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Abstract: For pancreatic cancer, the probability of distant metastasis can help choose the best course of treat-
ment. The aim of this study is to establish the efficacy of hydroxyproline as a biomarker for distant metastasis for 
pancreatic cancer and to clarify the mechanism of EGLN/HIF1A axis that controls the invasion and metastasis. 
Metabolites (hydroxyproline) and genes (EGLN2 and EGLN3) were identified by metabolome analysis of the serum 
with pancreatic cancers with and without distant metastasis. The mechanism of EGLN/HIF1A axis including angio-
genesis was examined in pancreatic cancer cells. Hydroxyproline associated with these mechanisms was evaluated 
to suggest the association with overall survival in pancreatic cancer. Decreased expression of EGLN2 and EGLN3 
in pancreatic cancer, via the HIF1A and TGF ß1 pathway, was associated with the induction of angiogenic factors, 
increased vascular invasion, and poor overall patient survival. Hydroxyproline concentrations were regulated via the 
HIF1A pathway by EGLN2 and EGLN3, and that increased concentrations of hydroxyproline promote the invasion 
and metastasis of pancreatic cancer cells. These results suggested that the expression of hydroxyproline through 
the HIF1A pathway induced by EGLN2 and EGLN3 could be a surrogate marker for treatment and might predict 
distant metastasis in pancreatic cancer.
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Introduction

The overall survival of pancreatic cancer is 
approximately 10-20% [1], which is one of the 
worst survival rates of digestive cancers. 
Curative resection is the only radical treatment; 
however, pancreatic cancer is often locally 
advanced at the time of diagnosis and patients 
may have distant metastases after surgery [2]. 
The indication for resection is quite important, 
since several chemotherapy regimens can 
extend survival [3, 4], and combined vascular 
resection is necessary for surgery to be cura-
tive [5, 6]. Knowing the probability of distant 
metastasis can help choose the best course of 
treatment. 

This study aimed to establish individual bio-
markers for pancreatic cancer treatment and to 
clarify the mechanisms that control the inva-

sion and metastasis of pancreatic cancer using 
a genetic approach. We did metabolome analy-
sis of the blood of patients with pancreatic can-
cer, we identified metabolites that were differ-
entially expressed in patients with pancreatic 
cancer and metastases vs. that without metas-
tases, and identified additional genes that were 
associated with these metabolic pathways. 

In our study, we demonstrated that decreased 
expression of EGLN2 and EGLN3 in pancreatic 
cancer, via the HIF1A pathway, was associated 
with the induction of angiogenic factors, 
increased vascular invasion, and poor overall 
patient survival. Increased expression of 
hydroxyproline in the patients’ serum was asso-
ciated with reduced EGLN2 and EGLN3 expres-
sion. Taken together, these results suggest that 
the expression of hydroxyproline through the 
HIF1A pathway induced by EGLN2 and EGLN3 
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could be a surrogate marker for treatment and 
might predict distant metastasis in pancreatic 
cancer.

Materials and methods

Identification of candidate metabolites and 
genes associated with pancreatic cancer 
metastasis

Serum samples were collected from patients 
with histologically-diagnosed pancreatic can-
cer. No patients had received any prior treat-
ment in the form of chemotherapy, radiothera-
py, surgery, or alternative therapy. The serum 
samples were retrieved as previously describ- 
ed [7]. The metabolite standards, capillary 
electrophoresis-time-of-flight-mass spectrome-
try (CE-TOFMS) instrumentation, and measure-
ment conditions for cationic and anionic metab-
olites were described previously [7]. Compa- 
rison of the difference between two groups, 
e.g., with and without distant metastasis, was 
assessed. Relevant genes were identified using 
the Human Metabolome Database (http://
www.hmdb.ca/).

Cell lines and cell culture

The human pancreatic cancer cell lines, Panc1, 
MiaPaCa2, and BxPc3 were obtained from the 
American Type Culture Collection (ATCC, 
Manassas, VA). The identity of all cells was 
independently authenticated by short tandem 
repeat genotyping on May 2016. Cell lines were 
grown in RPMI 1640 medium (Sigma Chemical, 
St Louis, MO) supplemented with 10% fetal 
bovine serum at 37°C in a humidified 5% CO2 
normoxic atmosphere. Cell lines were con-
firmed pathogen-free. We used the BIONIX-3 
hypoxic culture kit (Sugiyama-Gen, Tokyo, 
Japan) to produce hypoxic culture conditions. 

siRNA-mediated gene knock-down

Stealth™ RNAI siRNAs from Invitrogen were 
used to knock down endogenous gene expres-
sion. Two siRNAs (with different sequences) per 
target were individually transfected into cells at 
a final concentration of 100 nM using 
Lipofectamine RNAiMAX (Invitrogen). siGFP was 
used as a negative control. These knock-down 
system was verified by qRT-PCR.

