermore, several key genes in glucose metabolism including HK2 (Hexokinase2), PKM2 (Pyruvate kinase M2), FH (Fumarate hydratase), MDH1 (Malate dehydrogenase 1), SLC2A12 (Solute carrier family 2 member 12), SLC2A1 (Solute carrier family 2 member 1), and LDHA (L-lactate dehydrogenase A chain) were significantly altered in the ALDH1A3-overexpression PDAC cells compared to negative control cells (Figure 3B). Moreover, the key enzyme of glycolysis-HK2 showed the largest fold change among those up-regulated genes (Figure 3C). Alteration of HK2, PKM2, FH, MDH1, and SLC2A12 were further confirmed by qRT-PCR (Figure 3D) both in PANC-1 and HPAC cells. However, the results indicated that only the expression of HK2 and PKM2 decreased when ALDH1A3 was down-regulated in HPAC cells (Figure 3D). This was also confirmed at the protein expression level by western-blotting (Figure 3E). HK2, PKM2, and LDHA are key enzyme in glycolysis, and other altered genes mainly locate in mitochondria, catalyzing the substrates to facilitate a transition step in the production of energy. Though these genes altered significantly after ALDH1A3-overexpression in PANC-1 cells, most of them (except for HK2 and PKM2) did not altered after ALDH1A3-knockdown in HPAC cells. Thus, we focused on the regulation of HK2 and PKM2 in the study.
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FIGURE 3. ALDH1A3 promotes the expression of key enzymes of glycolysis. (A) GSEA using hallmark gene sets was performed to compare the ALDH1A3 overexpression group and negative control group. NES, normalized enrichment score. (B) A heat map showing the expression of glycolysis-related genes across ALDH1A3 overexpression samples and negative control samples. (C) A volcano plot showed the fold change of glycolysis-related genes after the overexpression of ALDH1A3 in PANC-1 cells. (D) QRT-PCR results showed the relative mRNA levels of glycolysis-related genes in PANC-1 cells conducted by ALDH1A3 overexpression or in HPAC cells conducted by ALDH1A3 knock-down. (E) Western-blotting results showed the protein level of HK2 and PKM2 expression in PANC-1 cells conducted by ALDH1A3 overexpression or in HPAC cells conducted by ALDH1A3 knock-down.




ALDH1A3 Enhances PDAC Glycolysis and Activates the PI3K/AKT/mTOR Pathway

To further investigate the effects of ALDH1A3 on PDAC cells, a number of metabolic assays including glycose uptake, lactate production, and ATP production assays were performed to measure glycolytic activity. Compared to negative control cells, the PANC-1 cells with ALDH1A3-overexpression showed a significant elevation in glucose uptake, lactate production, and ATP production, while the HPAC cells with ALDH1A3-knockdown showed a decrease in glucose uptake, lactate production, and ATP production (Figures 4A–C). Moreover, overexpression of ALDH1A3 in PANC-1 cells decreased the production of ROS both in cells and in mitochondria (Supplementary Figures 1A,B). The results of these functional assays implied that ALDH1A3 induced glycolysis activity in human PDAC cells.


[image: Figure 4]
FIGURE 4. ALDH1A3 enhances PDAC glycolysis by activating the PI3K/AKT/mTOR pathway. (A–C) Compared to the control group cells, the PANC-1 cells treated with ALDH1A3-overexpression showed a significant increment in glucose uptake, lactate production, and ATP production, while the HPAC cells treated with ALDH1A3-knockdown showed a decrease in glucose uptake, lactate production and ATP production. (D) ALDH1A3 led to significant enhancement of PI3K/AKT signaling including its downstream targets mTOR.


To further understand the molecular mechanisms underlying the regulation of ALDH1A3 on glycolysis, Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment was performed to detect the potentially involved signaling pathways. Several glucose metabolism-related pathways were involved, such as AGE-RAGE, Glucagon signaling pathway, and Glycolysis/Gluconeogenesis, etc. Notably, these pathways converged on the PI3K/AKT pathway. Indeed, western-blotting results confirmed that the ALDH1A3 overexpression in PANC-1 cells led to a significant enhanced activity in PI3K/AKT signaling and its downstream target-mTOR signaling, while the ALDH1A3 knock-down in HPAC cells led to a decreased activity in PI3K/AKT/mTOR signaling pathway (Figure 4D).



