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ABSTRACT

Clinical studies in breast cancer suggest important associations between 
intratumoral hypoxia, the upregulation of epidermal growth factor receptor (EGFR or 
HER1), hypoxia-inducible factor 1α (HIF-1α), and reduced patient survival. However, 
direct molecular links between EGFR and the hypoxia signaling system are not yet 
established. Since the oxygen sensor hypoxia-inducible factor prolyl hydroxylase 
2 (PHD2) is considered to be the main HIF-1α regulator, we hypothesized that 
PHD2 and EGFR may be interconnected at the molecular level. By analyzing samples 
from 313 breast cancer patients, we found that EGFR is a first clinicopathological 
parameter positively correlating with PHD2. Mechanistically, we identified PHD2 as 
a direct binding partner of EGFR and show that PHD2 regulates EGFR stability as well 
as its subsequent signaling in breast carcinoma cells. Overall, we introduce for the 
first time the direct crosstalk between the oxygen sensor PHD2 and EGFR-mediated 
tumorigenesis in breast cancer.

INTRODUCTION

The epidermal growth factor receptor EGFR (also 
known as ERBB or HER1) is a member of the ERBB 
cell-surface receptor tyrosine kinase family. EGFR is 
of immediate medical and biological importance due 
to its well-established roles in developmental biology, 
tissue homeostasis, and cancer [1]. Overexpression of 
EGFR was reported in 15-20% of all breast carcinomas 
and in 50-70% of triple negative breast cancers (TNBC) 
[2-5]. It is known that breast cancers with high EGFR 
expression are more aggressive, larger in size and more 
likely to metastasize to the lymph nodes [1] and brain [6]. 
Additionally, patients with EGFR-positive tumors have a 
worse overall, disease free and post-relapse survival after 
hormonal and/or chemotherapy [1].

The more rapid growth of EGFR-positive tumors is 
linked with intratumoral hypoxia and overexpression of the 
hypoxia-inducible transcription factor 1α (HIF-1α) [7]. The 
upregulated levels of HIF-1α in breast cancer are associated 

with high tumor grade, high proliferating microvessel density 
[8], increased rate of metastasis [9-12], as well as with a 
decreased breast cancer-specific survival [13]. Additionally, 
enhanced expression of HIF-1α has been shown to mediate 
resistance to chemotherapy and radiotherapy [14].

It was suggested that hypoxia induces expression 
of EGFR and its ligands [15, 16], and vice versa, EGFR 
signaling might enhance the cellular response to hypoxia by 
increasing expression of HIF-1α via the oncogenic PI3K/
AKT and MAPK/ERK pathways [17-19]. Importantly, 
the levels of HIF-1α are regulated by prolyl-hydroxylases 
(PHDs), which hydroxylate proline residues within the 
HIF-1α subunit under normoxia, marking it for subsequent 
ubiquitination and proteasomal degradation [20]. Of the 
four PHDs known so far [21], PHD2 appears to be the main 
HIF-1α regulator and key oxygen sensor [22], which implies 
PHD2 may have a regulatory role in the pathogenesis of 
cancer. Indeed, recent studies suggested that PHD2 serves 
as potential tumor suppressor in breast cancer [13, 15]. 
Since the overexpression of EGFR and PHD2 in a hypoxic 
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environment may have a profound role in breast tumor 
progression and metastases [4, 23-25], we hypothesized 
that there might be an association on a molecular level 
between PHD2 and EGFR. Therefore, we investigated how 
the expression of these two proteins is correlated in clinical 
samples of breast cancer patients and whether they may 
be directly linked. Our study describes for the first time a 
significant positive correlation between PHD2 and EGFR 
expression in 313 breast cancer patients. In addition, we 
identified PHD2 as a binding partner of EGFR and showed 
that PHD2 acts as a regulator of EGFR signaling and 
receptor stability in MDA-MB-231 breast carcinoma cells. 
Moreover, we introduce an additional level of crosstalk 
between hypoxia/PHD2-mediated signaling and EGFR-
induced tumorigenesis in breast cancer, which is important 
for the development of novel breast cancer treatment options.

RESULTS

PHD2 levels positively correlate with EGFR 
levels in breast cancer

Since clinical studies support an important link 
between intratumoral hypoxia and upregulation of EGFR, we 
were interested to see whether there is a correlation between 
the major HIF-1α negative regulator PHD2 and EGFR 
levels. By analyzing PHD2 and EGFR expression in TMAs 

of tumor biopsies from 313 human breast cancer patients, 
we found that PHD2 showed a positive and significant 
correlation to EGFR expression (correlation coefficient 
= 0.231, p<0.001; n=313). In line with earlier studies, 
no significant correlations were found between PHD2 
protein levels and HER2, ER or PR [15]. Representative 
immunological stainings illustrating the expression patterns 
of PHD2 (cytoplasmic) and EGFR (membranous) and the 
correlation of both proteins are shown in Figure 1.

PHD2 directly interacts with EGFR

After seeing a positive correlation between PHD2 
and EGFR in tumor biopsies, we sought to investigate 
whether PHD2 and EGFR undergo a direct interaction. 
To address this on the endogenous level we first used a 
proximity ligation immunoassay (PLA) in the MDA-
MB-231 breast cancer cells. Since the availability of 
molecular oxygen is the predominant requirement for 
the activity of PHD2 [26], we performed PLA assays 
under both normoxic and hypoxic conditions. While we 
observed a strong dotted fluorescence signal indicating an 
interaction between endogenous EGFR and PHD2 under 
normoxic conditions, the number of proximity ligation 
sites under hypoxia was reduced by about 60% suggesting 
that PHD2 catalytic activity is important for the interaction 
(Figure 2A, 2B).