Chemomigration assay

Chemomigration was assessed as previously 
described [8], using 24-well transwell plates 
with polyethylene terephthalate membranes (8 
μm pore size) (BD Falcon). The undersides were 
coated with 10 μL of 500 μg/mL chemoattrac-
tant (type I collagen) and air-dried. The mem-
branes were rehydrated for 3 h with DMEM at 
37°C before use. Cells (5×104) were resus-
pended in 500 μL DMEM (0.1% FBS), and 
added to the upper chambers. We added 600 
μL DMEM (0.1% FBS) to the lower chambers. 
After incubation for 24 h at 37°C, cells remain-
ing on the upper surface of the membranes 
were mechanically removed. Cells that migrat-
ed to the underside were stained with crystal 
violet and counted under a microscope. Nine 
independent fields were counted per experi-
ment. The control were treated with siGFP 
under the same conditions.

Tissue samples

We obtained frozen tissue specimens contain-
ing cancerous and matched normal pancreas 
regions from 102 patients who had surgi- 
cal resection for pancreatic cancer between 
September 2008 and December 2013 at Tokyo 
Medical University Hachioji Medical Center. All 
protocols were performed in accordance  
with the ethics committee of Tokyo Medical 
University. 

RNA isolation and cDNA synthesis

RNA was extracted from using the RNeasy kit 
(QIAGEN, Valencia, CA) following manufactur-
er’s instructions. Conditions for semi-quantita-
tive amplification of cDNA were 95°C for 2 min, 
followed by 25 cycles at 95°C for 30 s, 56°C for 
30 s, and 72°C for 60 s, with a final extension 
cycle at 72°C for 10 min.

Assessment of EGLN2 and EGLN3 levels in 
pancreatic tissue by qRT-PCR

qRT-PCR of EGLN2 and EGLN3 mRNA expres-
sion was examined in cancerous regions and in 
adjacent normal pancreatic tissue regions of 
samples acquired during pancreatic cancer 
resection surgery at our institute from 2008 to 
2013. The relative expression levels (cancer vs. 
normal pancreatic tissue) were examined using 
qRT-PCR (quantitative reverse transcription 
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polymerase chain reaction). RT-PCR analysis 
was run in triplicate for each sample on a Light 
Cycler 480 Real-Time PCR System using SYBR 
Green 1 Master Mix (Roche). The following pro-
gram was run: pre-incubation for 5 min at 95°C, 
amplification for 45 cycles (10 s of denatur-
ation at 95°C, 10 s of annealing at 57°C, and 
10 s of extension at 72°C), with melt-curve 
analysis. mRNA levels of the target genes were 
normalized using GAPDH as the internal con-
trol. The sequences of all the primers used are 
listed as follows:

EGLN2: Forward: 5’ TGGCCCTGGACTATATCGTG 
3’; Backward: 5’ GGCACCAATGCTTCGACAG 3’. 
EGLN3: Forward: 5’ CTGGGCAAATACTACGTCAA- 
GG 3’; Backward: 5’ GACCATCACCGTTGGGGTT 
3’. GAPDH: Forward: 5’ ATCATCCCTGCCTCTACT- 
GG 3’; Backward: 5’ TTTCTAGACCGGCAGGTCA- 
GGT 3’. ANGPTL-2: Forward: 5’ CACCGACCTCC- 
CGTTAGC 3’; Backward: 5’ GGCCACCTTGTGGA- 
AGAGT 3’. b-FGF: Forward: 5’ TTCTTCCTGCG- 
CATCCAC 3’; Backward: 5’ CGGTTAGCACACAC- 
TCCTTTGAT 3’. IL-8: Forward: 5’ TTGGCAGCCT- 
TCCTGATTT 3’; Backward: 5’ GGGTGGAAAG- 
GTTTGGAGTAT 3’. TGF-ß1: Forward: 5’ CAGC- 
AACAATTCCTGGCGATA 3’; Backward: 5’ AAG- 
GCGAAAGCCCTCAATTT 3’. TGF-ß2: Forward: 5’ 
CTGATCCTGCATCTGGTCACG 3’; Backward: 5’ 
TGGGGGACTGGTGAGCTTC 3’. VEGF: Forward: 
5’ AGAAGGAGGAGGGCAGAATC 3’; Backward: 5’ 
TGGCTTGAAGATGTACTCGATCTC 3’. CTGF: For- 
ward: 5’ CAGCATGGACGTTCGTCTG 3’; Back- 
ward: 5’ AACCACGGTTTGGTCCTTGG 3’. SER- 
PINE-1: Forward: 5’ ACCGCAACGTGGTTTTCTCA 
3’; Backward: 5’ TTGAATCCCATAGCTGCTTGAAT 
3’. SPARC: Forward: 5’ TGAGGTATCTGTGGGA- 
GCTAATC 3’; Backward: 5’ CCTTGCCGTGTTTG- 
CAGTG 3’.THBS-1: Forward: 5’ AGACTCCGCA- 
TCGCAAAGG 3’; Backward: 5’ TCACCACGTTG- 
TTGTCAAGGG 3’.

Western blot analysis

Protein expression was assessed by western 
blot analysis using antibodies against HIF1A 
(Cell Signaling Technology), EGLN2 (Cell 
Signaling Technology), EGLN3 (Cell Signaling 
Technology) and actin (ABCAM). The western 
blot protocols used have been described previ-
ously [9]. 

HIF1A antibody and TGF-ß1 inhibitor treatment

Cells were plated into 12- to 24-well tissue cul-
ture plates or 10 cm2 dishes and cultured over-

night. HIF1A antibody (ab51608; Abcam plc, 
Cambridge, UK) or LY364947 (Sigma-Aldrich, 
Germany) was added to the cells 48 h before 
mRNA, protein, and supernatant extraction. 
The final dimethyl sulfoxide (DMSO) concentra-
tion in all experiments was <0.05%. 

Hydroxyproline measurement

The supernatants from pancreatic cancer cells 
or the serum from patients with pancreatic can-
cer were assessed for hydroxyproline levels (A 
measurement kit by Cell Biolabs, Inc., CA). In 
vitro, cells were plated in 12- to 24-well tissue 
culture plates or 10 cm2 dishes and cultured 
overnight. siRNA reagents with and without 
HIF1A antibody or TGF-ß1 antibody were added 
to the cells 48 h before supernatant extraction. 
Serum from patients was collected before 
resection surgery.

Statistical analyses

Data represent the mean ± standard error of 
the mean (SEM). Comparisons between groups 
were made using 2-tailed Mann-Whitney U-test 
for continuous variables, and Fisher exact test 
for comparison of proportions. Correlations 
were calculated with the nonparametric 
Spearman’s coefficient. All calculations were 
made using the SPSS package (SPSS 18.0). 
Overall survival (OS) curves were represented 
according to Kaplan-Meier estimates and com-
pared using log-rank tests. P<0.05 was consid-
ered statistically significant.

Results

Identification of candidate genes by metabo-
lome assay

Metabolome analysis was performed using the 
serum of 26 patients diagnosed with pancre-
atic cancer. The clinicopathological characteris-
tics of all 26 patients are summarized in Table 
1. Concentrations of three serum metabolites, 
glucose-6-phosphate (G6P), malonate, and 
hydroxyproline, were significantly higher in 
patients with distant metastases compared to 
those without distant metastases. Ten genes 
shown in Figure 1B were identified, after some 
genes involved in the above three serum 
metabolites were searched by Human 
Metabolome Database. Among these, levels of 
EGLN2 and EGLN3 genes were significantly 
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upregulated compared with the control (Figure 
1A). Therefore, we chose to evaluate the 
expression of EGLN2 and EGLN3 in pancreatic 
cancer cell lines and their potential role in the 
invasion and metastasis of pancreatic cancer 
cells.