ALDH1A3 Promotes Glycolysis by Regulating the Expression of HK2

HK2, as the key enzyme of glycolysis, was significantly up-regulated by ALDH1A3-overexpression. To confirm the connection between ALDH1A3 and HK2, we further down-regulated HK2 by lentiviral-mediated shRNA expression in ALDH1A3-overexpression monoclonal PANC-1 cells (M24). The knockdown efficacy was confirmed by both mRNA and protein level (Figure 5A). The results showed that glucose uptake, lactate production, and ATP production decreased upon HK2 knockdown in M24 cells. In addition, it also reversed the increased glycolysis induced by ALDH1A3-overexpression (Figures 5B–D). Furthermore, the activity of PI3K/AKT/mTOR signaling pathway was also inhibited by HK2 knockdown in M24 cells (Figure 5E). Additionally, the transwell assay result showed that the migration ability of ALDH1A3 could be impaired by HK2 knockdown in M24 cells (Figure 5F).
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FIGURE 5. ALDH1A3 promotes glycolysis by regulating the expression of HK2. (A) The knockdown efficacy of HK2 in ALDH1A3-overexpression cells (M24 and M31) was guaranteed at both mRNA and protein level. (B–D) After HK2 was knocked down in M24 cells, glucose uptake, lactate production and ATP production decreased in return. (E) Knockdown of HK2 inhibited PI3K/AKT/mTOR signaling in M24 cells. (F) The migration ability of ALDH1A3 could be impaired by HK2 knockdown in M24 cells. (G) In PDAC tissues, HK2 immunostaining signals were primarily detected in the cytoplasm. Bar: 20 μm. (H,I) The expression of HK2 was higher in ALDH1A3-positive PDAC tissues and correlated positively with the expression of ALDH1A3 in human PDAC tumor tissues. (J) The PDAC patients with both ALDH1A3 and HK2 positive expression suffered from poorer overall survival than that with both ALDH1A3 and HK2 negative expression (p = 0.0202).


Moreover, the correlation between HK2 and ALDH1A3 was also confirmed by immunohistochemical staining in PDAC tissues. HK2 immunostaining signals were primarily detected in the cytoplasm (Figure 5G). The result showed that the expression of HK2 was higher in ALDH1A3-positive PDAC tissues, and correlated positively with the expression of ALDH1A3 in human PDAC tumor tissues (Figures 5H,I). Moreover, the PDAC patients with both ALDH1A3 and HK2-positive staining had a shorter overall survival than patients with both ALDH1A3 and HK2-negative staining (p = 0.0202, Figure 5J).



ALDH1A3 Activates the PI3K/AKT Signaling Pathway and Up-Regulates HK2 by Crosstalking With PPARγ Pathway

We next investigated the mechanism of how ALDH1A3 activated PI3K/AKT/mTOR pathway and promoted HK2-mediated glycolysis. Here, a previous study reported PPARγ played an important role in the transcription of glycolytic isozyme genes-HK2 (16). ALDH1A3 is an important aldehyde metabolic enzyme responsible for retinoic acid signaling. To confirm it, by in silico analysis, we found that the promoter regions of HK2 genes contained several PPAR response elements (PPRE, Figure 6A). Consistently, by analyzing the data on the cBioPortal, the expression HK2 was higher in PPARγ-high expression group compared to that in PPARγ-low expression group (p < 0.0001, Figure 6B). Moreover, the expression of PPARγ and HK2 showed a significantly positive correlation (p < 0.0001, Figure 6B). In line, ALDH1A3 overexpression in PANC-1 cells increased the PPARγ expression while ALDH1A3 down-regulation in HPAC cells decreased the PPARγ expression (Figure 6C).
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FIGURE 6. ALDH1A3 activates the PI3K/AKT pathway and up-regulates HK2 by crosstalking with PPARγ. (A) The promoter regions of HK2 genes contained several PPAR response elements (PPRE). (B) Analyses of data on the cBioPortal showed the expression of HK2 was higher in PPARγ-high expression group compared to that in PPARγ-low expression group (p < 0.0001), and the expression of PPARγ and HK2 showed significant positive correlation (p < 0.0001). (C) ALDH1A3 overexpression in PANC-1 cells up-regulated PPARγ expression while ALDH1A3 knockdown in HPAC cells decreased the expression of PPARγ. (D,E) The PPARγ agonist-Rosiglitazone used in PANC-1 cells could increase lactate production and ATP production, while the PPARγ inhibitor-T0070907 used in HPAC cells could decrease lactate production and ATP production. (F) The PPARγ agonist-Rosiglitazone used in PANC-1 cells could up-regulate the expression of HK2 and PKM2 and activate PI3K/AKT/mTOR signaling pathway, while the PPARγ inhibitor-T0070907 used in HPAC cells could down-regulate the expression of HK2 and PKM2 and suppress PI3K/AKT/mTOR signaling pathway.


