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CYB5A role in pancreatic cancer prognosis and autophagy modulation 

 
Abstract  

Background. Loss of 18q22.3 is a prognostic marker in pancreatic ductal adenocarcinoma 

(PDAC). The present study investigated genes encoded by this cytoband.  

Methods. We studied mRNA/protein expression in radically-resected (N=148) and 

metastatic patients (N=50). The role of CYB5A was tested in 11 PDAC cell lines and 5 

primary cultures, through retrovirus-mediated up-regulation and siRNA, using wound-

healing, invasion, annexin-V, electron microscopy and autophagic assays, as well as 

autophagy-genes and kinases arrays. CYB5A+ orthotopic models (N=6 mice/group) were 

monitored by Firefly and Gaussia-luciferase bioluminescence, MRI and high-frequency-

ultrasound. Data were analyzed by t-test, Fisher's exact-test, Log-rank-test and Cox’s 

proportional hazards models. All statistical tests were two-sided. 

Results. Both resected and metastatic patients with low mRNA or protein expression of 

CYB5A had statistically significantly shorter survival (e.g., 16.7, 95% confidence interval 

[CI]=13.5-19.9 vs. 24.8 months, 95%CI=12.8-36.9, two-sided log-rank P=0.02, in 82 

radically-resected PDACs), and multivariate analyses confirmed its prognostic relevance. 

Moreover, we characterized a novel function to CYB5A, autophagy induction, concomitant 

with reduced proliferation and migration/invasion of PDAC cells. Network analysis of pro-

autophagic pathways suggested CYB5A interaction with TRAF6, which was confirmed by 

TRAF6 down-regulation after CYB5A reconstitution (-69% in SU.86.86-CYB5A+, two-

sided t-test P=0.005). CYB5A silencing had opposite effects, restoring TRAF6 expression 

and wound-healing. In vivo studies showed that CYB5A induced autophagy while 

inhibiting tumor growth/metastasis and increasing survival (57, 95%CI=52-61, vs. 44 days, 

95%CI=21-57, two-sided log-rank P=0.03).  

Conclusions. These results define CYB5A as a novel prognostic factor for PDAC, exerting 

its tumor-suppressor function via autophagy-induction and TRAF6 modulation. 
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Introduction 

Pancreatic ductal adenocarcinoma (PDAC) carries one of the worst prognoses of any major 

malignancy and exhibits profound chemoresistance [1-3]. The inefficacy of currently 

available therapeutic strategies has been attributed to the dense desmoplastic reaction, 

which reduces drug penetration, and to the high rate of genetic alterations affecting multiple 

pathways [4-5]. Genetic analyses uncovered mechanisms controlling pancreatic 

carcinogenesis [6], and studies to identify aberrancies associated with outcome are 

warranted.  

We previously investigated genomic imbalances using array-comparative genomic 

hybridization (aCGH) in a cohort of 44 radically-resected patients, the largest PDAC series 

ever investigated by aCGH [7]. In this series the median overall survivals (OS) for patients 

with and without loss of the cytoband 18q22.3 were 7.6 and 21.4 months, respectively 

(P=0.019, two-sided log-rank test).  

The cytoband 18q22.3 contains five known genes (FBXO15, c18orf55, CYB5A, c18orf51, 

and CPGL). In agreement with previous findings [8], CPGL reduced proliferation and 

inhibited migration in SU.86.86 cells carrying FLAG-tagged-CPGL. However, knockdown 

of CPGL in the PANC-1 cells did not affect proliferation, cell cycle distribution and 

wound-healing [7].  

The aim of the present study was to evaluate whether the mRNAs and/or proteins coded by 

the genes in the 18q22.3 cytoband were associated with outcome in two cohorts of 

radically-resected patients and one cohort of metastatic PDAC patients. Further, we aimed 

at characterizing key factors affecting proliferative and invasive capacity, as well as 

autophagy induction, which may provide mechanistic insights on PDAC aggressive 

behaviour and contribute to the rational development of new prognostic and therapeutic 

approaches. 

 

Methods 

Cell lines 

AsPc1, BxPc-3, Capan-2, CFPAC-1, HPAC, MIA PaCa-2, PANC-1, PL45, SU.86.86, 

SUIT2-007, SUIT2-028 and hTERT-HPNE were from ATCC (Manassas, VA). Five 

primary cultures (PDAC-1/-2/-3/-4/-5) were isolated at Pisa University-Hospital [9].  

Patient samples  

The primary tumors (N=148) of the two cohorts of PDAC patients were resected with 

pancreatico-duodenectomy or total/distal-pancreatectomy before adjuvant treatment, 

consisting of gemcitabine-based combined modality (e.g., gemcitabine 1000 mg/m
2
/day on 

days 1, 8 and 15 every 28 days, followed by gemcitabine 300 mg/m
2
 weekly plus 

concomitant radiation therapy to a total of 45 Gray). Clinicopathological characteristics of 

these patients are reported in Supplementary Tables 1a-b). 

Fresh-frozen samples from the first cohort (N=48, stage IIb, pT3N1Mx according to AJCC-

TNM staging system), collected from 12-2001 to 10-2004, were stored until Laser-

Microdissection. Similarly, 33 biopsies from metastatic tumors were collected before 

treatment (gemcitabine 1000 mg/m
2
/day on days 1, 8 and 15).  Patients were followed-up 

for 1.6 to 56.5 months (median 18.2 months) until 01-2010.  
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Patients were stratified according to the median expression of target genes. Disease-free 

survival (DFS) was defined as the time from the diagnosis to the first relapse or last follow-

up in radically-resected patients, progression-free survival (PFS) was defined as the time 

from the diagnosis to the first progression or last follow-up in metastatic patients, while OS 

was calculated from the diagnosis to the death or last follow-up. 

Tissue-microarrays (TMAs) were constructed using core tissue biopsies from formalin-

fixed paraffin-embedded specimens of the second cohort (N=100). Two additional TMAs 

were constructed with 50 samples from metastatic patients. 

All specimens were obtained after patient’s written consent approved by the Pisa 

University-Hospital Ethics Committee. Detailed Methods for Laser-Microdissection and 

construction of TMAs can be found in the Supplementary Methods. 

Quantitative-RT-PCR and Immunohistochemistry (IHC) 

Expression of FBXO15, C18orf55, CYB5A, CPGL and CPGL-B was evaluated in 48 

patients undergoing surgical resection and 33 metastatic patients [7,9], while CYB5A 

protein expression was evaluated in TMAs, from a second cohort (N=100) of radically-

resected [10], and 50 metastatic patients, as described in the Supplementary Methods.  

In vitro studies 

PDAC-2 and SU.86.86 cells were transduced with PLNCX2/CYB5A-YFP constructs 

(Supplementary Figures 1A-B), or transfected with 25 nmol/L CYB5A siRNA or negative 

control (s223365 and Silencer® Negative-Control#1, Ambion, Foster City, CA). CYB5A 

expression was compared to hTERT-HPNE using the 2
-ΔΔCt

 method. 

Ultrastructural analysis, CYB5A and LC-3 immuno-blotting/fluorescence were performed 

as described [9,11].  

Autophagy-related genes were assessed using the Autophagy-RT2-Profiler
TM

 PCR-Array 

(Qiagen). Kinase activity was evaluated by peptide substrate array (PamGene, 's-

Hertogenbosch, Netherlands), as described [12].  

Functional and physical interactions of CYB5A were retrieved using STRING [13]. Data 

were loaded in Cytoscape v2.8.3, and networks were merged with embedded analysis tools. 

Clustering of the final network was obtained with ClusterOne plugin v1.1, while BINGO 

plug-in provided ontologies for each cluster [14,15].  

Further details on proliferation, migration, invasion, immunoblotting, DNA-damage, 

apoptosis and autophagy assays are in Supplementary methods. 

In vivo studies 

PDAC-2 cells were transduced with lentiviral vectors containing Firefly-luciferase 

(Fluc)/mCherry, and Gaussia-luciferase(Gluc)/CFP, as described [16,17]. Then cells were 

transduced with PLNCX2/CYB5A-YFP or control constructs, and injected in the pancreas 

of 12 randomized mice: 6 PLNCX2/CYB5A-YFP (CYB5A+) and 6 PLNCX2/YFP (CTR-

group). Tumor growth was monitored via charge-coupled device (CCD) camera imaging. 

Experiments were carried out according to a protocol approved by the VU University 

Amsterdam, Netherlands. Further details are in the Supplementary Methods. 

Statistical Analyses 

All experiments were performed in triplicate and repeated three times. Data was expressed 

as mean values±SE and analyzed by Student’s-t-test or Maan-Whitney-test followed by the 
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Tukey's multiple comparison. Associations between clinicopathologic features were tested 

by Fisher's exact-test. Kaplan-Meier and log-rank methods were used to compare disease-

/progression-free survival (DFS/PFS) and OS curves, using SPSS-20 (IBM, Chicago, IL). 

Statistically significant variables at univariate were included in multivariate analysis, using 

Cox’s proportional hazards model. The proportional hazards assumption was satisfied using 

the Schoenfeld residuals method. All statistical tests were two-sided. A P value of less than 

0.05 was considered statistically significant.  

 

Results 

CYB5A mRNA and protein expression and outcome  

Figure 1A depicts FBXO15, c18orf55, CYB5A, CPGL, and CPGL-B transcripts variation 

according to CPGL-deletion, used as an indicator of cytoband 18q22.3 deletion (7). Median 

expression values of CYB5A and c18orf55 were statistically significantly lower in deleted 

samples (two-sided Mann-Whitney-test P<0.05). CPGL-deletion was confirmed to have 

prognostic value (Table 1), as well as grading. However, considering the 5 genes studied, 

only patients with CYB5A expression below median had a significant shorter OS (Figure 

1B, median OS of 16.3, 95%CI=13.4-19.1, vs. 29.5 months, 95%CI=11.1-47.8, hazard 

ratio [HR]=2.3, 95%CI=1.2-6.0, P=0.01, two-sided log-rank test). Similar results were 

observed for DFS (Table 1), while there was no difference in CYB5A levels according to 

grade (Supplementary Table 1c). 