Confirmation of EGLN2 and EGLN3 expression 
levels in pancreatic cancer cell lines 

We evaluated mRNA expression of EGLN2 and 
EGLN3 in pancreatic cancer cell lines, Panc1, 
MIAPaCa2, and BxPC3; and in the human mam-
mary epithelial cell line MCF10A (as normal cell 
line). EGLN2 and EGLN3 levels were relatively 
lower in the pancreatic cancer cell lines com-
pared to MCF10A (data not shown). We then 
compared their expression levels in normoxia 
and hypoxia conditions. EGLN2 and EGLN3 
mRNA levels were higher in hypoxic conditions 
compared to normoxia (Figure 1B). 

EGLN2 and EGLN3 regulate the expression of 
angiogenic factors and via TGF-ß1 and HIF1A 
signaling, as a result expression of hydroxypro-
line

To ascertain the potential roles of EGLN2 and 
EGLN3 in pancreatic cancer cells, we depleted 

EGLN2 or EGLN3 mRNA using siRNAs in nor-
moxia and hypoxia. The siRNAs decreased 
EGLN2 or/and EGLN3 expression in pancreatic 
cancer cells, especially under hypoxic condi-
tions (Figure 1C). Reducing EGLN2 or EGLN3 
mRNA levels increased the expression of sev-
eral angiogenic factors (Figure 2A) and TGF-ß 
signatures (Figure 2B). Moreover, reduction of 
EGLN2 or EGLN3 in pancreatic cancer cell lines 
also mitigated HIF1A signaling (Figure 2C). 
Knockdown of EGLN2 or EGLN3 led to upregu-
lation of HIF1A (Figure 2D). Supernatant con-
centrations of hydroxyproline increased when 
EGLN2 or EGLN3 were knocked down (Figure 
2E). These in vitro findings were more promi-
nent in hypoxic vs. normoxic conditions.

TGF-ß1 inhibition or HIF1A antibody treatment 
induces the expression of angiogenic factors 
and hydroxyproline 

To determine the mechanism by which angio-
genic factors and hydroxyproline regulate 
EGLN2 and EGLN3 expression, we treated cells 
with reduced EGLN2 and EGLN3 expression 
with LY364947 (a TGF-ß1 receptor inhibitor) or 
an HIF1A antibody. Angiogenic factors ampli-
fied by EGLN2/3 and TGF-ß signaling were sup-
pressed by incubation with the HIF1A antibody 

Table 1. Clinicopathological characteristics of 26 patients performed metabolome analysis
Distant meta (-)

(n=10)
Distant meta (+)

(n=16) p-value

Age 70 69 0.740
Gender 0.813
    Male 6 7
    Female 4 9
UICC Stage
    II 3 0
    III 7 0
    IV 0 16
Tumor marker
    CEA (ng/ml) 10.1 71.6 0.273
    CA19-9 (U/ml) 1899.6 4628.7 0.443
    Dupan2 (U/ml) 525.4 438.4 0.699
    Span1 (U/ml) 810.6 703.1 0.822
Serum metabolite with significant difference (umol/L)
    Glucose 6 phosphate 0.17 0.222 0.007
    Malonate 0.564 0.675 0.023
    Hydroxyproline 10.73 19.17 0.010
Values are mean. CEA, Carcinoembryonic antigen; CA19-9, carbohydrate antigen 19-9; Dupan2, pancreatic cancer-associated 
antigen-2; Span1, s-pancreas-1 antigen.
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Figure 1. Identification of candidate genes by metabolome assay and confirmation of EGLN2 and EGLN3 expression 
levels and knock-down by siRNA system. (A) Levels of three serum metabolites, glucose-6-phosphate (G6P), malo-
nate, and hydroxyproline, were significantly higher in patients with distant metastases compared to those without 
distant metastases. Ten genes shown in figure were identified, after some genes involved in the above three serum 
metabolites were searched by Human Metabolome Database. Among these, levels of EGLN2 and EGLN3 genes 
were significantly upregulated compared with the control. EGLN2 and EGLN3 levels were relatively lower in the pan-
creatic cancer cell lines compared to MCF10A in (B). And EGLN2 and EGLN3 mRNA levels were higher in hypoxic 
conditions compared to normoxia in (B). The siRNAs decreased EGLN2 or EGLN3 expression in pancreatic cancer 
cells, especially under hypoxic conditions in (C).
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Figure 2. EGLN2 and EGLN3 regulate the expression of angiogenic factors and via TGF-ß1 and HIF1A signaling, as 
a result expression of hydroxyproline. Reducing EGLN2 or EGLN3 mRNA levels decreased the expression of several 
angiogenic factors in (A) and TGF-ß signatures in (B). Moreover, reduction of EGLN2 or EGLN3 in pancreatic cancer 
cell lines also mitigated HIF1A signaling (C). Knockdown of EGLN2 or EGLN3 led to upregulation of HIF1A (D). Su-
pernatant concentrations of hydroxyproline increased when EGLN2 or EGLN3 were knocked down in (E). These in 
vitro findings were more prominent in hypoxic vs. normoxic conditions.
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(Figure 3A and 3B). On the other hand, the 
effects of TGF-ß were suppressed by LY364947 
(Figure 3A and 3B). These results suggest that 
EGLN2 or EGLN3 directly regulate HIF1A and 
TGF-ß1 signaling; however, angiogenic factors 
are independently regulated.