Figure 1: PHD2 and EGFR expression levels positively correlate in breast cancer. Processed tissue microarrays of breast 
cancer biopsies from 313 patients were stained with PHD2 and EGFR antibodies (cf Materials and methods). Four representative 
immunohistochemistries of human breast cancer with low and high expression of PHD2 and EGFR are shown. Magnification 10x.
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Figure 2: PHD2 interacts with EGFR. A. Interaction of endogenous EGFR and PHD2 was visualized by proximity ligation assay (PLA) 
in MDA-MB-231 cells. Red spots reflect the interaction. MDA-MB-231 cells were cultured in full media and then exposed to either normoxic 
or hypoxic conditions, fixed and immunostained according to the Duolink manufacturer’s protocol (cf Materials and methods). Scale bars, 20 
μm. B. Quantification of the number of PLA signals. * significant difference between the number of proximity ligation sites under normoxia/
hypoxia vs. negative control, # significant difference between the number of proximity ligation sites under hypoxia vs. normoxia. C. Schematic 
presentation of the V5-tagged PHD2 proteins: wt PHD2, catalytically inactive PHD2 H374A (mut), PHD2 lacking amino acids 1-139 from 
the N-terminus (Δ1-139), and PHD2 variant lacking amino acids 208-426 from the C-terminus (Δ208-426). D. Western Blot analysis of 
immunoprecipitates (IP) and whole-cell lysates (WCE) from HEK-293 cells, overexpressing V5-tagged PHD2 variants (wt, mut, Δ1-139 
or Δ208-426) and Myc-EGFR. Blots from anti-V5 IPs were probed with Myc-tag antibody. WCEs were probed with V5-tag, Myc-tag and 
α-tubulin antibodies. E. Quantification of the interaction between Myc-EGFR and V5-PHD2 variants. The levels of PHD2-bound Myc-EGFR 
from the lysates of HEK-293 cells, expressing wt PHD2 and Myc-EGFR (respective control) were set to 1. * significant difference between 
the Myc-EGFR levels from the lysates of HEK-293 cells, expressing mut, Δ1-139 or Δ208-426 PHD2 variants vs. control. F. Western Blot 
analysis of anti-Myc IPs and WCEs from HEK-293 cells, overexpressing wt V5-PHD2 together with Myc-EGFR and pre-treated with the 
PHD inhibitor DMOG (2 mM), the EGFR tyrosine kinase inhibitor AG 1478 (1 mM) or both followed by stimulation with either vehicle or 
EGF (100 ng/ml) for 10 min. Blots from IPs were probed with V5-tag antibody. WCEs were probed with V5-tag, HIF-1α, phospho-EGFR, 
Myc-tag and α-tubulin antibodies. G. Quantification of the interaction between Myc-EGFR and V5-PHD2 in the presence of EGF/DMOG/
AG 1478. The levels of Myc-EGFR-bound V5-PHD2 from the lysates of non-treated HEK-293 cells (respective control) were set to 1. * 
significant difference treatment vs. control. Results are presented as mean values of three independent experiments ± SD. The statistical 
comparison between groups was performed by using Student’s two-tailed t-test. *p ≤ 0.05.
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Next, we aimed to explore this novel finding 
in more detail. PHD2 is a protein of 426 amino acids 
with a hydroxylase subunit in the C-terminus (amino 
acids 291-392), while the N-terminus of the molecule 
is still rather poorly characterized. We used V5-tagged 
full length PHD2 and PHD2 mutants lacking catalytic 
activity PHD2 H374A, the N-terminus (PHD2 Δ1-
139) or the C-terminus (PHD2 Δ208-426) (Figure 
2C), along with Myc-tagged EGFR-expressing 
constructs for immunoprecipitation studies in HEK-
293 cells. After verification of the V5-tag and Myc-tag 
antibody specificity for immunoprecipitation studies 
(Supplementary Figure 1A, 1B), we were able to show 
that full length PHD2 and the PHD2 variants interact 
with EGFR. In line with the results from the proximity 
ligation assay, the binding between EGFR and PHD2 
H374A was reduced by about 50% compared to the 
binding between EGFR and wt PHD2. Additionally, 
when the PHD2 constructs lacking amino acids at the 
N-terminus, or the catalytic part, were employed in the 
assay, the binding between EGFR and these variants was 
reduced (Figure 2D-2G, Supplementary Figure 1C, 1D).

In many tumors EGF is produced either by the 
tumor cells themselves or is available from surrounding 
stromal cells, leading to constitutive EGFR activation 
[27]. Therefore, our next aim was to check if the binding 
between EGFR and PHD2 is not only dependent on PHD2 
activity but also on the tyrosine kinase activity of EGFR. 
To address these, we performed immunoprecipitation 
experiments after stimulation of cells either with the 
vehicle or EGF for 10 min in the presence or absence of 
the EGFR tyrosine kinase inhibitor AG 1478 (Tyrphostin) 
or the prolyl hydroxylase inhibitor dimethyloxalylglycine 
(DMOG), or both simultaneously. Interestingly, the 
presence of EGF did not influence the interaction between 
PHD2 and EGFR (Figure 2F, 2G); however, there was a 
trend for decreased binding when cells were pre-treated 
with AG 1478. In line with the results of the PLA assay 
and immunoprecipitation studies using catalytically 
inactive PHD2 or PHD2 variants lacking the catalytic part 
(Figure 2D-2G, Supplementary Figure 1C, 1D), treatment 
with the hydroxylase inhibitor DMOG reduced the binding 
between EGFR and PHD2 by about 50% (Figure 2F, 2G). 
Notably, treatment of cells with DMOG and AG 1478 
did not augment the reduction in binding between the 
two proteins. Collectively, these results indicate that the 
interaction between EGFR and PHD2 depends neither on 
the presence of EGF nor on the catalytic activity of EGFR 
itself, while the presence of the full-length catalytically 
active PHD2 is critical for the complex formation.

