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Abstract


Background: Early diagnosis in pancreatic cancer is key for improving prognosis. Hypoxia plays a critical role in tumor progression. Thus, an evaluation of associations between pancreatic tumor progression and markers of hypoxia is needed. Methods: We assessed the expression of hypoxia-inducible factors (HIF-1α and HIF-2α) by immuno-histochemical staining from 29 subjects with the following: pancreatic intraepithelial neoplasia (PanIN), intraductal papillary mucinous neoplasm (IPMN), neuroendocrine tumor (NET), and pancreatic ductal adenocarcinoma (PDAC) and compared it to the expression in non-tumor samples. Results: Expression of HIF-1α increased significantly from PanIN (3.01 ± 0.17) to IPMN (7.63 ± 0.18), NET (9.10 ± 0.23) and PDAC samples (11.06 ± 0.15, p < 0.0001). Similar findings were observed for HIF-2α (p < 0.0001)}. A strong correlation between HIF-1α and HIF-2α expression was demonstrated (R2 = 0.8408, p < 0.0001). Conclusions: This data suggest that HIF-1α and HIF-2α may play a role in the progression from PanIN through PDAC. Further studies are necessary to confirm these findings and determine the effect of HIFs abrogation on tumor progression that can lead to novel therapies.







Keywords:


hypoxia; pancreatic adenocarcinoma; neuroendocrine tumor; pancreatic intraepithelial neoplasia; intraductal papillary mucinous neoplasm












1. Introduction


The diagnosis and treatment of pancreatic cancer is perhaps the most vexing of all carcinomas. We do not currently have a reliable means of screening, or early biomarkers and as a result, most are found on a CT/MRI scan at an advanced stage. Pancreatic cancer is highly aggressive and the fourth leading cause of cancer-related death in the United States. In contrast to the steady increase in survival for most cancers, advances have been slow for lung and pancreatic cancers. More than half of these pancreatic cancers are ductal adenocarcinomas that grow rapidly and are diagnosed at a late stage, for which the 5-year survival is 3% [1]. Prognosis is mainly influenced by early diagnosis. Conventional treatments with chemotherapy and radiotherapy have little impact on patients’ survival. Treatment by surgical resection is the only remote chance of a cure but is not available for late stage disease. Future hopes may rest in a better understanding of the molecular biology of pancreatic tumor progression that can be applied to enable early diagnosis and treatment [2].



Hypoxia is a common phenomenon in human solid tumors and plays a critical role in tumor progression. Most tumor cells are dependent upon glycolysis for survival and concomitantly overexpress hypoxia-inducible factor (HIF), an essential transcriptional regulator of glycolysis and the hypoxic response [3]. HIFs are overexpressed in a majority of primary tumors, cancer cell lines, and metastases, making it a critical regulator of the malignant phenotype [4,5,6,7]. HIF-1 and HIF-2 are heterodimeric transcription factors consisting of an oxygen-sensitive alpha subunit (HIF-α) and constitutively expressed beta subunit (HIF-β) that facilitates both oxygen delivery and adaptation to hypoxia by regulating the expression of genes that control glucose uptake, metabolism, angiogenesis, erythropoiesis, cell proliferation, and apoptosis [8,9]. HIF-1α and HIF-2α are both labile under normoxic conditions due to VHL-dependent proteasomal degradation, but stabilization occurs under hypoxia due to inactivation of HIF prolyl hydroxylase (HPH), which prevents HIF hydroxylation and VHL recognition [3,10,11]. Although both HIF-1α and HIF-2α have high homology and are induced similarly in hypoxia, they have differences in transcriptional targets as well as impact on multiple physiological pathways and tumorigenesis [6,12,13,14].



Increased evidence has revealed that HIF-1α overexpression is well correlated with carcinogenesis and tumor progression in many kinds of cancer. In most malignancies, HIF-1α overexpression was associated with unfavorable prognosis [7,15,16,17]. Studies about the correlation between HIF-2α overexpression and clinical outcome in cancer patients yielded inconsistent results [18,19,20,21]. There are some contradicting results of HIF-1α and HIF-2α expression in cancer cell growth and patient outcome according to types of tumors [12,20,22]. Despite these differences and contradictions, both HIF-1α and HIF-2α have roles in tumor growth, creating a good option for tumor treatment target [21].