The prognostic role of CYB5A was confirmed in an independent cohort of radically-

resected patients (Table 2), evaluating protein expression by IHC (Supplementary Figure 

2). Patients with low CYB5A expression had OS of 16.7 months, 95%CI, 13.5-19.9, while 

remaining patients had OS of 24.8 months, 95%CI=12.8-36.9 (Figure 1C, HR=1.9, 

95%CI=1.2-3.6, P=0.019, two-sided log-rank test). CYB5A was also associated with DFS 

(Table 1), while there were no differences in CYB5A expression in relation to all the 

clinicopathological parameters (Supplementary Table 2). Multivariate analyses 

demonstrated that CYB5A mRNA and protein expression as well as grading are 

independent prognostic factors (Tables 1-2). Similar results were obtained in 50 metastatic 

patients (Table 3 and Figures 1C-D). No differences were observed in analysis by sex (data 

not shown).  

Effects of CYB5A inhibits on cell growth and invasion 

To study CYB5A biological role we initially assessed its mRNA expression, demonstrating 

lower expression levels in all the malignant cells compared to non-tumorigenic cells (Figure 

2A). Remarkably, CYB5A levels in primary cultures were correlated (R
2
=0.901, P=0.013, 

two-sided Spearman-test) to the values detected in their tissues of origin, suggesting that 

these cultures are reliable models. 

SU.86.86 and PDAC-2 cells were selected for further investigation as they carried the 

18q22.3 cytoband loss (Supplementary Figure 3) and expressed the lowest levels of CYB5A 

mRNA. We successfully established CYB5A-overexpressing subclones and empty vectors, 

with more than 90% efficiency, in each cell type (suppl. Fig. 4A-B). 



Chapter 12 

236 | P a g e  
 
 

 
Figure 1.  Expression of CYB5A and clinical outcome. (A) PCR data of the 5 genes in the 48 radically-
resected PDAC patients of the first cohort, with (white bars) and without (grey bars) CPGL deletion. Data are 
expressed as arbitrary units (a.u.), as explained in the Supplementary methods. P values were calculated with two-
sided Mann-Whitney test. C18orf51 was not included because it was not detectable in preliminary analyses in 
PDAC cells; (B) Survival curves according to PCR data of CYB5A mRNA expression in the patients from the first 
cohort, grouped according to high/low vs. median values. P values were calculated with two-sided log-rank test. 
(C) Survival curves according to CYB5A protein expression in the 82 radically-resected PDAC patients of the 
second cohort (high/low staining score values, as explained in the Supplementary methods). All patients received 
the same gemcitabine-based adjuvant chemotherapy, but 13 patients in this cohort had stage-IIA PDACs 
(pT3N0Mx), and less tumors exhibited grade-3 histological differentiation in comparison with those in the first 
cohort (Supplementary Table 1). P values were calculated with two-sided log-rank test. (D-E) Survival curves 
according to CYB5A mRNA and protein expression in the metastatic patients (mRNA expression data were 
available for 33 patients, while protein expression data were available for 50 patients). P values were calculated 
with two-sided log-rank test. The number of patients at risk in each group is given in the tables below the graphs. 
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Table 1. Outcome according to clinical characteristics and mRNA expression of the genes in the 

18q22.3 cytoband in the first cohort of PDAC patients 

Univariate 

analysis 

 N (%) OS months  

(95% CI) 

*P DFS month 

 (95% CI) 

*P 

  48  16.7 (9.8-23.5)  11.8 (7.7-15.8)  

Age, years 65 

65 

28 (58) 

20 (42) 

15.9 (14,1-17,7) 

22.3 (12.8-31.7) 

0.67 9.8 (6.4-13.2) 

14.5 (7.6-21.3) 

0.65 

Sex Male 

Female 

21 (44) 

27 (56) 

15.9 (9.2-19.5) 

25.2 (12.4-41.3) 

0.26 11.4 (7.8-14.9) 

13.0 (7.2-18.8) 

0.49 

Resection 

status 

R0 

R1 

38 (79) 

10 (21) 

17.7 (7.5-27.8) 

16.2 (13.2-19.3) 

0.49 10.0 (6.8-13.2) 

14.8 (10.2-

19.3) 

0.78 

Vascular 

infiltration 

No 

Yes 

29 (60) 

19 (40) 

15.9 (11.1-20.8) 

20.9 (12.7-29.0) 

0.77 9.8 (5.2-14.3) 

15.7 (9.5-21.8) 

0.72 

Neural 

infiltration 

No 

Yes 

22 (46) 

26 (54) 

16.7 (7.8-25.5) 

17.7 (8.7-26.6) 

0.78 13.0 (5.3-20.7) 

11.8 (8.7-14.8) 

0.85 

PanINs No 

Yes 

23 (48) 

25 (52) 

16.3 (14.1-18.4) 

22.3 (9.9-34.6) 

0.63 9.3 (3.9-14.8) 

14.5 (9.2-19.8) 

0.64 

Grading 

(WHO) 

1-2 

3 

21 (44) 

27 (46) 

31.0 (28.6-33.4) 

14.8 (11.6-17.9) 

<0.00

1 

24.1 (15.2-

33.0) 

9.3 (5.9-12.8) 

0.01 

CPGL 

deletion 

No 

Yes 

32 (67) 

12 (33) 

15.2 (10.6-19.9) 

31.0 (21.7-40.3) 

0.04 10.0 (6.5-13.5) 

14.7 (5.7-23.8) 

0.10 

FBXO15 

expression 

median = low 

>median = high 

23 (49) 

24 (51) 

16.3 (12.5-20.0) 

25.2 (18.0-32.4) 

0.20 7.7 (2.4-13.0) 

13.0 (9.1-16.9) 

0.17 

c18orf55 

expression 

median = low 

>median = high 

21 (50) 

21 (50) 

16.3 (14.3-18.3) 

26.6 (17.6-35.7) 

0.17 10.0 (4.9-15.0) 

14.8 (8.1-21.4) 

0.46 

CYB5A 

expression 

median = low 

>median = high 

24 (50) 

24 (50) 

16.3 (13.4-19.1) 

29.5 (11.1-47.8) 

0.01 7.3 (3.9-18.8) 

11.9 (3.2-20.5) 

0.05 

CPGL 

expression 

median = low 

>median = high 

24 (50) 

24 (50) 

16.3 (14.2-18.4) 

22.3 (9.8-34.7) 

0.68 7.7 (5.1-10.3) 

14.8 (10.3-

19.2) 

0.09 

CPGL-B 

expression 

median = low 

>median = high 

23 (49) 

24 (51) 

16.3 (13.8-18.7) 

20.9 (7.3-34.5) 

0.69 10.0 (4.5-15.5) 

11.8 (7.8-15.7) 

0.66 

Multivariate 

analysis 

 df Risk of death 

HR (95% CI) 

†P Risk of relapse 

HR (95% CI) 

†P 

Grading 

(WHO) 

1-2 

3 

1 0.3 (0.1-0.6) 

1.0 (ref) 

0.001 0.4 (0.2-0.8) 

1.0 (ref) 

0.03 

CYB5A 

expression 

low 

high 

1 2.8 (1.2-6.7) 

1.0 (ref) 

0.02 1.8 (1.0-1.3) 

1.0 (ref) 

0.05 

* calculated using log-rank two-sided test; † calculated using Cox’s proportional hazards two-sided 

test. CI, Confidence Interval; df, degrees of freedom; DFS, Disease Free Survival; HR, Hazard Ratio; 

OS, Overall Survival; PanIN, Pancreatic Intraepithelial Neoplasia; ref, reference; WHO, World Health 

Organization. 
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Table 2. Outcome according to clinical characteristics and protein expression of 

CYB5A in the second cohort of radically resected PDAC patients 

Univariate  

analysis 

 N (%) OS months  

(95% CI) 

*P DFS months 

(95% CI) 

*P 

  82 19.2 (15.4-23.0)  12.0 (9.4-14.6)  

Age, years 65 

65 

43 (52) 

39 (48) 

16.7 (6.0-27.4) 

19.2 (17.1-21.3) 

0.30 12.0 (7.3-16.8) 

12.4 (8.3-16.5) 

0.68 

Sex Male 

Female 

39 (48) 

43 (52) 

18.4 (14.1-22.7) 

21.1 (13.6-28.7) 

0.86 10.8 (8.6-19.5) 

14.1 (8.6-19.5) 

0.80 

Resection 

status 

R0 

R1 

66 (80) 

16 (20) 

19.2 (14.3-24.1) 

18.4 (16.3-20.5) 

0.33 12.0 (8.9-15.1) 

10.8 (8.2-13.3) 

0.61 

Vascular 

infiltration 

No 

Yes 

38 (46) 

44 (54) 

23.8 (12.6-35.0) 

18.4 (14.5-22.3) 

0.35 12.0 (4.9-19.1) 

11.8 (9.4-14.1) 

0.67 

Neural 

infiltration 

No 

Yes 

23 (28) 

59 (72) 

24.5 (8.1-40.9) 

18.8 (16.2-21.3) 

0.47 12.0 (1.0-23.0) 

12.0 (9.6-14.4) 

0.86 

PanINs No 

Yes 

53 (64) 

29 (36) 

18.4 (12.0-25.6) 

20.0 (14.3-25.7) 

0.75 12.4 (9.7-15.0) 

10.8 (7.3-14.3) 