Knockdown of PHD2 reduces EGFR levels

Our next interest was to find out whether these 
proteins have an influence on the expression of each other. 
To study this, we measured the expression of EGFR in 

two independent clones of MDA-MB-231 breast cancer 
cells with a stable knockdown of PHD2 (clones #3 and 
#4), which displayed a normoxic accumulation of HIF-
1α and HIF-2 α as previously described (Supplementary 
Figure 2) [28]. Both, PHD2 knockdown clones #3 
and #4, displayed a 50% lower content of EGFR than 
the scrambled (shC control) cells (Figure 3A–3C). 
Interestingly, PHD2 knockdown in these cells did not 
have an impact on EGFR mRNA levels (Figure 3D). Thus, 
these data indicate that lack of PHD2 affects EGFR levels 
on the post-transcriptional level. Since both of the PHD2 
knockdown clones showed equally downregulated EGFR 
levels, we continued studying the impact of PHD2 on 
EGFR signaling in the PHD2 knockdown #3 cells.

To address the functional consequences of the 
lower EGFR levels in these PHD2 knockdown cells, we 
investigated EGF-dependent cell motility. Transwell 
migration assays showed that the basal motility of 
the PHD2 knockdown clone #3 was slightly but 
significantly lower than the motility of shC control cells 
(Figure 3E, 3F). Treatment of cells with EGF increased 
the number of migrated shC cells by about 1.5 fold 
compared to non-treated cells. By contrast, the PHD2 
knockdown clone #3 was irresponsive to EGF treatment, 
which resulted in the same number of migrated cells 
regardless whether EGF treatment was present or not 
(Figure 3E, 3F). Together, these data show that PHD2 
affects EGFR levels and, as a consequence, the response 
towards EGF.

Knockdown of PHD2 affects EGFR activation in 
response to EGF

Since the above data indicated that PHD2 
knockdown affects the cellular response to EGF we were 
next interested to see to what extent this has an impact on 
the EGFR signaling. First we checked the phosphorylation 
status of EGFR at Tyr1068, a site, critical for the activation 
of the MAPK pathway [27], in MDA-MB-231 shC and 
PHD2 knockdown cells treated with EGF for 1, 5, 10, 30 
and 60 minutes.

The phosphorylation of EGFR was already detectable 
at 1 minute after EGF stimulation in both the shC control 
and the PHD2 knockdown #3. However, the maximal 
EGFR activation in control cells became detectable 10 
minutes after addition of EGF, while in PHD2 knockdown 
#3 cells EGFR activation reached its maximal peak already 
after 1 minute, was less pronounced compared to shC cells 
and declined thereafter. In control cells EGFR remained 
highly phosphorylated up to 60 minutes, whereas in 
PHD2 knockdown #3 cells EGFR activation was almost 
undetectable 60 minutes after stimulation (Figure 4A, 4B). 
Similarly PHD2 knockdown clone #4 reached its peak in 
EGFR activation at the same time point, declined also faster 
and was overall less apparent (Supplementary Figure 3A, 
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S3B). These observations indicate that PHD2 knockdown 
leads to a less sustained activation of EGFR.

Next, we continued assaying major downstream 
EGFR signaling pathways MAPK/ERK and PI3K/AKT 
[29] by investigating the phosphorylation of ERK1/2 and 
AKT in MDA-MB-231 shC and PHD2 knockdown #3 cells 
treated with EGF as above. In PHD2 knockdown #3 cells 
activation of ERK1/2 was displayed 1 minute after EGF 
addition, thereafter ERK1/2 activation decreased. In shC 
control cells ERK1/2 reached its maximal activity within 
10 minutes after EGF addition and remained active at a 
higher level than in PHD2 knockdown cells for 60 minutes 
(Figure 4C, 4D). Furthermore, PHD2 knockdown cells 

displayed a more rapid transient EGF-dependent activation 
of AKT when compared to shC control cells. AKT became 
activated in PHD2 knockdown cells within 1 minute after 
addition of EGF and reached its maximum after 5 minutes, 
then it declined. In shC control cells AKT activity became 
detectable after 5 minutes after addition of EGF, reached its 
peak within 10 minutes and remained almost at that level 
until 60 minutes (Figure 4E, 4F). Together, the maximal 
ERK1/2 and AKT activation in the PHD2 knockdown cells 
were gained in a shorter time compared to shC control 
cells (Figure 4). Collectively, these results demonstrate that 
PHD2 knockdown leads also to a less sustained activation 
of EGFR downstream signaling pathways.