Pancreatic tumors are characterized by desmoplastic, hypo-vascularity and ineffective drug delivery. Constitutive expression of HIF-1α contributes to the survival and proliferation of pancreatic cancer cells in hypoxia and glucose deprivation through the activation of anaerobic metabolism and the Sonic Hedgehog (SHH) signaling pathway [23,24,25]. Increasing evidence has revealed that HIF-1α overexpression in pancreatic cancers was a predictor of greater invasion, recurrence and shorter survival time [12,15,16,17,26,27,28]. SIAH (Seven-In-Absentia Homolog) is the most downstream component of oncogenic K-RAS pathway and associated with expression of HIF-1 α in carcinoma [29]. Its expression is upregulated as human pancreatic cancer progresses to advanced stages [24].



Although HIF-1α expression is suggested as a prognostic factor and molecular biomarker of pancreatic cancer [24,26,27,28], there is little known about the role of HIF-2α and the comparison of HIF-1α and HIF-2α expression in various pancreatic precancerous lesions and tumors.



The aim of this study was to investigate the potential role of hypoxia-inducible factors on the progression of premalignant lesions to adenocarcinomas of pancreas. We measure the expression of HIF-1α and HIF-2α by applying immunohistochemistry in the following samples: pancreatic intraepithelial neoplasia (PanIN), intraductal papillary mucinous neoplasm (IPMN), neuroendocrine tumor (NET), and pancreatic ductal adenocarcinoma (PDAC). As controls, non-tumor samples from the same patients were analyzed.




2. Materials and Methods


2.1. Patients and Specimens


Surgical specimens of pancreatic lesions and adjacent normal pancreatic tissues were obtained from 29 patients undergoing pancreatic surgical resection between December 2009 and November 2016 at the Sentara Norfolk General Hospital in Norfolk, VA. These patients underwent partial pancreatectomy, distal pancreatectomy or Whipple surgery. Patients’ age ranged from 34 to 79 years (mean, 62.6 years) and 46.0% were males. Histologic diagnoses were confirmed by the Pathology Department at Sentara Norfolk General Hospital. The following samples were studied: PDAC (15 cases), NET (7 cases), IPMN (4 cases), and PanIN (3 cases).




2.2. Ethical Statement


This study was approved by the institutional review board of the Eastern Virginia Medical School (EVMS), Norfolk, VA (IRB # 05-09-EX-0298. Initial approval on 07-FEB -2007, current Continuing Review approved on 04-JUN-2020). Written informed consent was obtained from the patients before their surgeries.




2.3. Immunohistochemical (IHC) Staining for HIF-1α and -2α


HIF-1α and HIF 2α staining was performed using the protocol from Novus Biologicals (NB100–105) with minor modifications. The Ultra Vision Quanto Detection System HRP DAB Quanto Thermofisher, Kalamazoo, MI was applied for the entire staining process. Paraffin embedding and sample cutting was performed at the Biorepository Lab, Department of Pathology & Anatomy, EVMS. In brief, sections (4 μm thick) were baked at 60 °C for 1 h, deparafinized and rehydrated in xylene and descending ethanol concentration. Next, sections were subjected to heat-based antigen retrieval in sodium citrate buffer pH 6.0 (Sigma-Aldrich) in a microwave oven at 20 min. After inactivation of endogenous peroxidase with BIO SB peroxidase blocker, sections were blocked with Ultravision Protein block. Tissue sections were incubated overnight at 4 °C with antibody anti-HIF-1α (1:100 dilution; mouse monoclonal antibody; cat. No. NB 100–105; Novus Biologicals, Littleton, CO, USA) or anti-HIF-2α (1:100 dilution; rabbit polyclonal antibody; cat. No. NB 100–122; Novus Biologicals). Then, sections were washed with Tris Buffered Saline (TBS) and treated with either goat anti-mouse or goat anti-rabbit antibody-horseradish peroxidase (HRP) for 20 min at room temperature, followed by additional washing with TBS. After that, tissue staining was visualized by diaminobenzidine (DAB) as the chromogen substrate for 5 min at room temperature. Nuclei were counterstained with hematoxylin (American MasterTech Scientific, Inc, Lodi, CA, USA), dehydrated and mounted using Permount Mounting Medium (Fisher Chemical, Fair lawn, NJ, USA). Negative controls, in which the primary antibody was replaced with TBS, were run with all of the samples. Normal pancreatic tissues (non-tumor, NT) removed from the same patient served as a matched negative control.