0.30 

Grading 

(WHO) 

1-2 

3 

61 (74) 

21 (26) 

20.5 (14.9-26.1) 

14.6 (7.3-21.8) 

0.05 12.8 (8.4-17.3) 

7.5 (5.3-9.6) 

0.06 

Stage 

(AJCC) 

IIA 

IIB 

13 (16) 

69 (84) 

20.0 (18.5-21.9) 

18.4 (14.0-22.2) 

0.16 12.0 (9.1-14.4) 

12.0 (9.0-15.0) 

0.24 

CYB5A protein 

expression 

low 

high 

44 (54) 

38 (46) 

16.7 (13.5-19.9) 

24.8 (12.8-36.9) 

0.02 11.6 (8.3-14.9) 

16.4 (6.2-26.6) 

0.02 

Multivariate 

analysis 

 df Risk of death 

HR (95% CI) 

†P Risk of relapse 

HR (95% CI) 

†P 

Grading 

(WHO) 

1-2 

3 

1 0.6 (0.3-1.0) 

1.0 (ref) 

0.05 0.6 (0.4-1.2) 

1.0 (ref) 

0.14 

CYB5A 

expression 

low 

high 

1 2.0 (1.1-3.6) 

1.0 (ref) 

0.02 1.8 (1.1-1.4) 

1.0 (ref) 

0.03 

* calculated using log-rank two-sided test; † calculated using Cox’s proportional hazards two-sided 

test. AJCC, American Joint Committee on Cancer; CI, Confidence Interval; df, degrees of freedom; 

DFS, Disease Free Survival; HR, Hazard Ratio; OS, Overall Survival; PanIN, Pancreatic 

Intraepithelial Neoplasia; ref, reference; WHO, World Health Organization. 

 

Furthermore, quantitative-RT-PCR demonstrated a 7- and 20-fold increase of CYB5A 

expression in SU.86.86-CYB5A+ and PDAC-2-CYB5A+, respectively (Figure 2A). These 

CYB5A+ subclones showed slower proliferation rates, as well as less wound-healing 

(Figures 2B-C), and invasion (Supplementary Figure 4C) indicating that CYB5A 

expression leads to both growth inhibition and attenuated cell migration.  CYB5A-siRNA 

transfection of PDAC-2-CYB5A+ subclones restored proliferation (data not shown) and 

wound-healing (Supplementary Figure 4D). Conversely, no differences were detected for 

double-strand breaks (Suppl. Fig.5). 
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Table 3. Outcome according to clinical characteristics and protein expression of CYB5A in the 
cohort of metastatic patients 

Univariate 
analysis 

 N (%) OS months  
(95% CI) 

*P PFS months 
(95% CI) 

*P 

  50 8.5 (6.5-10.4)  5.8 (3.3-8.4)  

Age, years 65 
65 

28 (56) 
22 (44) 

7.7 (5.7-9.7) 
9.0 (4.3-13.7) 

0.20 12.0 (7.3-16.8) 
12.4 (8.3-16.5) 

0.14 

Sex Male 
Female 

34 (68) 
16 (32) 

6.7 (4.5-9.0) 
12.5 (11.2-13.8) 

0.12 10.8 (8.6-19.5) 
14.1 (8.6-19.5) 

0.10 

Grading 
(WHO) 

1-2 
3 

23 (46) 
27 (54) 

13.9 (9.9-15.4) 
7.8 (5.0-9.3) 

0.007 12.8 (8.4-17.3) 
7.5 (5.3-9.6) 

0.05 

CYB5A protein 
expression 

low 
high 

25 (50) 
25 (50) 

12.7 (9.8-15.5) 
6.5 (4.4-8.5) 

0.004 11.6 (8.3-14.9) 
16.4 (6.2-26.6) 

<0.001 

Multivariate 
analysis 

 df Risk of death 
HR (95% CI) 

†P Risk of relapse 
HR (95% CI) 

†P 

Grading 
(WHO) 

1-2 
3 

1 0.5 (0.3-0.9) 
1.0 (ref) 

0.05 0.7 (0.5-1.0) 
1.0 (ref) 

0.05 

CYB5A 
expression 

low 
high 

1 1.9 (1.2-3.0) 
1.0 (ref) 

0.04 2.1 (1.3-2.7) 
1.0 (ref) 

<0.001 

* calculated using log-rank two-sided test; † calculated using Cox’s proportional hazards two-sided 
test. CI, Confidence Interval; df, degrees of freedom; HR, Hazard Ratio; OS, Overall Survival; PFS, 
Progression Free Survival; ref, reference; WHO, World Health Organization. 

 

Effects of CYB5A on autophagy 

Annexin-V staining showed a statistically significant increase in apoptosis in both SU86.86-

CYB5A+ (two-sided t-test P=0.02) and PDAC-2-CYB5A+ (two-sided t-test P=0.02), as 

exemplified in Figure 2D. In SU.86.86-CYB5A+ early-apoptosis was increased from 2.3 to 

9.1%, whereas late-apoptosis from 4.5 to 9.5%. A similar increase was also observed for 

mitochondrial damage (Supplementary Figure 6A), with a clear decrease of DiOC6 binding 

in CYB5A+ cells (two-sided t-test P=0.02).  

However, the most striking effect of CYB5A transduction was the different morphological 

appearance of CYB5A+ cells, showing a round shape and a dramatic increase in 

cytoplasmic vacuolization (Figure 2E). Cytoplasm and nucleoplasm were slightly darker, 

and ultrastructural analysis revealed double-membrane vesicles containing engulfed 

cytoplasmic contents and autophagolysosomes (Figure 2E). Quantitative analysis confirmed 

increased autophagic vacuoles formation and accumulation of residual bodies and 

autophagolysosomes (+25% and +33% vs. CTR, respectively), further induced by 

chloroquine, (+35% and +41% vs. CTR, respectively), which was also able to inhibit cell 

proliferation (Supplementary Fig. 6B). The ability of CYB5A to induce autophagy was 

supported by the increase of acridine-orange-stained cells, double labeling of CYB5A and 

LC3-II and immunoblotting (Supplementary Fig. 6C-E).  



Chapter 12 

240 | P a g e  
 
 

 

Figure 2. Effects of CYB5A modulation on pancreatic cells. (A) CYB5A mRNA expression in 
pancreatic cancer cells (versus normal pancreatic ductal cells HPNE), including the corresponding 
tissues for 5 primary cell cultures (grey bars), and cells transduced with the CYB5A vector 
(CYB5A+). (B) Growth curves of SU.86.86 and PDAC-2 cells (CTR vs. CYB5A+). (C) In vitro 
migration of CTR vs. CYB5A+ cells, showing statistically significant wound-healing (representative 
pictures in the inserts). Statistically significant differences were already detected at 8-hour time points 
for SU.86.86 (-30% migration vs. CTR, data not shown). (D) Histograms of cytofluorometric analysis 
of apoptosis 24 hours after starvation, as detected by Annexin-V (Q2: late apoptosis, Q4: early 
apoptosis) in PDAC-2 cells. (E) Electron microscopy phenotypes in PDAC-2 and SU.86.86 cells, 
showing autophagic vacuoles (AV), residual bodies (RB) and autophagolysosomes (AVL), near the 
nucleus (N) and mitochondria (M). Points, mean values from three independent experiments; bars, 
SD. All the P values were calculated with two-sided Student’s-t-test.*P<0.05. 

 

Effects of CYB5A on pro-autophagic pathways and oncogenic kinases 

To shed light on the molecular events driving autophagy, we evaluated 84 genes encoding 

key components of the autophagic machinery. The volcano plot in Figure 3A arranged the 

genes along differential regulation (up or down-regulation, X-axis) and statistical 

significance (Y-axis) of genes in CYB5A+ compared to CTR cells. Sorting for 3-fold-

change cutoff, this analysis identified 11 relevantly up-regulated genes, including the ATG-

genes ATG5, ATG7, ATG9A, ATG16L2, the ATG8 homologue MAPLC3A, the pro-

autophagic gene AMBRA1, and the co-regulators of autophagy and apoptosis BAX and 

DRAM1 (18). However, we also observed a marked increase of HSP90AA1, NFKB1, 

frequently overexpressed in PDAC [19], and CXCR4, which has been linked to PDAC 

metastasis [20]. The down-regulated genes included the major anti-apoptotic players BCL-2 

and AKT1, and RPS6KB1 that repress BAD pro-apoptotic function [21]. Another striking 

finding was the down-regulation of MAPK14, which is one of the four p38-MAPKs  
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Figure 3. Key pathways involved in the activity of CYB5A. (A) Volcano plot showing the results 
of the PCR autophagy array. P values were calculated with two-sided Student’s-t-test. (B) Network 
analysis of CYB5A interactions retrieved from STRING database, using low stringency settings and a 
number of maximum interactors for each node of 100. Nodes are colored according to the expression 
fold change. Genes were clustered using the ClusterOne Cytoscape plugin and each sub-network was 
searched for statistically significant association to gene ontologies biological process categories using 
a two-sided hypergeometric test with Benjamini-Hochberg correction for multiple comparison. (C) 
Densitometric analysis of immunoblots for TRAF6 protein expression in the PDAC-2 and SU.86.86 
cells (CTR and CYB5A+) after transfection with a specific siRNA for CYB5A (representative 
immunoblots are shown in Supplementary Figure 4A). P values were calculated with two-sided 
Student’s-t-test. (D) Relevantly inhibited kinases in the kinase array, with green bar for the 
MK14_173-185 peptide (E) Densitometric analysis of immunoblots for phospho-MAPK14 vs. 
MAPK14 and in the PDAC-2 and SU.86.86 cells (CYB5A+vs. CTR). P values were calculated with 
two-sided Student’s-t-test. Columns, mean values obtained from three independent experiments; 
bars, SD. *P<0.05.   