Figure 3: Knockdown of PHD2 in MDA-MB-231 cells affects EGFR levels and EGF-driven motility. A. Representative 
immunoblots of PHD2 and EGFR levels in the lysates of MDA-MB-231 shC control and PHD2 knockdown clones #3 and #4. B, C. 
Quantification of PHD2 levels (B) and EGFR levels (C) in MDA-MB-231 cells. The PHD2 and EGFR levels in the shC (respective control) 
were set to 1. * significant difference between PHD2 and EGFR levels in the knockdown clones #3 and #4 vs. control. D. Quantification of 
EGFR mRNA levels in MDA-MB-231 cells. The EGFR mRNA levels in the shC (respective control) were set to 1.* significant difference 
between EGFR mRNA levels in the PHD2 knockdown clones #3 and #4 vs. control. E. MDA-MB-231 shC control and PHD2 knockdown 
cells #3 were treated with either vehicle or with EGF (100 ng/ml) for 2 days and cell migration was analyzed in a transwell migration assay. 
Representative photographs of the whole cell culture insert field from the migration assay. F. Quantification of the transwell migration 
assay. The number of migrated non-treated shC control cells was set to 1 (respective control). * significant difference between PHD2 
knockdown cells vs. control. # significant difference EGF-treated cells vs. non-treated. In all experiments more than 500 cells were scored. 
Results are presented as mean values of three independent experiments ± SD. The statistical comparison between groups was performed by 
using Student’s two-tailed t-test. *p ≤ 0.05.
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Figure 4: PHD2 knockdown leads to a less sustained activation of EGFR and its downstream signaling pathways. 
MDA-MB-231 shC control and PHD2 knockdown cells were treated with either vehicle or EGF (100 ng/ml) for 0, 1, 5, 10, 30, 60 
min. The phosphorylation of EGFR and kinases was measured with phosphospecific antibodies. A. Representative immunoblots of EGF 
receptor phosphorylation in MDA-MB-231 shC control and PHD2 knockdown cells. B. Quantification of EGFR activity. The ratio of 
phosphorylated EGFR to total EGFR levels in untreated shC control cells was set equal to 1. * significant difference PHD2 knockdown 
cells vs. same time point shC control cells. C. Representative immunoblots of ERK1/2 kinase activation in in MDA-MB-231 shC control 
and PHD2 knockdown cells. D. Quantification of ERK1/2 activity. The ratio of phosphorylated ERK1/2 to total ERK1/2 levels in untreated 
shC control cells was set equal to 1. * significant difference PHD2 knockdown cells vs. same time point shC control cells. E. Representative 
immunoblots of AKT kinase activation in MDA-MB-231 shC control and PHD2 knockdown cells. F. Quantification of AKT activity. The 
ratio of phosphorylated AKT to total AKT levels in untreated shC control cells was set equal to 1. * significant difference PHD2 knockdown 
cells vs. same time point shC control cells. Results are presented as mean values of three independent experiments ± SD. The statistical 
comparison between groups was performed by using Student’s two-tailed t-test. *p ≤ 0.05.
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Knockdown of PHD2 fosters degradation of 
EGFR

Binding of EGF to EGFR leads to internalization 
of the receptor and trafficking via the endocytic pathway 
[30]. Since we have observed lower EGFR levels and 
altered dynamics of EGFR downstream signaling in 
PHD2 knockdown cells, we addressed whether PHD2 
contributes to receptor turnover and stability. Therefore, 
we treated shC control and PHD2 knockdown cells for 0, 
5, 15, 30, 60 and 120 minutes with EGF and visualized 
the differences in receptor internalization and endocytosis 
upon ligand binding by immunofluorescence. In line 
with the data from the western blot assays, the EGFR 
fluorescent signal was weaker in PHD2 knockdown cells. 
Both cell types showed a similar diffused cell surface 
receptor distribution in the absence of the ligand (Figure 
5A). Already 5 minutes after addition of EGF, PHD2 
knockdown cells showed a different receptor localization. 
While in the shC control cells EGFR was still evenly 
distributed all over the cell surface like the unliganded 
receptor, the PHD2 knockdown cells displayed formation 
of large endocytic vesicles in the perinuclear region. By 
contrast, it took 15 minutes after EGF treatment before 
endocytic vesicles became visible in the perinuclear region 
of shC control cells. The EGFR fluorescent signal was 
present up to 120 minutes after addition of EGF in the shC 
control cells, whereas in the PHD2 knockdown cells it was 
hardly detectable after 120 minutes, suggesting that the 
receptor gets endocytosed faster upon the partial absence 
of PHD2 (Figure 5A).

Binding of the ligand results in either degradation or 
recycling of EGFR [30]. Next, we decided to investigate 
if PHD2 contributes to ligand-induced EGFR degradation. 
To do this, we treated MDA-MB-231 shC and PHD2 
knockdown cells with EGF for 0, 1, 2, 3, 4 h and then 
measured total EGFR levels in the obtained lysates. To 
eliminate the impact of de-novo EGFR synthesis both shC 
control cells and PHD2 knockdown #3 were pre-treated 
with the translational inhibitor cycloheximide before 
treatment with EGF. The time in which EGFR reached 
50% of its starting level is referred to as half-life of the 
receptor. In the control shC cells liganded EGFR half-life 
was more than 4 h, while in PHD2 knockdown cells EGFR 
half-life was reduced to approximately 2.5 h (Figure 5B, 
5C). Similarly, the second independent PHD2 knockdown 
clone #4 showed also a reduced EGFR half-life of about 
2.5 h, compared to shC control cells (Supplementary 
Figure 3B).