Stained samples were visualized under light microscopy (Olympus, Tokyo, Japan) and digital images were captured using the Infiniti-2 Digital CCD Microscopy Camera attached to the light microscope (Lumenera Corporation, Ottawa, Canada). Both cytoplasmic and nuclear expression of HIF-1α and HIF-2α were evaluated. The samples were initially scanned at low power and at least four high-power fields (magnification: ×400) were chosen randomly. Proportion and intensity of staining was evaluated and scored for HIF-1α and -2α using the Immunoreactivity Scoring System.




2.4. Immunoreactivity Scoring System (IRS)


Three sequential slides were obtained for each subject. For morphometric comparison of tissue biopsies from tumor positive and negative cases, four separated images per slide were captured first at 100× for the general view and after at ×400 magnification. To ensure that the analysis was unprejudiced, each image captured at ×400 was analyzed four times for intensity score (IS) and for proportional score (PS) using the Image J software. The average of these was calculated for each slide. All tested material was analyzed in the same way. Immunoreactivity score was calculated based on a previously defined scoring system incorporating intensity and percent of cells staining [30,31]. The proportional score (PS) was graded as follows: 0 = less than 10% of cells staining positive, 1 = 10–29% of cells staining positive, 2 = 30–49% of cells staining positive, 3 = 50–80% of cells staining positive, 4 = greater than 80% of cells staining positive. Intensity score (IS) was graded as 0 = negative, 1 = low positive, 2 = positive, 3 = high positive using IHC profiler [32,33]. These two scores were multiplied to obtain a ‘final score (FS)’ for immunoreactivity. The FS rated the samples for immunoreactivity as follows: negative (FS I) = 0–1, mild (FS II) = 2–3, moderate (FS III = 4–8 and strongly positive (FS IV) = 9–12 [30]. All samples were independently evaluated by two investigators (JHJ and DS) and the scores of each one was averaged to obtain a final score for each slide. Both investigators were blinded for pathological diagnosis of each case.




2.5. Statistical Analysis


Parametric (analysis of variance ANOVA) and non-parametric tests (Wilcoxon signed-rank test) were used to compare mean differences between groups, depending on sample size and distribution. If significance was observed, post hoc analysis was performed (Tukey–Kramer; Wilcoxon) between each group. Fisher’s Exact Test was used for categorical variables. Simple linear regression analysis was used to assess associations between variables. All statistical analyses were performed using JMP Pro 12 statistical software (SAS Institute Inc., Calgary, NC, USA), with the risk of Type I error set at α = 0.05.





3. Results


Slides from 29 patients were analyzed in this study. Their clinical characteristics are shown in Table 1. Comorbidities including diabetes mellitus (DM), hypertension (HTN), dyslipidemia and cancer were present mainly in patients with PDAC and NET (Table 1).



Both HIF-1α and HIF-2α proteins were uniformly overexpressed in tumor tissue and representative IHC staining microphotographs are shown in Figure 1. HIF-1α and HIF-2α proteins were detected in the nucleus and the cytoplasm. The other lesions show greater stromal collagen contents with weak immunoreactivity of both HIF-1α and HIF-2α compared to control (NT).



Nuclear immunoreactivities of HIF-1α and HIF-2α for the five different groups are shown as FS in Table 2 and Figure 2 (Supplementary Figure S1). The expression of HIF-1α increased significantly from PanIN (3.01 ± 0.17) through IPMN (7.63 ± 0.18) and NET (9.10 ± 0.23) to PDAC samples (11.06 ± 0.15, p < 0.001). The expression of HIF-2α also increased significantly from PanIN (2.79 ± 0.22) through IPMN (6.19 ± 0.17), and NET (8.56 ± 0.14) to PDAC samples (11.88 ± 0.04, p < 0.001).



Three slides were obtained for each of the 29 subjects and four pictures were taken from each slide. Some slides were not suitable and were excluded from the analysis. Percent strength immunoreactivity for HIF-1α and HIF-2α were calculated for each group and is shown in Table 3 (Supplementary Figure S2).



Simple linear regression analysis showed a strong correlation between HIF-1α and HIF-2α expression (R2 = 0.841, p < 0.001) (Figure 3).