To further investigate the role of PPARγ in ALDH1A3-induced glycolysis in PDAC cells, a PPARγ agonist-rosiglitazone and a PPARγ inhibitor-T0070907 were used in PANC-1 (ALDH1A3-negative) and HPAC cells (ALDH1A3-positive), respectively. The results revealed that the rosiglitazone treatment (PPARγ activation) increased the lactate and ATP production in PANC-1 cells (Figures 6D,E). Meanwhile, the expression of HK2 and PKM2 increased, and the PI3K/AKT/mTOR signaling pathway was activated after the rosiglitazone treatment (Figure 6F). However, the T0070907 treatment (PPARγ inhibition) decreased the lactate and ATP production in HPAC cells (Figures 6D,E). Correspondingly, the expression of HK2 and PKM2 was down-regulated and PI3K/AKT/mTOR signaling was inhibited (Figure 6F). However, the glucose uptake was not affected by neither PPARγ agonist nor inhibitor, which might due to the concept that PPARγ could influence other steps of glycolysis, not only depend on uptake of glucose to regulate tumor metabolism. Thus, we concluded that ALDH1A3 promoted glycolysis and regulated the expression of HK2 via transcription factor PPARγ.




DISCUSSION

Previously, we generated a number of PDAC entities with different potency of aggressiveness by using a set of transgenic mouse models (5–9). Notably, in the context of Tsc1 haploinsufficiency, KrasG12D preferably activated mTOR signaling via the Mek/Erk cascade, contributing to a PDAC subtype with high-metastasis potential (8). Expression analysis identified ALDH1A3 as a key target gene of KrasG12D/Mek/mTOR, both on the expression and the function levels (8). Thus, we hypothesized that ALDH1A3 played an important role in the progression of this aggressive PDAC subtype. However, the mechanisms of ALDH1A3 in PDAC progression remain unknown (17). Previous studies suggest that ALDH1A3 is closely associated with the colony formation, sphere formation, tumorigenesis, and angiogenic activity of cancer cells (15). High expression of ALDH1A3 predicts poor prognosis in glioma (18), melanoma (19), glioblastoma (20), and breast cancer (21). However, the role of ALDH1A3 has not so far been reported under physiological circumstances in PDAC cells. Our clinical study results showed that high expression of ALDH1A3 was correlated positively with tumor size and distant metastasis, and predicted poor prognosis in PDAC. In vitro and in vivo studies further confirmed that ALDH1A3 could promote migration and metastasis, respectively. These data suggest a promotional role of ALDH1A3 on PDAC progression.

Previous studies have reported that ALDH1A3 was a key enzyme associated with a variety of metabolic processes, including glucose metabolism (15). Our transcriptomic and metabolic analyses revealed that the metastasis-promoting role of ALDH1A3 was largely dependent on glycolysis and the key glycolytic enzyme HK2. Among glycolytic enzymes, HK2 particularly favors aerobic glycolysis because of its kinetic features and intracellular distribution (16). Accumulating studies have confirmed that HK2 expression was significantly up-regulated in a variety of malignant tumors, including PDAC, and it could directly promote metastasis via regulation of glycolysis (22, 23). Additionally, during ALDH1A3-induced metabolic reprograming, we found that ALDH1A3 activated PI3K/AKT/mTOR signaling by crosstalking with transcription factor PPARγ. Enhanced PI3K/AKT signaling promotes the metabolic reprogramming by either promoting the activity of hexokinase in driving glycolysis or activating the AKT-dependent mTOR signaling to enhance the expression of glycolysis-related genes (24, 25). PPARγ is a member of the nuclear receptor superfamily that regulates metabolism, inflammation, and cellular growth and differentiation. It has been implicated in the carcinogenesis and progression of various solid tumors, including PDAC. Inhibition of PPARγ could suppress hepatic metastasis of PDAC in mice (26). Notably, a recent study found that PPAR response elements (PPRE) existed in the promoter of ALDH1A3, and ALDH1A3 could up-regulate PPARγ in lung cancer cells (27), consistent with our observation in PDAC cells. Furthermore, it has been previously demonstrated that PPARγ could activate PI3K/AKT pathway, which then regulated the novel and direct targets HK2 and PKM2, leading to hepatic steatosis and cell proliferation (16). In our study, suppressing PPARγ in ALDH1A3-positive PDAC cells could inhibit glycolysis, the expression of HK2 and PI3K/AKT/mTOR signaling pathway correspondingly. Thus, it is likely that ALDH1A3 induces glucose metabolism in PDAC by crosstalking with PPARγ.