Lysosome-mediated degradation is considered 
to be the major mechanism to downregulate ligand-
activated EGFR [30]; however, proteasome-mediated 
degradation was reported to be important as well [31]. 
Therefore, we aimed to further investigate to which extent 
PHD2 knockdown affects lysosomal or proteasomal 
degradation of liganded EGFR. To do this, we pre-treated 

the cells simultaneously with either cycloheximide and 
chloroquine or cycloheximide and MG132, a proteasome 
inhibitor, before stimulation with EGF. Pre-treatment 
with cycloheximide and chloroquine almost compensated 
differences in basal EGFR levels between control and 
PHD2 knockdown cells, which suggests, that lower 
EGFR levels upon PHD2 knockdown can be a result of 
an upregulated lysosomal degradation of the receptor 
(Figure 5D, 5E). Simultaneous presence of cycloheximide 
and chloroquine almost completely blocked degradation 
of EGFR in the EGF-treated shC control cells, whereas 
it stabilized EGFR by increasing its half-life up to 3 
h in the PHD2 knockdown cells. Pre-treatment of cells 
with cycloheximide and MG132 before stimulation with 
EGF again stabilized EGFR in the shC control cells. In 
the PHD2 knockdown cells inhibition of the proteasomal 
degradation by MG132 further prolonged the half-life 
of EGFR to ≥ 4 h (Figure 5F, 5G). The accumulation 
of LC3B II and ubiquitin after chloroquine and MG132 
treatment in the lysates of shC control and PHD2 
knockdown cells indicates an inhibited lysosomal and 
proteasomal function (Figure 5H). Together, these data 
suggest that the differences in the EGFR levels between 
shC control and PHD2 knockdown cells depend both on 
the lysosomal and proteasomal degradation of the receptor, 
whereas the faster EGFR turnover in the presence of EGF 
can be attributed to the proteasomal function.

DISCUSSION

The current investigation describes for the first time 
a direct connection between the oxygen sensor PHD2 
and EGFR as well as its subsequent signaling in breast 
cancer. We report a direct correlation between PHD2 
and EGFR expression levels in tumor biopsies of 313 
patients (Figure 1) and in MDA-MB-231 breast cancer 
cells. Mechanistically we identify PHD2 as a direct 
binding partner of EGFR; the binding required PHD2 but 
not EGFR activity (Figure 2). As a consequence of the 
binding, EGFR turnover, stability and signaling, as well as 
cancer cell motility were affected (Figure 3, 4, 5).

The importance of EGFR for the progression of a 
variety of epithelial cancers is well documented. However, 
its expression and signaling activity are required not 
only for the regulation of cellular proliferation, but also 
for the induction of metastasis and angiogenesis of the 
tumor [4, 23, 24]. The growth and angiogenesis of solid 
tumors are in turn tightly controlled by the availability of 
oxygen and components of the hypoxia signaling network, 
among which HIFs, PHDs and different HIF-inducible 
genes are the major players. The molecular crosstalk 
between hypoxia signaling and other major regulators 
of breast cancer pathogenesis, such as EGFR, is rather 
complex and multilayered. It has been reported, that HIF-
1α and HIF-2α are able to enhance EGFR expression 
and activity [32] via an increase in the translational 
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Figure 5: PHD2 knockdown fosters EGFR degradation. A. Knockdown of PHD2 promotes EGFR internalization and endocytosis. 
MDA-MB-231 shC and PHD2 knockdown cells #3 were treated with EGF 100 ng/ml for 0, 5, 15, 30, 60 and 120 min. Fixed cells were 
immunostained with an EGFR antibody to follow EGF-induced receptor internalization and endocytosis. The EGFR signal was visualized 
using confocal microscopy (cf Materials and Methods). Scale bars, 20 μm. B. Representative immunoblots of EGFR levels in the lysates 
of MDA-MB-231 shC control and PHD2 knockdown cells, pre-treated with translation inhibitor cycloheximide (10 mM) for 12 h and 
treated with EGF (100 ng/ml) for 0, 1, 2, 3, 4 h. C. Quantification of EGFR levels in MDA-MB-231 cells treated with cycloheximide. D. 
Representative immunoblots of EGFR levels in the lysates of MDA-MB-231 shC control and PHD2 knockdown cells, pre-treated with 
cycloheximide (10 mM) and the lysosome inhibitor chloroquine (100 mM) for 12 h and treated with EGF (100 ng/ml) for 0, 1, 2, 3, 4 h. 
E. Quantification of EGFR levels in MDA-MB-231 cells treated with cycloheximide and chloroquine. F. Representative immunoblots of 
EGFR levels in the lysates of MDA-MB-231 shC control and PHD2 knockdown cells, pre-treated with cycloheximide (10 mM) for 12 h 
and with the proteasome inhibitor MG132 (10 mM) for 2h, then treated with EGF (100 ng/ml) for 0, 1, 2, 3, 4 h. G. Quantification of EGFR 
levels. The ratio of total EGFR to α-tubulin in non-treated shC control cells was set equal to 1. *significant difference PHD2 knockdown 
cells vs. shC control cells at the same time point. The statistical comparison between groups was performed by using Student’s two-tailed 
t-test. *p ≤ 0.05. The time needed to reach 50% of the EGFR starting level is referred to as half-life of the receptor, and is marked with 
♦ in PHD2 knockdown #3 cells. H. Representative immunoblots of the ubiquitin and LC3B II levels in the lysates of cycloheximide, 
chloroquine and MG132 pre-treated shC control and PHD2 knockdown cells as verification of lysosomal and proteasomal inhibition.
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efficiency of EGFR mRNA [16] or via the attenuation 
of rabaptin-5 transcription, which leads to longer half-
lives of activated EGFR due to delayed late endosomal 
EGFR sorting [33]. Therefore, we initially expected that 
the knockdown of PHD2 and, as shown previously [28], 
the stabilization of HIF-1α and HIF-2α in our cell model 
(Supplementary Figure 2) would favor the upregulation 
of EGFR. However, the experimental results were quite 
opposite. Along with the patient data we demonstrate, 
that the receptor levels are significantly lower in the 
MDA-MB-231 PHD2 knockdown cells compared to the 
shC control ones and that the observed change can be 
attributed to reduced EGFR protein stability. Therefore, it 
might be possible that the downregulation of EGFR levels 
upon PHD2 knockdown takes place without the influence 
of HIF-1α- or HIF-2α, but rather depends on the partial 
absence of the PHD2 protein itself. This might point to 
a HIF-independent action of PHD2, which may have an 
impact on the outcome in cancer. So far, only one study 
reported the participation of another PHD family member, 
PHD3, in EGFR stability in glioma [34]. Interestingly, in 
that study PHD2 was not reported to mediate any changes 
in EGFR signaling, which may suggest that the PHD2-
dependent stabilization of EGFR signaling which we 
observe in our model might be breast tissue specific.