4. Discussion


In this study, we found that significantly higher expression of HIF-1α and HIF-2α in PDAC, NETs, IPMN and precancerous lesions such as PanINs when compared with non-tumor samples. Furthermore, we observed a significant stepwise increase in nuclear expression of HIF-1α and HIF-2α from non-tumor tissue to PanINs, IPMNs, NETs and PDACs.



HIF indirectly regulates cellular processes such as proliferation and differentiation through interactions with other signaling proteins such as c-Myc and Notch. There are multiple mechanisms by which HIF can become activated and promote tumor progression [22]. HIF is an attractive target for anti-tumor therapy because it has low activity in normal, well oxygenated tissues, so it can be hypothesized that side effects caused by inhibition will be minimal [34]. Hypoxic tumors were more sensitive to tirapazamine (the lead compound in the benzotriazine-di-N-oxide class of hypoxic cytotoxins that selectively act in hypoxic tumor cells through bioreductive mechanisms)—containing therapies in xeno-grafted mouse tumors and in clinical trials in non-small-cell lung cancer and head and neck cancer. [35,36]. Although it appears that transcription factors like HIF1 can be targeted such that metabolic effects have anticancer application, it is important to note that targeting the downstream genes themselves may be a more controlled and/or specific approach [34].



We focused on the pathogenesis of progression from precancerous lesions through pancreatic adenocarcinoma with the increased expression of the HIF-1α and HIF-2α. We can postulate that both HIF-1α and HIF-2α are playing a role in this progression. Furthermore, the potential abrogation of expression of HIFs will lead to a potential target for antineoplastic therapies for NETs and PDACs.



This study has limitations. First, it is retrospective and single center, so extrapolating our findings to overall pancreatic tumors population seems challenging. Second, evaluation of HIF-1α and HIF-2α expression was based on immunohistochemical analysis, not confirmed by another method like western blotting. Third, there is lack of long-term follow up and survival data, and the number of samples is limited to be able to draw solid conclusions. Despite these limitations, our findings illuminate viable avenues for further research on HIF-associated therapeutics development.




5. Conclusions


In conclusion, our findings revealed stepwise increase of HIF-1α and -2α immunoreactivity with progression of disease in pancreatic tissues. To our knowledge, this is the first study describing HIF expression patterns in a broad range of pancreatic lesions. Our data suggest that HIF-1α and HIF-2α may play a role in pancreatic tumor progression but further large-scale studies will be necessary to confirm these findings and to define the effect of HIFs abrogation on tumor progression that can lead to novel therapies for this aggressive disease.
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	HIF
	hypoxia inducible factor



	PDAC
	pancreatic ductal adenocarcinoma



	NET
	neuroendocrine tumor



	IPMN
	intraductal papillary mucinous neoplasm



	PanIN
	pancreatic intraepithelial neoplasia



	NT
	non-tumor
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Figure 1. HIF-1α and HIF-2α expression in different type of pancreatic pathology. (A) In Non-tumor (NT) biopsies, expression is very weak. (B) Pancreatic intraepithelial neoplasia (PanIN) showed mild cytoplasm and nuclear expression. (C) Intraductal papillary mucinous neoplasm (IPMN), showed moderate cytoplasmic and nuclear expression. (D) Neuroendocrine tumor (NET), demonstrated moderate cytoplasmic and from moderate to strong nuclear expression. (E) Pancreatic ductal adenocarcinoma (PDAC), showed moderate cytoplasmic and strong nuclear expression. The characteristic atypical cells form irregular and incomplete structures, i.e., tubular or glandular structures with strong expression embedded in a dense desmoplastic tumor stroma. Control images from non-tumor (NT) stained with the same antibody showing negative or very weak immunostaining. Scale bar, 100 μm. 
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Figure 2. Final Score of Immunoreactivity for HIF-1α (A) and HIF-2α (B). (A,B) Bar diagrams correspond to Final Scores (FS) for HIF-1 α and HIF-2 α in the 5 groups. FS of both HIF-1α and HIF-2α increased progressively from PanIN through IPMN, NET to PDAC. Data are mean ± SEM; * p < 0.0001 PanIN, IPMN, NET and PDAC versus NT. Analysis of variance with post hoc analysis (Tukey-Kramer). HIF = hypoxia inducible factor, IPMN = intraductal papillary mucinous neoplasm, NET = neuroendocrine tumor, NT = non-tumor, PanIN = pancreatic intraepithelial neoplasia, PDAC = pancreatic ductal adenocarcinoma. 
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Figure 3. Correlation between HIF-1α and HIF-2α expression for all samples. R calculated with Simple linear regression analysis. HIF = hypoxia inducible factor, IPMN = intraductal papillary mucinous neoplasm, NET = neuroendocrine tumor, NT = non-tumor, PanIN = pancreatic intraepithelial neoplasia, PDAC = pancreatic ductal adenocarcinoma. 
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Table 1. Clinical Characteristics of Patients with Different Pancreatic Lesions.