 

involved in cascades of cellular responses evoked by proinflammatory cytokines or physical 

stress. 

Based on these results, we initially built two separate networks; the first was composed of 

all possible interactions for CYB5A, while the second included interactions retrieved for 

the genes having differential expression at the PCR-array (Figure 3B). These analyses 

revealed that the physical interaction of CYB5A with TRAF6 [22] constitutes a molecular 

bridge for many signals, both upstream and downstream, including Akt and MAP-kinases, 

as well as with genes involved in cell death.  

Importantly, CYB5A+ cells had a statistically significant reduction of TRAF6 levels 9-54% 
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and -69% vs. CTR, two-sided t-test P=0.02, and P=0.005 in PDAC-2 and SU.86.86 cells, 

respectively, which was restored in rescue experiments with CYB5A siRNA (Figure 3C).  

Moreover we observed a reduction of the phosphoryation of MAPK14 peptide substrate, 

consistent with statistically significant reduction of phospho-MAPK14 (two-sided t-test 

P<0.01, Figure 3D), as well as a marked reduction of Src and EGFR substrates 

phosphorylation (in Y908/Y1062/Y962).  

Effects of CYB5A in vivo 

Figure 4A show Fluc signal in mice injected with PDAC-2-Fluc/mCherry cells, indicating 

tumor engraftment and growth. This signal was statistically significantly lower in CYB5A+ 

mice (1.7 10
10

 vs. 4.6 10
10 

photons/sec/cm
2
, at day-35, two-sided t-test P=0.006). MRI 

confirmed the localization of tumor cells in the mouse pancreas, as well as retroperitoneal 

invasion, while high-frequency ultrasound enabled the assessment of vasculature networks  

 

Figure 4. Effects of CYB5A in vivo. (A) Five days after injection, primary tumors were detectable in 
all mice (i.e., 100% take rate, without surgery related mortality), and Fluc activity (proportional to the 
number of cancer cells, carrying Fluc/mCherry) increased over time. (B) BLI signal of the PDAC 
tumors as detected in the blood samples with the Gluc (proportional to the number of cancer cells, 
carrying Gluc/CFP). P values were calculated with two-sided Student’s-t-test. (C) Survival curves in 
the 2 groups of mice. Statistically significant differences were determined by two-sided log-rank test. 
The number of mice at risk in each group is given below the graph. (D) Number of liver metastases in 
the two groups of mice. All mice were also evaluated for the presence of metastatic localization in 
other organs, and lung metastases were identified in 2 out of 6 animals of the CTR group. P values 
were calculated with two-sided Student’s-t-test. (E) Immunofluorescence image of a representative 
section showing a liver metastasis in a mouse from the CYB5A+ group (YFP-positive cells). Points 
or Columns, mean values obtained from the analysis of the 6 mice in each group; bars, SD, *P<0.05.  
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(Suppl. Fig. 7A-B). Gluc signal further supported the reduced tumor burden due to CYB5A 

transduction (3.8 10
4
 vs. 6.9 10

4
 relative light units/seconds, at day-35, two-sided t-test 

P=0.01, Figure 4B). 

Fluorescence microscopy identified YFP-marked CYB5A+ cells in pancreatic cross-

sections (data not shown). The differential expression of CYB5A was confirmed by IHC, 

which detected also its variability in three other models of orthotopic PDACs (Suppl. 

Fig.7C). Survival analysis demonstrated that mice of the CYB5A+ group lived longer 

(median OS, 57, 95%CI=52-61, vs. 44 days, 95%CI=21-57, two-sided log-rank P=0.03, 

HR=0.4, 95%CI=0.1-0.8, Figure 4C). Numerous macroscopic metastases were observed in 

all the livers of CTR mice (Figures 4D-E), while no liver metastases were detected in 33% 

of CYB5A+ mice. 

Remarkably, PDACs in the CYB5A+ group demonstrated reduced expression of TRAF6 

(Figure 4I), associated with increased in the expression of its turnover-regulator p62 [23] 

and of the autophagic markers LC3-II, ATG7 and ATG16L2 (Figures 5A-C). 

 

Figure 5. Effects of CYB5A overexpression on autophagy induction in vivo. (A) Representative 
IHC images showing a weak staining for TRAF6 and strong staining for ATG7, ATG16L2 and p62 in 
PDAC-2-CYB5A+ mice, compared to strong staining for TRAF6 amd weak/intermediate staining for 
ATG7, ATG16L2 and p62 in PDAC-2 CTR mice. (B) Immunoblot showing the overexpression of 
LC3-II in lysates from frozen tissues from the PDAC-2-CYB5A+ mice compared to the PDAC-2 
CTR mice. (C) PCR results (a.u., calculated with the 2- Ct method) showing the increased 
expression of the autophagy genes ATG7 and ATG16L2 in lysates from frozen tissues from the 
PDAC-2-CYB5A+ mice compared to the PDAC-2 CTR mice. P values were calculated with two-
sided Student’s-t-test. Columns, mean values obtained from the analysis of the 6 mice in each group; 
bars, SD, *P<0.05.   
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Discussion 

Our results support a role for CYB5A as a novel prognostic factor in PDAC, and unravel its 

inhibitory activity of oncogenic phenotypes through modulation of autophagic, apoptotic 

and invasive processes.  

Since the high rate of genetic alterations and chromosomal instability in core signaling 

pathways are a major cause for the intrinsic aggressiveness of PDAC [6,24], we recently 

performed a genome-wide screening supporting the prognostic role of the cytoband 18q22.3 

[7]. In the present study we further explored the clinical relevance of this discovery, and 

reported the key role of CYB5A in both radically-resected and metastatic PDAC patients.  

In agreement with previous data [25], our multivariate analyses showed the association of 

grading to patient outcome. However, in a validated PDAC nomogram, pathologic features 

contribute less than 10% to survival predictions [26], and identification of new prognostic 

factors appears to be critical to improve the clinical management of PDAC [27]. Moreover, 

prognostic biomarkers provide mechanistic insights into cancer progression, and might 

identify novel molecular targets [28]. 

Bench-to-bedside research on hundreds of samples improved prognostic capabilities in 

several tumor types, such as breast cancer [29]. Similar studies are difficult in PDACs, 

which are characterized by high nuclease activity, and small amount of tissue. Most 

candidate biomarkers are based solely on mRNA evidence from tissues that were not 

microdissected to separate cancer stroma [30]. Molecules with both mRNA and protein 

evidence, in independent cohorts of patients, are high-priority candidates, and our findings 

on CYB5A prompt prospective studies for further validation. 

Microarray analyses revealed CYB5A down-regulation compared to paired and unpaired 

normal pancreatic tissues [31-34], in agreement with the lower expression levels of CYB5A 

in all our PDAC cells compared to normal cells. Moreover, a recent study identified CYB5A 

among genes that had lower copy number in lung squamous cell carcinomas of patients who 

recurred [35], but it is unclear which exact mechanism is responsible for the difference in 

clinical outcome.  

CYB5A is a membrane-bound cytochrome that reduces methemoglobin to ferrous 

hemoglobin and defects in this gene cause type-IV methemoglobinemia [36]. Additionally, 

it functions as an electron carrier for several oxygenases, and plays a key role in the 

reductive detoxification of arylhydroxylamines [37].  

Here for the first time we compared the behaviour of gain- and loss-of-function models of 

PDAC. In these models CYB5A up-regulation suppressed proliferation and 

migration/invasion, which was restored by silencing. Moreover, mice with CYB5A+ 

retrovirus-transduced PDACs had statistically significant increased survival, and decreased 

tumor dimension and metastatic spread. 

Studies on molecular basis of these reduced proliferation and invasive/metastatic abilities, 

showed a statistically significant increase in both early- and late-apoptosis, accompanied by 

marked accumulation of autophagic vacuoles. The role of autophagy in PDAC remains to 

be elucidated [38]. Several studies suggest that autophagy promotes tumorigenesis and 

protects cancers [39,40]. Other lines of investigation showed that autophagy is detrimental 

to tumor cells, demonstrating the induction of VMP1-mediated autophagy in response to 

gemcitabine in PANC-1 and MIA PaCa-2 cells [41]. Similarly, sulforaphane caused both 

autophagy and apoptosis in several PDAC-derived cells [42]. 
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In our in vitro and in vivo models, activation of pro-autophagic/apoptotic pathways was 

coupled to a statistically significant up-regulation of several ATG-genes. Interestingly, we 

observed also a down-regulation in expression and phosphorylation of MAPK14. Networks 

analysis and modulation of TRAF6 in cells and tumors with CYB5A transduction (or 

silencing) suggested its pivotal role in CYB5A multi-pathway regulation. TRAF6 is a 

member of the TRAF family with unique binding activities that result in signaling responses 

from interleukin-1 receptor (IL-1R), toll-like receptor (TLR), CD40, and RANK [43]. 

TRAF6 associates directly with CD40 and RANK, and indirectly with IL-1R/TLR through 

IRAK1 and IRAK2. This leads to activation of MAP-kinase signaling through downstream 

association with TGF-Beta-Activating Kinase-1 (TAK1)-Binding Protein complex [44]. 

Additionally, TRAF6 modulates Src kinases leading to Akt activation [45]. This cross-talk 

might explain our data on apoptosis induction and inhibition of tumor invasion/metastasis, 

in agreement with previous results in PDAC cells and orthotopic models [46]. Of note, Src 

family members are commonly activated by growth factors like EGF, with the formation of 

a complex where Src phosphorylates the associated receptor enhancing its activity [47]. 

This could determine the down-regulation of Src and EGFR, associated with reduced 

proliferation in our CYB5A+ models. 