While several studies showed an association 
between HIF-1α overexpression and poor prognosis in 
breast cancer [8, 9, 11, 12, 35], a conclusive view on 
the role of PHD2 in cancer has not been reached. So far, 
PHD2-expression status and its influence on breast cancer 
disease was not found to correlate with either estrogen 
receptor (ER), progesterone receptor (PR), EGF receptor 2 
HER2/neu (ERBB2) [13, 15] or p53, Ki67 and BCL2 [14].  
A recent study on breast cancer showed significantly 
shorter survival times of patients with low-level PHD2 
tumors [15], suggesting an oncoprotective role for this 
enzyme. In line, in gastric cancer PHD2 expression 
appeared to be a strong positive marker for patient 
survival [36]. By contrast, studies from a spontaneously 
arising PyMT-oncogene-driven breast cancer model 
showed that inhibition of PHD2 significantly decreased 
the number of metastases in the lung, supporting the pro-
oncogenic role of PHD2 in breast cancer [25]. Studies 
on head and neck squamous cell carcinoma showed 
that high expression of PHD2 was associated with an 
aggressive phenotype [37] and high tumor PHD2 levels 
in hepatocellular carcinoma (HCC) were associated with 
higher tumor stage, larger tumor size, and worse overall 
patient survival [38]. Additionally, in non-small cell lung 
cancer (NSCLC) high levels of PHD2 were assessed as an 
independent negative prognostic factor for disease specific 
survival [39]. Moreover, a trend for decreased survival 
upon high PHD2 expression was reported in ampullary 
adenocarcinoma [40]. Since our present study describes 
PHD2 as an important regulator of sustained EGFR 

activity and stability, we rather favor the idea of PHD2 
promoting EGFR-driven pathogenesis in breast cancer.

The latter view is supported by our previous studies 
from breast cancer cell lines showing that downregulation 
of PHD2 leads to an alteration of cellular proliferation and 
motility. For instance, when PHD2 knockdown clone #3 
was subcutaneously injected into SCID mice, tumor growth 
was significantly delayed [28]. Lower levels of EGFR in 
these cells may be considered as an additional reason for 
the delayed tumor growth of the PHD2 knockdown cells 
in the xenograft assay (Figure 3A, 3B). This observation 
is further underlined in our present study, where we show 
that PHD2 knockdown led to an inhibition of EGF-driven 
migration (Figure 3E, 3F). Moreover, we have observed 
that PHD2 knockdown altered the dynamics of the 
activation of the two major EGFR signaling pathways: 
MAPK/ERK and PI3K/AKT [29], suggesting that PHD2 
presence is necessary for the activation of the liganded 
EGFR and its downstream signaling pathways.

While observing a difference in a pattern of 
EGFR kinase activation upon PHD2 knockdown, 
we hypothesized that the binding between PHD2 and 
EGFR may be influenced by the presence of EGF. 
However, the direct binding between PHD2 and EGFR 
turned out to be neither dependent, nor influenced by 
the presence of EGF (Figure 2G, 2H). At the same time 
the inhibition of EGFR with one of the EGFR tyrosine 
kinase inhibitors AG 1478 did not decrease the binding 
between the two proteins, while treatment with DMOG 
reduced the binding drastically (Figure 2). In line, the 
proximity ligation assay indicated a reduced EGFR-
PHD2 interaction under hypoxia (Figure 1) supporting 
the importance of the catalytically active PHD2 for 
the binding. Additionally, immunoprecipitation studies 
using different PHD2 variants lacking the N-terminal 
or C-terminal part further indicated that the binding 
between PHD2 and EGFR depends on the presence 
of the full length PHD2 (Figure 2). Together, these 
observations imply that the binding between PHD2 
and EGFR is constitutive and requires the presence of 
full length catalytically active PHD2, rather than the 
presence of the EGFR ligand.