In conclusion, our results demonstrate that ALDH1A3 promotes PDAC metastasis via its metabolic influence on glucose metabolism. PPARγ and its downstream PI3K/AKT/mTOR signaling pathway seem to be involved in this process. Taken together, our results provide new insight that targeting ALDH1A3 might constitute a new approach for PDAC treatment.



METHODS AND MATERIALS


Data Mining Using Oncomine and TCGA

ALDH1A3 gene expression in PDAC tissues and adjacent normal tissues was analyzed using microarray gene expression datasets deposited in the Oncomine database (https://www.oncomine.org). A combined filter was applied to display the corresponding datasets. The Cancer Type was defined as Pancreatic Cancer and Data Type was mRNA, and Analysis Type was Cancer vs. Normal Analysis.

The expression of PPARγ and HK2 data for TCGA pancreatic adenocarcinoma (provisional) patients (n = 141) were downloaded and filtrated from the cBioPortal website (http://www.cbioportal.org). The cutoff value for PPARγ mRNA expression (RNA Seq V2 RSEM) was the average 922, and the cutoff value for HK2 mRNA expression was the average 2,603.



Human PDAC Tissue Array Analysis

The experiments utilizing human samples were approved by the Ethical Committee of Medical Research, the Affiliated Drum Tower Hospital of Nanjing University Medical School (202001301). The patient cohort of human pancreatic tissue array containing 88 PDAC specimens was also obtained from Drum Tower Hospital from August 2010 to July 2018. Patients had not received radiotherapy, chemotherapy, or other related anti-tumor therapies before surgery.



Immunohistochemistry

For histological analyses, PDAC tissues from patients were fixed in 10% buffered formalin (Sigma) and embedded in paraffin. Paraffin sections were then processed for either hematoxylin and eosin (H&E) staining or immunohistochemistry (28). Specific antibodies used for immunohistochemistry were: ALDH1A3 (1:100, Arigo, #14766), HK2 (1:200, Cell Signaling Technology, #2867s). The proportion of positive stained areas was evaluated as follows: 0 for <5%, 1 for 5–25%, 2 for 25–50%, 3 for 50–75%, and 4 for ≥75%. The intensity of staining was scored as 0, 1, 2, and 3 for the representation of no color, yellow, brown, and dark brown. The final scores were obtained by multiplying the extent of positivity and intensity scores, producing a range from 0 to 12. For ALDH1A3, no <4 points are defined as positive. For HK2, meeting 6 points is positive. The stained slides were evaluated by two experienced pathologists independently.



Cell Culture and Reagents

Human pancreatic cancer cell lines PANC-1, HPAC, AsPC-1, SW1990, MIAPaCa-2, Capan-1 were gifted from department of surgery, Klinikum rechts der Isar, Technical University of Munich. All cell lines used in this study are considered to be identical to the reference cell line in the Cell Bank STR database. Mycoplasma testing is also negative.

All cell lines were cultured in a suggested medium according to ATCC protocols in a humidified incubator at 37°C with 5% CO2. HPAC cells with high ALDH1A3 expression and PANC-1 cells with low ALDH1A3 expression were selected for further study.

Rosiglitazone (APExBIO, #A4303), a therapeutic drug for diabetes, was used as an agonist of PPARγ. T0070907(Selleck Chemicals, #S2871) was used as an antagonist of PPARγ. Cells were treated with rosiglitazone (10 and 20 μM) and T0070907 (5 and 10 μM) for 72 h, and then managed for next research steps.



Plasmid Transfection

For ALDH1A3 overexpression transfection, PANC-1 cells with low ALDH1A3 expression was transfected with 1 μg of either human cDNA ORF clone (OriGene, #RC209656) or control ORF clone (OriGene, #PS100001). 1.5 mg/mL geneticin (Sigma-Aldrich, #A1720) was supplemented in culture medium for selection.