Table 1. Clinical Characteristics of Patients with Different Pancreatic Lesions.





	
Parameter

	
Groups (n)




	
PDAC (15)

	
NET (7)

	
IPMN (4)

	
PanIN (3)






	
Age, years (mean)

	
65.56

	
61.64

	
65.38

	
55.69




	
Sex, n




	
Male (%)

	
8 (53.3)

	
4 (57.1)

	
1 (25.0)

	
1 (33.3)




	
Female (%)

	
7 (46.7)

	
3 (42.86)

	
3 (75.0)

	
2 (66.7)




	
Combined disease (n)




	
Diabetes mellitus

	
5

	
1

	
1

	
1




	
Hypertension

	
7

	
7

	
1

	
1




	
Dyslipidemia

	
5

	
4

	
1

	
0




	
Cancer (type)

	
1 (papillary thyroid carcinoma)

	
1 (colon cancer) & 1 (prostate cancer)

	
0

	
1 (Hodgikin’s disease)








IPMN = intraductal papillary mucinous neoplasm, NET = neuroendocrine tumor, PanIN = pancreatic intraepithelial neoplasia, PDAC = pancreatic ductal adenocarcinoma.













[image: Table] 





Table 2. FS of HIF-1α and HIF -2α for each group.
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Groups (n)

	
HIF-1α

	
HIF-2α




	
(Mean ± SEM)

	
(Mean ± SEM)






	
NT (21)

	
1.00 ± 0.13

	
1.75 ± 0.20




	
PanIN (3)

	
3.01 ± 0.17

	
2.79 ± 0.22




	
IPMN (4)

	
7.63 ± 0.18

	
6.19 ± 0.17




	
NET (7)

	
9.10 ± 0.23

	
8.56 ± 0.14




	
PDAC (15)

	
11.06 ± 0.15

	
11.88 ± 0.04








HIF = hypoxia inducible factor, IPMN = intraductal papillary mucinous neoplasm, NET = neuroendocrine tumor, NT = non-tumor, PanIN = pancreatic intraepithelial neoplasia, PDAC = pancreatic ductal adenocarcinoma; SEM = standard error of mean.
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Table 3. Immunohistochemical analysis of HIF-1α and HIF-2α.
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Group

	
# Patients Stained

	
HIF-1α

	
HIF-2α




	
Total Slides Stained

	
Total Pictures Analyzed

	
Strength of Immunoreactivity (%)

	
Total Slides Stained

	
Total Picture Analyzed

	
Strength of Immunoreactivity (%)




	
Ⅰ

	
Ⅱ

	
Ⅲ

	
Ⅳ

	
Ⅰ

	
Ⅱ

	
Ⅲ

	
Ⅳ






	
NT

	
21

	
21

	
84

	
90.5

	
9.5

	
0

	
0

	
12

	
48

	
66.7

	
33.3

	
0

	
0




	
PanIN

	
3

	
5

	
20

	
0

	
80

	
20

	
0

	
8

	
32

	
0

	
100

	
0

	
0




	
IPMN

	
4

	
6

	
24

	
0

	
0

	
50

	
50

	
9

	
36

	
0

	
11.1

	
66.7

	
22.2




	
NET

	
7

	
10

	
40

	
0

	
0

	
30

	
70

	
13

	
52

	
0

	
0

	
30.8

	
69.2




	
PDAC

	
15

	
21

	
84

	
0

	
0

	
9.5

	
90.5

	
23

	
92

	
0

	
0

	
0

	
100








HIF = hypoxia inducible factor, IPMN = intraductal papillary mucinous neoplasm, NET = neuroendocrine tumor, NT = non-tumor, PanIN = pancreatic intraepithelial neoplasia, PDAC = pancreatic ductal adenocarcinoma.
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