Limitations of this study include the fact that CYB5A was tested retrospectively in PDAC 

tissues and on a small number of primary cells. Further studies in prospective series and 

additional models are needed. However, our findings raise also the possibility that strategies 

aimed at restoring CYB5A activity, through gene therapy that replaces the function of this 

gene, or targeted therapy inhibiting its deregulated downstream TRAF6, may constitute a 

novel strategy that favours cancer cell death while preventing potentially deleterious cross-

talk between EGFR, Akt and Src pathways in specific subgroups of PDAC patients. On the 

front of cancer therapeutics, TRAF6 has been implicated as an oncogene in lung cancer and 

as a target in multiple myeloma [48,49]. TRAF2, which shares many functional similarities 

with TRAF6, is overexpressed in pancreatic tumors and cells, promotes invasiveness, and 

protects from CD95-mediated apoptosis [50]. Furthermore, silencing or inhibition of TAK1 

emerged as a potential approach to counteract antiapoptotic signaling pathways and PDAC 

chemoresistance [19]. Future studies on inhibitors of TRAF6, such as cell-permeable 

TRAF6 decoy peptides that can target the TRAF6/binding peptide interaction [43], are 

warranted. 

In conclusion, our clinical data, together with our in vitro and in vivo findings, strongly 

suggest that PDAC are more aggressive if they have low expression of CYB5A and 

deregulation of its downstream pathways, which therefore represent promising new tools for 

prognostic and therapeutic purposes. 
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Supplementary Data 

 

Methods 

Laser microdissection (LMD) and TMA 

RNA and DNA were successfully isolated from most samples with the RecoverAll kit 

(Ambion, Life Technologies, Foster City, CA) from laser-microdissected specimens 

(LMD7000 instrument, Leica-Microsystems, Wetzlar, Germany), as described previously 

[1]. The RNA quality was optimal, as demonstrated with microcapillary electrophoretic 

RNA separation using the Agilent 2100 Bioanalyzer (NanoChip kit, Agilent Technologies, 

Palo Alto, CA). 

RNA (50-100 ng) was reverse-transcribed and the resulting cDNA was amplified using 

specific TaqMan® gene expression assays (Hs00380856_m1, Hs04234538_m1, 

Hs00419647_m1, Hs00924034_m1 and Hs00926427_m1 for FBXO15, CYB5A, 

C18orf55, CPGL and CPGL-B, respectively), in PCR reactions performed in the ABI-

Prism-7500 instrument (Applied Biosystems, Life Technologies). PCR reactions were 

performed in triplicate using 5 μl of cDNA, 12.5 μl of TaqMan Universal PCR Master Mix, 

2.5 μl of probe and 2.5 μl of forward and reverse primers in a final volume of 25 μl. 

Samples were amplified using the following thermal profile: an initial incubation at 50°C 

for 5 min, to prevent the reamplification of carryover-PCR products by AmpErase uracil-N-

glycosylase (UNG), followed by incubation at 95°C for 10 min, to supress AmpErase UNG 

activity and denature the DNA, 40 cycles of denaturation at 95°C for 15 sec followed by 

annealing and extension at 60° for 1 min. Since expression values of GAPDH were the 

closest to the geometric mean values obtained in preliminary analysis with 3 housekeeping 

genes (β-actin, GAPDH and β-2-microglobulin) we used this housekeeping for the 

normalization of all the following analysis. Data were reported as arbitrary units (a.u.) using 

the ΔCt calculation. 

Copy number of the CPGL gene was determined by the TaqMan® copy number assay, 

using the ribonuclease P RNA component H1 (RPPH1) gene as endogenous control. The 

primers of the CPGL gene were labeled with FAM probe; the RPPH1 gene was labeled 

with VIC probes. Real-time PCR was operated on ABI-Prism-7500 instrument, as described 

above. The copy number of the CPGL gene were analyzed by the CopyCaller v1.0 software 

(Applied Biosystems, Life Technologies) and were calibrated to the copy number of the 

gene of the reference male genomic DNA (Promega, Mandison, WI), which is assumed to 

carry two copies of the CPGL gene. 

Since mRNA levels of CYB5A were correlated with outcome, we selected this candidate 

biomarker for further analyses in a second cohort of 100 radically-resected patients, 

enrolled between 2004 and 2008. Clinical data were available for 82 patients, with median 

OS of 19.2 months (95%CI, 15.4-23.0), and median follow-up of 16.6 months (range=1.2-

63.6). Moreover, we evaluated CYB5A expression in 50 metastatic patients, enrolled 

between 2001 and 2008, with median OS of 8.5 months (95% CI, 6.5-10.4).  

In the second cohort of radically-resected patients, which did not include cases evaluated by 

PCR, TMA sections were constructed using core tissue biopsies (diameter 1.5 mm) 

obtained from individual paraffin-embedded specimens with a tissue arrayer (Beecher 

Instruments, Micro-Array Technologies, Silver Spring, MD). Biopsies were included in 
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new recipient paraffin blocks and each tissue array block contained cores from 4 different 

tumor areas for each patient (25 cases/block), and 1 case of normal pancreas, as previously 

described [2].  

Two additional TMAs, with 4 different tumor areas for each patient (25 cases/block), were 

constructed with core tissue biopsies (diameter 1 mm) obtained from individual paraffin-

embedded specimens of 50 samples from metastatic patients, including the 35 metastatic 

patients evaluated by PCR, using the TMA Grand Master instrument (3DHistech, Budapest, 

Hungary). 

All these tumors were classified for stage and grading using the World Health Organization 

(WHO) grading and American Joint Committee on Cancer (AJCC) - TNM staging systems, 

respectively [3,4]. 

Immunohistochemistry (IHC) and analyses of CYB5A expression 

Before staining, the TMA slides were deparaffinized using xylene, and rehydrated in 

alcohol. Immunostaining was performed by the avidin-biotin peroxydase complex technique 

(EnVision System, Dako). Negative controls were obtained by replacement of primary 

antibody with buffer (PBS 1X). Normal pancreatic tissues were used as positive control. 

Protein expression was scored by two blind independent observers (N.F., E.G.), who also 

evaluated the amount of tissue loss, background staining and overall interpretability. 

Immunostaining intensity was classified into four grades: 0 (absent), 1 (weak), 2 

(moderate), 3 (strong). We attributed one, two, or three additional points if the percentage 

of positive cells was less than 25%, 25% to 50%, or greater than 50%, respectively. 

Samples were defined as “high CYB5A”, when staining score was>3; and “low CYB5A” 

when staining score was≤3. Neoplastic cells were always uniformly stained and positivity 

assessment was made by counting all the tumor cells present in each spot. All stained TMA 

sections were also digitally imaged at 40X, using a computerized high-resolution 

acquisition system (D-Sight, Menarini, Florence, Italy), equipped with the automated 

quantitative image analysis software algorithm DSight software 2.1.0. Moreover, 

multipreview of the images allowed editing of the area of interests, as shown in the 

Supplementary Figure S2. The two groups of analyses were compared by two-sided t-test 

(P<0.05 for statistically significant results). 

Cell lines 

Cells were cultured in RPMI-1640 (Lonza, Verviers, Belgium), supplemented with 10% 

heat-inactivated foetal bovine serum, and 1% penicillin-streptomycin (10000 U/ml, Gibco, 

Gaithersburg, MD), and incubated at 37°C in a humidified incubator. Human pancreatic 

duct epithelial-like cell line hTERT-HPNE have properties of the intermediary cells formed 

during acinar-to-ductal metaplasia, which included their undifferentiated phenotype, 

expression of Nestin and evidence of active Notch signaling, and were maintained in 

DMEM medium with 5% FBS and 10 ng/ml human recombinant EGF. Cells were kept at 

37°C under an atmosphere of 5% CO2 into 75 cm2 tissue culture flasks (Greiner Bio-One 

GmbH, Frickenhausen, Germany) and, for all the experimental procedures, were harvested 

using trypsin-EDTA (Sigma, Zwijndrecht, The Netherlands) in their exponentially growing 

phase. Cells were tested within the last 3 months by morphology check by microscope and 

growth curve analysis according to the Cell Line Verification Test Recommendations 

(ATCC-Technical Bulletin No. 8, 2008). Periodic assays were performed to detect 

mycoplasma contamination, and the identity of the cells was further confirmed by PCR 
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profiling using short tandem repeats (STR), which was performed by BaseClear (Leiden, 

The Netherlands) in August 2012. 

Construction of PDAC cells stably expressing CYB5A 

Su86.86 and PDAC-2 cells were converted into CYB5A overexpressing cells (CYB5A+) 

by stable transfection. A pLNCX2/YFP plasmid was constructed by ligating the PCR-

amplified YFP into the NotI and salI sites of the pLNCX2 vector (Clontech Laboratories 

Inc., Mountain View, CA). The pLNCX2/CYB5A-YFP construct was generated by cloning 

the PCR-amplified CYB5A (without stop codon) into the BglII and NotI site of the 

pLNCX2/YFP construct. The pLNCX2/CYB5A construct was also generated by cloning 

the PCR-amplified CYB5A into the BglII and NotI site of the pLNCX2/YFP construct but 

with a stop codon at the end of CYB5A (Supplemental Figure S1). Control cells were 

transduced with a PLNCX2/YFP vector. The infection efficiency was evaluated with 

fluorescence microscopy, as well as with RT-PCR and immunoblot analysis of CYB5A 

mRNA and protein expression, respectively. 

The cells were plated in 6-well plates and were 50-60% confluent at the time of 

transduction, which was performed using a final concentration of 4 μg/ml polybrene. After 

overnight incubation, the infecting medium was replaced for 8 hours with fresh medium, 

before a second round of infection. At confluency, the cells were splitted 1:3 and exposed 

for 5 days to selection medium with 1000 µg/ml G418. 