To confirm HIF1A protein level by siEGLN2 or 
siEGLN3 treated with LY364947 and HIF1A 
antibody. We found no significant change in 
HIF1A protein expression, because HIF1A path-
way downstream (data not shown). Moreover, 
hydroxyproline concentrations in the culture 

Figure 3. TGF-ß1 inhibition or HIF1A antibody treat-
ment induces the expression of angiogenic factors 
and hydroxyproline. Several angiogenic factors am-
plified by EGLN2/3 and TGF-ß signaling were sup-
pressed by incubation with the HIF1A antibody (A 
and B). On the other hand, the effects of TGF-ß were 
suppressed by LY364947 (A and B). Moreover, hy-
droxyproline concentrations in the culture superna-
tants were not suppressed by LY364947; however, 
they were suppressed by the HIF1A antibody (C). 
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Table 2. Clinicopathological charcteristics of 
102 patients performed curative resection

N=102
Age
    Median 70
    Range 27-84
Gender
    Male 55 (54%)
    Female 47 (46%)
UICC Stage
    I 22 (22%)
    II 56 (55%)
    III 24 (23%)
EGLN2 Median; 1.77
    High EGLN2 52 (51%)
    Low EGLN2 50 (49%)
EGLN3 Median; 0.10
    High EGLN3 37 (36%)
    Low EGLN3 65 (64%)
Values in parentheses are percentages unless indicated 
otherwise; values are median.

supernatants were not suppressed by LY3- 
64947; however, they were suppressed by the 
HIF1A antibody (Figure 3C). These results sug-
gest that hydroxyproline is a downstream target 
of the HIF1A pathway.

Significance of EGLN2, EGLN3, and hydroxy-
proline expression in pancreatic cancer

To investigate EGLN2 and EGLN3 expression in 
pancreatic cancer, we examined samples from 
102 pancreatic cancer patients who received 
curative resection at our institute. Their clinico-
pathological characteristics are summarized in 
Table 2. Low levels of EGLN2 or EGLN3 mRNA 
expression were found in 49% and 64% of the 
patients, respectively (Figure 4A). There was a 
significant positive correlation between EGLN2 
mRNA expression and EGLN3 mRNA expres-
sion (Figure 4B). Decreased EGLN2 expression 
was significantly associated with reduced dis-
ease-free survival (P=0.001) and overall sur-
vival (P=0.004) (Figure 4C). Decreased EGLN3 
expression was significantly correlated with 
decreased disease-free survival (P=0.006) and 
overall survival (P=0.049) (Figure 4D).

To clarify the clinical significance of hydroxypro-
line expression, we conducted a prospective 
study in pancreatic cancer patients before 

curative resection at our institute between 
2016 and 2018 (n=25), and compared its 
expression among patients with recurrence 
within 6 months of surgery and patients with-
out recurrence within 6 months of surgery. The 
demographic and clinical data showed no sig-
nificant differences with regard to age, sex, 
UICC stage or other values between the two 
groups without hydroxyproline concentration 
(Table 3). High concentration of hydroxyproline 
was associated with early emergence of distant 
metastasis (P=0.046) (Figure 4E). 

Discussion

In our study, we identified EGLN2 and EGLN3 as 
predictive markers for disease-free survival 
and overall survival of patients with pancreatic 
cancer, and hydroxyproline as a predictive 
marker for distant metastasis. Moreover, we 
identified mechanisms for their metabolism 
effects, indicating a potential role for hydroxy-
proline in aerobic glycolysis regulation by tar-
geting the EGLN2 and EGLN3/HIF1A axis.