Since internalization and endocytic sorting are one 
of the principal mechanisms by which EGFR signaling 
is regulated [41, 42], we checked if PHD2 knockdown 
contributes to the speed of receptor turnover (Figure 
5). Our data show, that PHD2 knockdown leads to 
faster EGFR internalization following ligand binding, 
faster formation of endocytic vesicles and enhanced 
receptor degradation. In turn, the shortened existence of 
internalized EGFR results in reduced length of EGFR 
signaling and EGF-induced cell migration. It is known, 
that the speed of EGFR internalization and sorting is 
regulated by multiple adaptor proteins like clathrin 
adaptor protein complex (AP2), growth factor receptor-
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bound protein 2 (GRB2), proto-oncogene tyrosine-protein 
kinase SRC, E3 ubiquitin ligase CBL, CBL-interacting 
protein of 85 kDa (CIN85), and multiple components 
of the endosomal sorting complex required for transport 
(ESCRT) [30]. We examined whether some of those 
components were downregulated in the PHD2-knockdown 
cells and we could not find any difference in the expression 
levels of SRC, CBL or CIN85 (Supplementary Figure 5).

Altogether, our study is the first one to describe 
the relations between PHD2 and EGFR in both 
preclinical and clinical models of breast cancer. We 
identify PHD2 as a novel contributor to EGFR signaling 
in breast cancer by describing its direct participation in 
the stability and activity of EGFR. Thus, our findings 
may help to consider use of PHD2 inhibitors together 
with anti-EGFR antibodies, which alone have limited 
therapeutical benefit for the treatment of triple negative 
breast cancers [4, 43].

MATERIALS AND METHODS

Tissue microarray analysis

Tissue micro arrays (TMAs) of biopsies from 313 
invasive breast cancer cases diagnosed at the Institute 
of Surgical Pathology (University Hospital, Zurich, 
Switzerland), were studied as described [15]. Patient 
age at the time of diagnosis ranged from 26 to 98 years 
with a median of 61 years (mean 62). TMA sections were 
processed using an automated immunohistochemistry 
platform (Benchmark, Ventana, Roche) with the 
PHD2 antibody at 1:100 dilution (NB100-137, Novus 
Biologicals) [15] and the EGFR antibody (3C6, Ventana, 
Roche), prediluted [44].

Chemicals

All biochemicals and enzymes were of analytical 
grade and were purchased from commercial suppliers: 
chloroquine, cycloheximide, dimethyloxalylglycine 
(DMOG), MG132 and recombinant human EGF were 
from Sigma-Aldrich; AG 1478 (Tyrphostin) was from 
Cell Signaling, BamHI and XbaI restriction enzymes were 
from Thermo Fisher Scientific.

RNA extraction and qRT-PCR

Total RNA was isolated from cells with GenElute 
mammalian total RNA miniprep kit (Sigma-Aldrich). 
Reverse transcription (RT) was performed with 1 μg 
RNA using the first-strand cDNA synthesis kit (Quanta 
Bioscience, GE Healthcare). qRT-PCR was performed 
with cDNA diluted 1:25 and the iTaq Universal SYBR 
Green Supermix reaction kit (Biorad) in combination 
with the Applied Biosystems 7500 thermal cycler 
(Applied Biosystems). EGFR relative mRNA expression 

was determined using the ΔΔCt data analysis method 
[45] using the EGFR forward 5’-tgcgtctcttgccggaat-3’ 
and reverse 5’-ggctcaccctccagaaggtt-3’ primers 
[46]. The hypoxanthine phosphoribosyltransferase 1 
(HPRT1) gene was used as housekeeping gene and its 
expression was assessed with the HPRT1 forward 5’–
gtaattggtggagatgatctctcaact-3’ and reverse 5’-tgttttgccagt
gtcaattatatcttc-3’ primers [47].

Plasmids and site directed mutagenesis

pcDNA6A-Myc-EGFR was a gift from Mien-Chie 
Hung (Addgene plasmid #42665) [48]. The catalytically 
inactive PHD2 H374A variant was generated from the 
pcDNA3.1-PHD2-V5-6xHis backbone via site directed 
mutagenesis (QuickChange mutagenesis kit, Promega) 
and was described previously [49, 50]. PHD2 deletion 
mutants lacking amino acids 1-139 (PHD2 Δ1-139) and 
208-426 (PHD2 Δ208-426) were generated with site 
directed mutagenesis of pcDNA3.1-PHD2-V5-6xHis 
creating additional BamHI and XbaI restriction sites in the 
coding sequence of EGLN1 (PHD2), respectively. Primers 
were as follows: PHD2 Δ1-139 forward 5’-gggctcggcggtg
gatcccgacgccatgcccggcaaggagg-3’, PHD2 Δ1-139 reverse 
5’-cctccttgccgggcatggcgtcgggatccaccgccgagccc-3’, PHD2 
Δ208-426 forward 5’-gcacggcatctgtctagaggacgacttcctcg
gc-3’, PHD2 Δ208-426 reverse 5’-gccgaggaagtcgtcctct
agacagatgccgtgc-3’. Afterwards, mutants were digested 
with BamHI (for PHD2 Δ1-139) and XbaI (for PHD2 
Δ208-426), purified (Gel/PCR DNA fragments extraction 
kit, GeneAid), re-ligated, and transformed into XL-1 blue 
competent cells. Several clones were picked for plasmid 
propagation and restriction analysis. All constructs were 
verified by DNA sequencing.