Lentivirus Transfection

ALDH1A3-shRNA lentiviral vector was constructed by GeneChem Co., Ltd., (Shanghai, China) from GV248 vector (hU6-MCS-Ubiquitin-EGFP-IRES-puromycin). The targeting sequence of ALDH1A3-shRNA was GCAACCAATACTGAAGTTCAA (sh1), GAGCAGGTCTACTCTGAGTTT (sh2). Empty vector was used as the negative control. To generate stable ALDH1A3-knockdown cells, HPAC cells were placed in a 6-well plate at a density of 1 × 105 cells/well the day before infection. The next day 5 × 105 units of lentivirus were added in cell culture medium supplied with 5 μg/ml polybrene to initiate infection. Viruses were removed 12 h after infection and fresh cell culture medium was added. Three days after transfection, 1 μg/ml puromycin was added into the cell culture medium to generate stable ALDH1A3-knockdown HPAC cell line.

HK2-shRNA lentiviral vector was constructed by GeneChem Co., Ltd., (Shanghai, China) from GV248 vector (hU6-MCS-Ubiquitin-EGFP-IRES-puromycin). The targeting sequence of HK2-shRNA was CTGGCTAACTTCATGGATA (sh1), GTAACATTCTCATCGATTT (sh2). Transfection method was the same as above.



RNA Extraction and Quantitative Real-Time PCR

Total RNA was isolated using Trizol reagent (Takara) according to the manufacturer's instructions. Reverse transcription reactions were performed on 1 μg of total RNA with the PrimeScript™ RT Master Mix (Takara). Quantitative PCR was performed in a total reaction volume of 20 μL using SYBR® Advantage® qPCR Premix (Takara) according to the manufacturer's recommendations. Reactions were run in triplicate in three independent experiments. The 2−ΔΔCT method was used to determine the relative levels of mRNA expression between experimental samples and controls. The experiments were performed three biological repeats and three technical replicates. Primers were listed as following. ALDH1A3 forward: 5′-ACTCTGAGTTTGTCAGGCGG-3′, ALDH1A3 reverse: 5′-CACTGGCCCGAAAATCTCCT-3′; HK2 forward: 5′-AGGAGAACAAAGGCGAGGAG-3′, HK2 reverse: 5′-GCCGCACGGTCTTATGTAGA-3′; PKM2 forward: 5′-GGTGGAAAATGGTGGCTCCT-3′, PKM2 reverse: 5′-TGCGGATGAATGACGCAAAC-3′; FH forward: 5′-GCACCATGTACCGAGCACTT-3′, FH reverse: 5′-CCGGAAGGAATTTTGGCTTGC-3′; MDH1 forward: 5′-TGCTGTCATCAAGGCTCGAA-3′, MDH1 reverse: 5′-ACAAACTCTCCCTCTGGGGT-3′; GLUT1 forward: 5′-TGGCATCAACGCTGTCTTCT-3′, GLUT1 reverse: 5′-AACAGCGACACGACAGTGAA-3′; SLC2A12 forward: 5′-TTTCTTCCTCCAAGCCCTCG-3′, SLC2A12 reverse: 5′-GGGTCCGCATGTTGTCTTTT-3′; LDHA forward: 5′-ATGGCAACTCTAAAGGATCAGC-3′; LDHA reverse: 5′-CCAACCCCAACAACTGTAATCT-3′; PPARγ forward: 5′-GGTTTCTTCCGGAGAACAATCA-3′; PPARγ reverse: 5′-ATCCCCACTGCAAGGCATTT-3′; β-actin forward: 5′-CTACGTCGCCCTGGACTTCGAGC-3′; β-actin reverse: 5′-GATGGAGCCGCCGATCCACACGG-3′.



Western Blotting

Cell and tissues lysates were collected as previously described (29). Protein concentrations were determined using BCA Assay (Beyotime Biotechnology). Equal amounts of protein were separated with 8–12% SDS-PAGE and then electrophoretically transferred onto a polyvinylidene difluoride membrane (Millipore, Billerica, MA, USA). TBST containing with 5% non-fat milk or bovine serum albumin was used to block non-specific binding for 2 h at room temperature. Then, membranes were incubated with primary antibodies according to the instructions overnight at 4°C followed by appropriate secondary antibodies. Signals generated by enhanced chemiluminescence (Millipore) were recorded with a CCD camera (Tanon, Shanghai). The experiments were performed three biological repeats. Primary and secondary antibodies included: ALDH1A3 (1:1,000, Sigma-Aldrich, #HPA046271), HK2 (1:1,000, Cell Signaling Technology, #2867), PKM2 (1:1,000, Cell Signaling Technology, #4053), PPARγ (1:1,000, Santa Cruze, #sc-7273), mTOR (1:1,000, Cell Signaling Technology, #2983), p-mTOR (1:1,000, Cell Signaling Technology, #5536), PI3 Kinase p110α (1:1,000, Cell Signaling Technology, #4249), Akt (1:1,000, Cell Signaling Technology, #2920), p-Akt (1:1,000, Cell Signaling Technology, #4060), β-actin (1:5,000, Sigma-Aldrich, #5441).