EGLN is an oxygen-sensing enzyme, which can 
hydroxylate proteins to modulate diverse phys-
iopathological signals. Aberrant regulation of 
EGLN results in many human diseases, includ-
ing cancer. It is well known that EGLN function 
largely depends on the role of HIF1A in tumors, 
but the detailed regulatory mechanisms of 
EGLN, especially in pancreatic cancer settings, 
remain unclear [10]. In lung carcinoma cells, 
overexpression of EGLN2 induces cell cycle 
arrest and suppresses proliferation by inhibit-
ing nuclear factor-кB (NF-кB) activity [11]. In 
human colon and colorectal cancer, overex-
pression of EGLN2 inhibits tumor growth [12]. 
In pancreatic cancer, TCF7L2 and EGLN2 were 
first reported as novel prognostic markers and 
provided a possible regulatory mechanism [13], 
and EGLN3 was reported to be associated with 
tumor growth, apoptosis, and angiogenesis, 
through HIF1A-dependent pathways [14]. 
However, the role of EGLN and the correlation 
of EGLN and hydroxyproline in pancreatic can-
cer has seldom been discussed. Our observa-
tions suggest that loss of EGLN2 and EGLN3 
upregulates HIF1A pathway signaling, and 
these genes are prognostic factors for pancre-
atic cancers. Moreover, we found that the 
HIF1A pathway induced by EGLN indepen- 
dently upregulated the TGF-ß pathway and 
angiogenesis.
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Figure 4. Significance of EGLN2, EGLN3, and hydroxyproline expression in pancreatic cancer. Low levels of EGLN2 
or EGLN3 mRNA expression were found in 49% and 64% of the patients, respectively (A). There was a significant 
positive correlation between EGLN2 mRNA expression and EGLN3 mRNA expression (B). Decreased EGLN2 expres-
sion was significantly associated with reduced disease-free survival and overall survival in (C). Decreased EGLN3 
expression was significantly correlated with decreased disease-free survival and overall survival in (D). High expres-
sion of hydroxyproline was associated with early emergence of early distant recurrence (E). 

Overexpression of HIF1A is a characteristic of 
several human cancers and their metastases 
[15]. HIF1A protein is the major regulator of oxy-
gen homoeostasis, and tumor hypoxia acti-
vates HIF1A to induce the transcription of vas-
cular endothelial growth factor (VEGF) and 
neovascularization to support cell survival and 
invasion [16, 17]. Three known EGLN proteins 
have been identified as cellular oxygen sensors 
in the mediation of HIF1A degradation. As men-
tioned above, EGLN has been reported in vari-
ous tumors; however, its role is carcinogenesis 
varies by cancer type. We found that EGLN2 
was more strongly associated with angiogene-
sis and the TGF-ß pathway compared to EGLN3, 
although EGLN2 and EGLN3 expression were 
positively correlated in clinical specimens. In 
this study, the effects of siEGLN and TGF-ß sig-

natures on angiogenic factors tended to be 
stronger in EGLN2 than in EGLN3. In pancreatic 
cancer, EGLN, which is involved in invasion  
and metastasis via the HIF1A pathway, may  
be modulated primarily through EGLN2,  
but the specific mechanism has not been 
characterized.

Hydroxyproline, an abundant amino acid in col-
lagen, is a characteristic biochemical marker 
that can simplify the chemical analysis of con-
nective tissues [18]. Prior reports have demon-
strated the relationship between hydroxypro-
line concentration in liver biopsy tissue and 
fibrosis [19] and the invasion and metastasis of 
cancer cells [20]. And hypoxia activates gluta-
mine, proline, and hydroxyproline metabolism 
in HCC. Aberrant accumulation of hydroxypro-
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line by attenuated PRODH2 activity promotes 
HCC pathogenesis through stabilizing HIF1a 
[21]. However, no report has characterized a 
detailed mechanism for these activities in pan-
creatic cancer. One of the limitations of this 
study is that we did not evaluate the mecha-
nism whereby HIF1A signaling affects hydroxy-
proline expression. 

In conclusions, we found that hydroxyproline 
levels are regulated via the HIF1A pathway by 
EGLN2 and EGLN3, and that increased concen-
trations of hydroxyproline promote the invasion 
and metastasis of pancreatic cancer cells. 
Based on these data, we propose that hydroxy-
proline concentration may be predictive of dis-
tant metastasis. 
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