Proliferation, migration and invasion assays 

Cell growth was determined seeding 105 cells in 10-cm tissue culture plates. Everyday, for 

10 days, cells of 2 independent plates were harvested by trypsinization and counted. 

Doubling times were determined using GraphPad Prism 5.0 software (GraphPad Software, 

Inc, San Diego, CA). To evaluate the effects of autophagy modulators further experiments 

were performed adding the anti-malaric drug chloroquine (20 µM, 8 hours), which is now 

being tested in clinical trials in PDAC (NCT01777477 at http://clinicaltrials.gov/) 

For the migration assay the cells were plated at a density of 2x104 cells/well onto 96 well 

plates, and, after 24 hours, artificial wound tracks were created by scraping with a specific 

scratcher within the confluent monolayers. After removal of the detached cells by PBS 

washing, the medium was refreshed and cells ability to migrate into the wound area was 

assessed by comparing the pixels of the wound tracks in the images taken at the beginning 

of the exposure (time 0), with those taken after 4, 6, 8, 20, and 24 hours, with the 

LeicaDMI300B-station integrated with Scratch Assay software (Digital-Cell Imaging Labs, 

Keerbergen, Belgium).  

In the motility and invasion assays the cells (5×104/well) were seeded on the upper side of 

the of the porous polycarbonate membrane filter (8.0-µm pore size, Costar, Cambridge, 

MA) coated with 10 µg/cm2 Matrigel® basement membrane (Becton Dickinson, Waltham, 

MA), and incubated in RPMI medium and 0.5% FBS. The lower chamber was filled with 

medium containing 0.5% FBS. After 24 hours the cells on the upper side of the filters were 

mechanically removed. Cells migrated to the lower side were fixed with paraformaldehyde 

and stained with Giemsa in 20% methanol. The filters were photographed and cells were 

semi-quantitatively counted. 

Evaluation of DNA damage induced by 4-ABP 

Since CYB5A plays a key role in the reductive detoxification of carcinogens 
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arylhydroxylamines, whose exposure might also contribute to pancreatic cancer 

development [5], we evaluate DNA damage induced by 4-ABP in CYB5A+ and CTR cells. 

4-ABP was dissolved in DMSO (Sigma-Aldrich) to prepare a 500 mM stock solution and 

activated in NADPH generating system solution (0.27 mmol/L NADP, 5 mmol/L glucose 6-

phosphate, 0.45 mmol/L MgCl2, 0.45 mmol/L KCl, and 200 mmol/L Tris-HCl; Sigma-

Aldrich) containing 0.4 mg/mL S9 rat liver extract (Sigma) for 2 hours at 37°C, as 

described previously [6]. Activated 4-ABP was added to cells immediately at the final 

concentration of 300 mM and incubated at 37°C in a 5% C02. After 4 hours of incubation, 

the medium with 4-ABP was replaced with complete medium for additional 2 hours. Cells 

were fixed and stained according to the previously described method to evaluate the extent 

of double-strand breaks induction [7]. 

Evaluation of autophagy induction 

Acridine Orange Staining 

For the analysis of autophagy induction, we initially quantified acidic vesicular organelles 

by staining with acridine orange, which is a fluorescent weak base that accumulates in 

acidic spaces and fluoresce bright red. The intensity of the red fluorescence is proportional 

to the degree of acidity and can be quantified by flow-cytometry. Therefore, PDAC cells 

were collected in FACS tubes, resuspended in PBS, and stained with acridine orange (5 

μg/ml) for 15 min at room temperature. Then, the cells were washed twice with PBS, and 

analyzed on a FACSCalibur flow-cytometer equipped with FACSdiva software (Becton 

Dickinson). 

All the samples were analyzed 24 and 72 hours after serum-starvation. Because of the 

controversies regarding acceptable methods to measure autophagy, especially between 

measurements that monitor the number or volume of autophagic elements at any stage of 

the autophagic process vs. those that measure flux through the autophagy pathway (i.e., the 

complete process) we performed both transmission electron microscopy and analyses for 

the detection of LC3 by immunofluorescence, as well as for studies of the conversion of 

LC3-I (cytosolic form) to LC3-II (membrane-bound lipidated form) by immunoblotting [8]. 

Electron Microscopy 

For the electronic microscopic studies cells were washed twice with PBS and fixed with 

2.5% (vol/vol) glutaraldehyde in 0.1 mmol/l cacodylate buffer, pH 7.4 for 1 hour at 4°C, 

and then postfixed in 1% (vol./vol.) cacodylate-buffered osmium tetroxide for 2 hours at 

room temperature. Samples were dehydrated in a graded series of ethanol, transferred to 

propylene oxide and embedded in Epon-Araldite. Ultrathin sections (60–80 nm thick) were 

cut with a diamond knife, placed on formvar/carbon-coated copper grids (200 mesh), and 

stained with uranyl acetate and lead citrate and viewed using a TEM microscope Zeiss-902 

(Wetzlar, Germany). 

Twenty microphotographs of each condition were taken, at an original magnification of 

X3000. Negatives were printed and enlarged to a final magnification of X10000. Volume 

density values derived from the evaluation of 20–30 different cells for each cell category (in 

most micrographies there were more than one cell). The cytoplasm was used as reference 

area. A graticule (11×11) composed of 169 points was placed on the micrographs and the 

number of points intersecting the autophagic vacuoles (AVs) was counted. AVs were 

defined as organelles and/or cytoplasmic portions surrounded by close double membranes, 

while autophagosomes were single membrane vacuoles containing organelles with signs of 
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degradation. The volume density of AVs was calculated according to the formula: VD = 

Pi/Pt, where Pi is the number of points within the subcellular component and Pt is the total 

number of points, and expressed in ml/100 ml of sample (ml%). 

Immunoblot 

For the immunoblot analysis of LC-3, cell lysates containing the same amount of proteins 

(20 µg), were loaded onto 12% polyacrylamide gels and transferred to a nitrocellulose 

membrane (Amersham Biosciences, Piscataway, NJ). Membranes were incubated overnight 

at 4°C with rabbit anti-LC3 (1:1500, Sigma-Aldrich, Zwijndrecht, The Netherlands), and 

mouse anti-β-actin (1:50000; Sigma–Aldrich). The membranes were then probed for 1 hour 

with goat-anti-mouse-InfraRedDye or goat-anti-rabbit-InfraRedDye (1:10000, Westburg, 

The Netherlands) secondary antibodies. Fluorescent proteins were detected by an Odyssey 

Infrared Imager (LI-COR Biosciences, Lincoln, NE), using high quality settings. The 

intensities of protein bands were quantified with the Odyssey 3.0 software (LI-COR 

Biosciences). 

Immunofluorescence Assay 

For the immunofluorescence analysis cells were seeded in 8-well chamber slides (Lab-Tek-

II Chamber Slide System, Nalge-Nunc, Naperville, IL), fixed in formaldehyde/PBS and 

incubated in a methanol/acetone solution for 15 min. Cells were incubated with anti-LC3-II 

(rabbit monoclonal, Cell Signaling, Danvers, MA; 1:500 dilution) and anti-CYB5A 

antibodies (mouse monoclonal Abnova, Jhongli-City, Taiwan; 1:1000 dilution), washed in 

PBS and then probed with AlexaFluor488 and AlexaFluor594 (Life Technologies, Grand 

Island, NY) antibodies. Nuclei were counterstained with 0.1 mg/ml 4',6-diamidino-2-

phenylindole (DAPI, Life Technologies). 

LC3 Turnover Assay 

Finally, we also performed the “LC3 turnover assay”, where the degradation of LC3-II 

inside the autolysosome was estimated by the comparison of two samples with and without 

treatment with the lysosomal inhibitor chloroquine (20 µM, 8 hours exposure). In this 

method when cells are treated with lysosomotropic reagents such as chloroquine, which 

inhibit acidification inside the lysosomes, the degradation of LC3-II is blocked, resulting in 

its accumulation. Accordingly, the differences in the amount of LC3-II between samples in 

the presence and absence of lysosomal inhibitors represent the amount of LC3 that is 

delivered to lysosomes for degradation (i.e., autophagic flux). Therefore, we evaluated by 

immunoblot analysis the different expression levels of LC3-I and LC3-II in lysates from 

PDAC-2-CYB5A+ vs. CTR cells, as described above.  

Autophagy gene array 

The expression levels of 84 autophagy-related genes were assessed by RT-PCR using the 

Human Autophagy-RT2-ProfilerTM PCR-Array (PAHS-084, Qiagen), according to 

manufacturer's instructions. Expression data were analyzed using the 

http://www.sabiosciences.com/dataanalysis.php software. Changes in threshold cycle (ΔCt) 

were obtained by subtracting the mean Ct of 5 housekeeping genes (β-2-microglobulin, 

HPRT1, RPL13A, GAPDH, and β-actin) from the mean Ct value of each gene. Modulation 

of gene expression in CYB5A+ vs. control cells was assessed by 2−ΔΔCt method, and 

differentially expressed genes were sorted based on P value<0.05, using fold up- or down-

regulation of 1.5 as a cut-off. 
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Peptide array 

The Pamchip array contains 144 peptides consisting of 15 amino-acids including a tyrosine, 

usually in the middle of the peptide. The 13 COOH-terminal amino-acids of each peptide 

correspond to known or putative phosphorylation sites in a variety of human proteins. The 

cells were lysed using M-PER containing phosphatase and protease inhibitors (Thermo 

Scientific, Rockford, IL, USA) during incubation on ice for 20 min. Lysates were 

centrifuged for 15 min at 10000×g; the supernatant was collected and stored at -80 °C. 