Animal Experiment (Tail Vein Injection)

Athymic male nu/nu mice aged from 5 weeks were used in this study. Lung metastasis model established by tail vein injection at a total cell number of 75 × 104 for either shNC or shALDH1A3 HPAC cells in 300 μl PBS. Mice were sacrificed after five weeks. The entire lung tissue was collected. Then, lungs were fixed with 4% paraformaldehyde and analyzed with H&E staining. Area proportion of metastatic lesions on the largest section of each sample were calculated and analyzed. The animal experiments were approved by the Institutional Animal Care and Use Committee of the Affiliated Drum Tower Hospital of Nanjing University Medical School (20180102). All animal procedures were performed in compliance with the guidelines set by the Animal Care Committee, and all efforts were made to minimize potential pain and discomfort in the animals.



Transwell Assay

The migration ability of PANC-1 cells transfected with control shRNA or ALDH1A3 was tested in a transwell Boyden chamber (8 mm). Cells were harvested and suspended in FBS-free DMEM culture medium at a concentration of 5 × 104 cells/mL. DMEM medium (0.8 mL) containing 20% FBS was added to the lower compartment. 0.5 mL cell suspension was added to the upper chamber. Transwell-containing plates were incubated for 24 h in a 5% CO2 atmosphere saturated with H2O. Cells passing through the filter membrane were fixed with 4% paraformaldehyde at room temperature for 15 min, washed three times with distilled water, and stained with 0.5% crystal violet. We then gently removed the cells remaining on the upper surface of the filter membrane with a cotton swab. Images of the lower surfaces were captured using microscopy (five fields per chamber, CX31, Olympus) and the number of cells per field counted and analyzed. The experiments were performed three biological repeats and three technical replicates.



RNA Sequence and GSEA

Total RNA was isolated and used for RNA-seq analysis. cDNA library construction and sequencing were performed by Beijing Genomics Institute using BGISEQ-500 platform. High-quality reads were aligned to the human reference genome (GRCh38). The expression levels for each of the genes were normalized to fragments per kilobase of exon model per million mapped reads (FPKM) using RNA-seq by Expectation-Maximization (RSEM).

Gene set enrichment analysis (GSEA) was performed on the Broad Institute Platform, and statistical significance (false discovery rate, FDR) was set at 0.25. Characteristic gene sets from control and ALDH1A3 overexpression groups were analyzed according to the genes presenting the strongest enrichment scores.



Glucose and Lactate Measurement

A fluorescent glucose analog, 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) amino]-2-deoxy-glucose (2-NBDG, Sigma-Aldrich,#72987), was used to measure glucose uptake. Cells were seeded into 6-well-plate culture dishes for 24 h. Subsequently, 10 μM 2-NBDG was added to the culture medium, and the mixture was incubated for 20 min. To stop the response, cells were digested by trypsin followed by centrifuge and collected. The 2-NBDG fluorescence intensity was measured by flow cytometry at an excitation wavelength of 494 nm and an emission wavelength of 551 nm.

The culture medium was collected for measurement of lactate concentration. Lactate production in the medium was detected by using the Lactate Assay Kit (BioVision, #L256) according to the manufacturer's instruction. Total proteins were used for normalization of the results obtained above. The experiments were performed biologically and technically in triplicate and repeated twice.



Extracellular ATP Measurement

The ATP levels were determined using a bioluminescent ATP assay kit (Beyotime, #S0027) according to the manufacturer's instruction. The standard ATP samples were used for the preparation of the calibration curve. Results were normalized by total protein from each sample. The experiments were performed biologically and technically in triplicate and repeated twice.



Statistical Analyses

Data were analyzed using GraphPad Prism v7.0. All experiments were performed biologically and technically in triplicate, with the mean and standard deviation (SD) being reported where appropriate. And the repeated results were used as data points for statistical tests. ANOVA or Student's t-test was used for statistical analysis of differences in values among multiple groups. The differences in ALDH1A3 expression among patients were analyzed by t-test for continuous variables and the chi-squared test for categorical variables. Correlations were analyzed by the Pearson method. Log-rank tests were performed on Kaplan–Meier survival curves to determine any significant relationships between gene expression and patient outcomes. Differences were considered significant at p < 0.05.
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