Forty µl control sample mix for the kinase activity array was subsequently prepared by 

using reaction buffer containing 1× ABL buffer (Westburg, Leusden, The Netherlands), 100 

μM adenosine triphosphate (ATP; Sigma-Aldrich), fluorescein-labeled antibody PY20 

(Exalpha, Maynard, MA, USA), 7.5 µg (lysate) protein, and DMSO. After blocking the 

arrays with 2% BSA and subsequent loading of the sample mix onto the arrays in triplicate, 

incubation (at 30°C) was started for 60 cycles utilizing a PamStation®12 instrument. 

Repeated fluorescent imaging of each array was performed with a 12-bit charge-coupled 

device (CCD) camera, monitoring fluorescence intensities in real time. Spot intensity at 

each time point was quantified (and corrected for local background), and the resulting time-

resolved curves were fit to calculate the initial phosphorylation rate (Vini) using specific 

kinetic algorithms and appropriate statistical methods, using Bionavigator software version 

5.1 (PamGene International, 's-Hertogenbosch, The Netherlands).  

Additional immunoblot analyses for phospho-MAPK14 and MAPK were performed with 

the mouse monoclonal anti-MAPK14 phospho-T180/Y182 and anti-MAPK14 antibodies 

(1:1000, Abnova, Jhongli-City, Taiwan), and mouse anti-β-actin (1:50000; Sigma–Aldrich), 

as described above. 

In vivo studies 

The orthotopic primary-pancreatic-cancer mouse model was generated via direct injection 

of primary PDAC-2 cells in the pancreas of female nude mice (age 6–8 weeks; Harlan, 

Horst, the Netherlands) anesthetized with isoflurane. Pre- and post-operative pain was 

counteracted by administering temgesic (0.05-0.1 mg/kg SC), which was administered 30 

min before surgery. The upper-left abdominal skin and muscle was incised directly above 

the pancreas to allow visualization of the pancreas lobes. The pancreas was gently retracted 

and positioned to allow a direct injection of the cells. A total of 8×105 cells, in a total 

volume of 8 µL, were injected carefully into pancreas with using with a 26-gauge Hamilton 

syringe (Bonaduz, GR, Switzerland). Then, the pancreas was placed back within the 

abdominal cavity, and both the muscle and skin layer was closed with surgical thread/glue. 

Tumor growth was monitored twice weekly, as described previously (9). Briefly, the 

intensity of Fluc bioluminescence was evaluated using the Xenogen IVIS Lumina System 

(Xenogen Corp., Alameda, CA) 10 min after intraperitoneal injection of 150 μl D-

Luciferin. Following data acquisition, post-processing and visualization was performed 

using image display and analysis suite, as defined by the LivingImage software (Xenogen 

Corp.). For visualization purposes, bioluminescence images were fused with the 

corresponding white light image of the animal taken in the chamber using dim 

polychromatic illumination, with a transparent pseudocolor overlay. 

Tumor growth was monitored via CCD camera imaging of Fluc. Moreover, we evaluated 

bioluminescence generated by Gluc on blood samples. In order to evaluate spatial 

localization and tumor micro-/macro-environment, four mice were also studied with 

Magnetic Resonance (Achieva-3.0T-X-series MRI, Philips) and high-frequency ultrasound 
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including Power-Doppler-Mode (Vevo-2100, VisualSonics). Two mice underwent MRI 21 

days after implantation of tumor cells in the pancreas, together with a healthy control 

mouse. All MRI scans were T1 and T2 weighted images. Other two mice were imaged with 

a dedicated small animal high-frequency ultrasound system (Vevo 2100 imaging system, 

FujiFilm VisualSonics Inc, Toronto, Canada). Mice were imaged using the MS550D 

transducer (55 MHz peak frequency, 40 mm resolution). Power Doppler settings were 

optimized and kept constant throughout the study. To investigate the number of functional 

blood vessels, the average vascular index (PV; percent vascularity) was calculated as the 

ratio of color-coded voxels (representing blood flow) to the total voxels of the tumor. 3D 

imaging was performed as described previously [10]. 

Mice were sacrificed upon discomfort and/or >10% weight loss. Laser-microdissected 

specimens from mice tumors were subjected to aCGH, in parallel with the primary culture 

and the originator tumor, using the Agilent 4x180K platform. Genomic DNA was extracted 

from laser-microdissected cryo-sections of frozen samples using the RecoverAll kit. The 

quality and purity of the extracted DNAs were assessed at 260-280nm with the 

NanoDrop®-1000-Detector (NanoDrop-Technologies, Wilmington, USA). DNA labeling 

with cyanine 3-dUTP (Cy3) and 5-dUTP (Cy5) nucleotides was performed using Enzo’s 

CGH Labeling Kit (Enzo Life Sciences, Farmingdale, NY). A pool of isolated DNA from 

blood of 18 healthy males or females (XY-mix and XX-mix, respectively) was used as a 

reference. DNAs were hybridized on an Agilent SurePrint G3 Human CGH Microarray 

4x180K platform (Agilent Technologies, Santa Clara, CA), and Agilent Feature Extraction 

software was used for extraction of microarray images, scanned on the Agilent-C Scanner. 

Nexus™ (BioDiscovery, Hawthorne, CA) was used to analyze copy number variations, 

while samples comparison was performed in R v.2.10.1. 

Hematoxylin and eosin (H&E) and IHC staining were performed according to standard 

procedures. Sections of 3 µm were cut from paraffin-embedded specimens, including 

pancreatic, liver, lung and lymph nodes slices. IHC was performed with the anti-CYB5A 

and anti-TRAF6 described above, the anti-p62 (Rabbit-monoclonal-Ab, D10E10, Cell 

Signaling, Danvers, MA; 1:300), the anti-ATG7 (Rabbit-polyclonal-Ab, 2631, Cell 

Signaling, Danvers, 1:200), the anti-ATG16L2 (Rabbit-polyclonal-Ab, ab106185, Abcam, 

Cambridge, MA; 1: 200), as well as with the panel of antibodies (cytokeratin 7 (CK7), 

CK8/CK18, CK19, CEA, Ca19.9, vimentin, synaptophysin, and chromogranin) routinely 

used in pancreatic IHC (dilution 1:200). Visualization was obtained with BenchMark 

Special Stain Automation system (Ventana Medical Systems, inc., USA). Pancreatic and 

liver slices were also analyzed by fluorescence microscopy to identify Fluc/mCherry and 

Gluc/CFP positive cells. Moreover, three non-sequential serial sections were obtained per 

animal and stained with H&E in order to evaluate the presence and areas of metastases by 

light microscopy. The total number of metastases per liver section was counted and 

averaged among the animals of each group. 

Three frozen orthotopic PDAC-2 CTR and PDAC-2 CYB5A tumors were used for RNA 

and protein extraction, as described above, in order to evaluate the mRNA expression of 

ATG7 and ATG16L2, using specific TaqMan® gene expression assays (Hs00197348_m1 

and Hs00400565_m1, respectively), as well as the protein expression of LC3, by 

immunoblotting, as described above.  

Finally, we evaluated the protein expression of CYB5A in 3 other models of orthotopic 

PDACs, obtained from PDAC-1, PDAC-3 and PDAC-4 primary cells, as described 
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previously [11]. 

Statistics 

The mRNA and protein expression data were generated blinded to clinical outcomes and 

the stratification was adopted at the end of the study, considering that the studied PDAC 

patients showed good variability of expression levels, and can be categorized in two equal 

gene expression subgroups with respect to the median value (i.e., low and high expression 

group). We did not perform analyses for differences by ethnic groups because all patients 

were Caucasian.  
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Supplementary Table 1a.  Clinicopathological characteristics  

Characteristic No, % No, % P* 

No. Patients 48  82  
Age, y    

65 28 (58) 43 (52) 0.59 

65 20 (42) 39 (48)  

Sex    

Male 21 (44) 39 (48) 0.72 

Female 27 (56) 43 (52)  

Resection status    

R0 38 (79) 66 (80) 0.86 

R1 10 (21) 16 (20)  

Vascular infiltration    

No 29 (60) 38 (46) 0.14 

Yes 19 (40) 44 (54)  

Neural infiltration    

No 22 (46) 23 (28) 0.06 

Yes 26 (54) 59 (72)  

PanINs    

No 23 (48) 53 (64) 0.07 

Yes 25 (52) 29 (36)  

Grading    

1-2 21 (44) 61 (74) <0.001 

3 27 (56) 21 (26)  

Stage    

IIA 0 (0) 13 (16) 0.004 

IIB 48 (100) 69 (84)  

*Calculated using log-rank two-sided Fisher’s exact text 
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Supplementary Table 1b. Clinical characteristics by cohort 

Outcome Median (95% CI) Median (95% CI) P* 

OS, months 16.7 (9.8-23.5) 19.2 (15.4-23.0) 0.55 

DFS, months 11.8 (7.7-15.8) 12.0 (9.4-14.6) 0.52 

* Calculated with log-rank two-sided test.  
CI = confidence interval; DFS = Disease Free Survival; PDAC = Pancreatic Ductal 
Adenocarcinoma ; OS = Overall Survival. 
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Supplementary Table 1c. Association with CYB5A expression in the two cohorts of 
radically-resected PDAC patients  

Characteristic First cohort (CYB5A mRNA) Second cohort (CYB5A 
protein) 

Low, % High, % P* Low, % High, % P* 

Age, y       

65 13 (54) 15 (62) 0.77 21 (48) 22 (58) 0.38 

65 11 (46) 9 (38)  23 (52) 16 (42)  

Sex       

Male 10 (42) 7 (29) 0.55 22 (50) 17 (45) 0.66 

Female 14 (58) 17 (71)  22 (50) 21 (55)  

Resection status       

R0 15 (62) 23 (96) 0.01 37 (84) 29 (76) 0.41 

R1 9 (38) 1 (4)  7 (16) 9 (24)  

Vascular infiltration       

No 10 (42) 19 (79) 0.02 19 (43) 19 (50) 0.66 

Yes 14 (58) 5 (21)  25 (57) 19 (50)  

Neural infiltration       

No 11 (46) 11 (46) 1.00 13 (30) 10 (26) 0.81 

Yes 13 (54) 13 (54)  31 (70) 28 (74)  

PanINs       

No 10 (42) 13 (54) 0.56 28 (64) 25 (66) 1.00 

Yes 14 (58) 11 (46)  16 (36) 13 (34)  

Grading       

1-2 12 (50) 16 (67) 0.38 32 (73) 29 (76) 0.80 

3 12 (50) 8 (33)  12 (27) 9 (24)  

Stage       

IIA 0 0 na 6 (14) 7 (18) 0.76 

IIB 24 (100) 24 (100)  38 (86) 31 (82)  

*Calculated using log-rank two-sided Fisher’s exact text. 
PanIN = Pancreatic Intraepithelial Neoplasia; na = not available. 
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Supplementary Table 2. Univariate analysis of the outcome according to clinical characteristics and 
mRNA expression of CYB5A in the cohort of metastatic patients 

Characteristic N (%) 
OS, months 
(95% CI) 

P* 
PFS, months 

(95% CI) 
P* 

No. Patients 35 8.5 (5.6-11.5)    
Age, y      

65 21 (60) 7.9 (5.8-9.9) 0.12 5.5 (3.3-7.8) 0.12 
65 14 (40) 10.4 (3.0-17.8)  8.5 (3.9-12.9)  

Sex      

Male 25 (71) 7.8 (5.5-10.8) 0.28 5.8 (4.0-7.7) 0.06 

Female 10 (29) 12.5 (11.5-
13.5) 

 9.9 (3.9-15.9)  

Grading      

1-2 14 (40) 12.5 (6.6-18.5) 0.09 9.4 (4.7-14.2) 0.09 

3 21 (60) 7.9 (5.9-9.8)  5.6 (4.0-7.2)  

CYB5A mRNA expression†      

Low 16 (48) 12.7 (8.2-17.1) 0.01 11.0 (6.5-15.6) <0.00
1 

High 17 (52) 6.5 (4.7-8.2)  4.4 (2.5-7.2)  

* Calculated with log-rank two-sided test. 
† CYB5A mRNA expression was detectable in 33 out of 35 cases for which mRNA samples were 
available, out of the 50 metastatic PDAC patients. Notably, the categorization in “low” and “high” 
CYB5A mRNA expression groups reflected the categorization in “low” and “high” CYB5A protein 
expression groups in 32 out of these 33 cases. Multivariate analysis was not performed because of the 
small sample size. 
CI = Confidence Interval; OS = Overall Survival; PFS = Progression-Free Survival. 
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Supplementary Figure 1. Vectors for the transduction of the CYB5A gene. (A) Scheme of the 

pLNCX2 vector, which contains elements derived from Moloney murine leukemia virus (MoMuLV) 

and Moloney murine sarcoma virus (MoMuSV), and is designed for retroviral gene delivery and 

expression. Upon transfection into a packaging cell line, pLNCX2 can transiently express, or 

integrate and stably express, a transcript containing Ψ+ (the extended viral packaging signal) a 

selectable marker, and our gene of interest (CYB5A). This was cloned into the multiple cloning site 

immediately downstream of the human cytomegalovirus (CMV) immediate early promoter (PCMV). 

The schematic diagram of the pLNCX2/CYB5A/YFP construct is depicted in the panel (B), in the 5'–

3' orientation. Primers and restriction enzymes were used as indicated. 
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Supplementary Figure 2. Overview of the Tissue microarray (TMA) studies in the second cohort of 

radically-resected patients. (A) Representative TMA slide, containing cores from 4 different tumor 

areas for each patient (25 cases/block), acquired with a computerized high-resolution acquisition 

system equipped with the automated quantitative image analysis DSight v2.1.0 (D-Sight, Menarini, 

Florence, Italy). (B) Focus on the analysis of a core, evaluating both the number of positive cells and 

their staining intensity. (C) Panel of the immunostaining scoring system. (D) Representative TMA 

cores with low and high expression of CYB5A. 
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Supplementary Figure 3. Genetic characteristics of the PDAC-2 model. (A) Profiles of the genetic 

aberrations in the originator laser-capture microdissected human PDAC specimen (left panel), PDAC 

primary culture cells (PDAC-2) isolated from that originator tumor (central panel), and orthotopic 

tumor obtained after PDAC-2 cells inoculation in the pancreas of an athymic mouse (right panel), as 

detected by aCGH using the Agilent SurePrint G3 Human CGH Microarray 4x180K platform. The 

Log2 tumor to normal DNA copy number ratios are plotted in genomic order; (B) Karyotypes 

resulting from the aCGH analysis, showing that the aberrations are spread over the whole genome, 

and follow a nearly identical pattern of gains and losses in the three samples (for each chromosome, 

the left, center and right figure depicts the aberration in human tumor, cell culture and orthotopic 

samples, respectively). Left shifts and red color indicate the deleted segments, while right shifts and 

blue color indicate the gains/amplifications. The lower panel depicts the aberrations in the 

chromosome 18 of the originator human specimen, carrying 18q.22.3 loss. This aberration was 

detected also in the primary culture and in the orthotopic tumor; (C) Correlations between the human 

PDAC specimen, the PDAC-2 primary culture and the orthotopic tumor, indicating their common 

clonal origin. The distribution and Pearson correlation of genomic aberrations was evaluated with the 

R software (R v.2.15.1, “R: A Language and Environment for Statistical Computing”, http://www.R-

project.org http://www.R-project.org/). The complete aCGH database is available at Gene Expression 

Omnibus (GEO) with accession number GSE44587. 
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Supplementary Figure 4. (A) Immunoblot of CYB5A+ cells. Per lane 20 and 40 g protein were loaded for 
SU.86.86 and PDAC-2 cells, respectively. As a loading control ß-actin levels are indicated. (B) 
Immunofluorescence of CYB5A+ (YFP) cells. (C) Invasion studies in SU.86.86 and PDAC-2 vs. CTR cells. (D) 
Modulation of migration in PDAC-2 cells by CYB5A transduction and its rescue by specific CYB5A siRNA. Cells 
were transfected with 25 nmol/L CYB5A siRNA or negative control, according to manufacturer’s instructions. 
After 48 hours, we evaluated the cell migration by wound healing assay. Columns, mean values obtained from 
three independent experiments; bars, SD. All the P values were calculated with two-sided Student’s-t-test. 
*P<0.05 vs. CTR. 

 
Supplementary Figure 5. Analysis of the role of CYB5A in carcinogens metabolism. (A) Schematic 
representation of CYB5A role in 4-ABP and arylhydroxamine metabolism; (B) Evaluation of γ-H2AX and DAPI 
staining in Su86.86 and HPNE cells to test whether CYB5A prevents DNA damage induced by 4-ABP. Cisplatin 
was used as positive control; (C) Evaluation of γ-H2AX and DAPI staining in SU.86.86 CTR and CYB5A cells 
to test modulation of DNA damage induced by 4-ABP.  
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Supplementary Figure 6. (A) Cytofluorometric analysis of mitochondrial damage in PDAC-2 CTR 

and CYB5A+ cells. (B) Chloroquine (20 M, 8 hours) inhibited the proliferation of PDAC-2 CTR 

cells to the levels of the PDAC-2-CYB5A+ cells. Points, mean values obtained from three 

independent experiments; bars, SD. (C) Acridine orange staining in CTR vs. CYB5A+ cells. 

Columns, mean values obtained from three independent experiments; bars, SD. (D) 

Immunofluorescence showing the autophagosomes marker LC3-II and CYB5A in the PDAC-2 

CYB5A+ cells. (E) immunoblots showing the conversion of the 18-kDa precursor LC3-I, that 

becomes lipidated into the autophagosome-bound 16-kDa LC3-II isoform during autophagy 

activation in the PDAC-2 CTR and CYB5A+ cells.  

All the P values were calculated with two-sided Student’s-t-test. *P<0.05 vs. CTR. 
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Supplementary Figure 7. (A) MR-images of a PDAC-2 CTR compared to a healthy control mouse, 

showing tumor cells in the pancreas (red arrow), as well as retroperitoneal invasion, 21 days after cell 

injection; (B) High-frequency ultrasound in Power Doppler Mode (Vevo 2100 imaging system, 

FujiFilm VisualSonics) carried out to evaluate tumor vascularization. This high-resolution ultrasound 

instrument provided a non-invasive anatomical image of tumors or normal abdominal organs with an 

axial resolution of 40 μm, allowing multiple focal depths and improved feature detection. Moreover, 

the Power Doppler Mode allowed for non-invasive assessment of blood flow. In particular, we 

observed multiple hypovascular pancreatic tumors (a 3D rendered image is shown highlighting the 

contours of some tumors). Lesions below 900 μm in diameter (red and yellow circles) could be also 

visualized with ultrasound. Further, necrotic and/or hypoxic tissues did not interfere with ultrasound. 

(C) Representative IHC images showing a strong CYB5A staining in PDAC-2 CYB5A+ mice, 

compared to weak staining in PDAC-2 CTR mice and the negative staining (slides from PDAC-2 

CYB5A+ mice, without CYB5A antibody), as well as to the intermediate staining in other three 

orthotopic PDAC mice models from PDAC-1, PDAC-3 and PDAC-4 primary cells. Additional IHC 

analyses on a panel of antibodies routinely used in pancreatic IHC demonstrated the human origin of 

our PDAC-FM-GC mouse models, as reported previously [11]. 

 

 

 

 