Cell culture

Human embryonic kidney 293 (HEK-293) and 
human breast carcinoma MDA-MB-231 cells were 
maintained in Dulbecco’s modified Eagle’s medium 
(DMEM) supplemented with 10% fetal bovine serum 
(FBS), 50 U/ml penicillin and 100 μg/ml streptomycin 
in a humidified atmosphere containing 16% O2, 5% CO2, 
79% N2 at 37°C. The MDA-MB-231 shC control and 
PHD2 knockdown clones (#3 and #4) were generated via 
transduction with lentiviral particles expressing PHD2 
shRNA and described previously [28]. When indicated, 
the cells were incubated under hypoxic conditions under 
5% O2, 5% CO2 balanced with N2 for 6 h. All cell lines 
underwent mycoplasma testing before their use.

Transwell migration assay

Cell migration assays were performed using 24-well 
cell culture inserts with 8 μm pores (Becton Dickinson) as 
described previously [51, 52]. Briefly, the MDA-MB-231 
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shC and PHD2 knockdown #3 cells were treated with 
vehicle or EGF (100 ng/ml) for 2 days. Then, 1x104 cells 
were seeded on the upper wells of the 24-well chambers 
in the presence of 0.1% serum and EGF (100 ng/ml). 
The lower wells were filled with medium containing 5% 
FBS. After incubation for 12 h, cells that migrated out 
onto the lower surface of membranes were fixed in 4% 
paraformaldehyde (PFA), stained with 1% crystal violet 
and counted (more than 500 cells were scored in each 
experiment).

Protein preparation, EGF treatment and western 
blotting

MDA-MB-231 cells (2x105 cells per plate) were 
plated on 6 cm dishes and cultured for 2 days in full 
serum. Afterwards cells were lysed in lysis buffer [50 mM 
Tris–HCl, pH 7.5, 150 mM NaCl, 1% Triton X-100, 1 
mM o-vanadate, 50 mM NaF, 2 mM EDTA, 1 mM PMSF, 
complete protease inhibitor cocktail tablet (Roche)], 
mechanically triturated through a 1 ml syringe, kept on 
ice for 10 min and centrifuged at 14 000 g for 20 min 
at 4°C [52, 53]. For the assessment of PHD2 knockdown 
on HIF-αs accumulation, MDA-MB-231 shC and PHD2 
knockdown cells were incubated under hypoxic conditions 
as indicated above, levels of HIF-1α and HIF-2α were 
determined by Western blotting from total cell lysates. 
For time-course studies of EGFR, ERK1/2 and AKT 
activation, MDA-MB-231 shC and PHD2 knockdown #3 
and #4 cells were cultured in starvation medium (DMEM 
containing 0.1% FCS) 24 h before the treatment. To 
assay the effect of EGF (100 ng/ml) on kinase activation, 
treatments were performed for 0, 1, 5, 10, 30 and 60 
min. Total levels of EGFR, PHD2, phospho-EGFR, 
phospho-AKT and phospho-ERK1/2 were determined 
by Western blotting from total cell lysates. Proteins (20 
μg per sample) were separated by electrophoresis on 7.5-
10% polyacrylamide gels and transferred to nitrocellulose 
membranes. Membranes were incubated with dilutions 
of the following antibodies: phospho-AKT (pSer473) 
(#9271), AKT (#9272), phospho-EGFR (pTyr1068) 
(#2236), EGFR (#2232), phospho-ERK1/2 (pThr202/
pTyr204) (#9101), ERK1/2 (#9107) (all Cell Signaling), 
HIF-1α (#610959, BD Biosciences), HIF-2α (#NB100-
122, Novus Biologicals), PHD2 (#3293, Cell Signaling), 
α-tubulin (B-5-1-2) (#T5168, Sigma-Aldrich) primary 
antibodies overnight at 4°C. Levels of SRC, c-CBL and 
CIN85 expression in MDA-MB-231 cells were determined 
by Western blotting from total cell lysates. WB membranes 
were incubated with dilutions of the following antibodies: 
SRC (#2109S), c-CBL (#2747S), CIN85 (#12304S) 
(all Cell Signaling). Appropriate secondary antibodies 
(peroxidase-conjugated IgG (Biorad)) were used at 1:5000 
dilutions. The ECL kit (GE Healthcare) was used for signal 
detection. Blots were quantified by densitometry with the 
Image Quant TL program (GE Healthcare); densitometry 
data were normalized to total protein levels or to α-tubulin.

Immunoprecipitation

HEK-293 cells were transiently transfected with 
expression plasmids encoding Myc-tagged EGFR and V5-
tagged PHD2 variants (wt PHD2, catalytically inactive 
PHD2 (mut H374A), PHD2 Δ1-139aa, and PHD2 Δ208-
426aa) to investigate the binding preferences of PHD2 and 
EGFR. Immunoprecipitations were carried out as described 
[53]. Cells were harvested 48 h post-transfection, washed 
twice with ice-cold phosphate buffered saline (PBS) and 
lysed as described. For immunoprecipitation in the presence 
of EGF and/or catalytic inhibitors of EGFR and PHD2, cells 
were pre-treated with AG 1478 (1 mM) or DMOG (2 mM) 
for 6 h prior to vehicle/EGF (100 ng/ml) treatment for 10 
min, then cells were lysed. Aliquots of cleared HEK-293 
cell lysates containing 1 mg of total protein were mixed 
with protein G Sepharose beads (GE Healthcare) and 
Myc-tagged EGFR was immunoprecipitated with the Myc-
Tag antibody (Cell Signaling #2278) or V5-tagged PHD2 
proteins were immunoprecipitated with the V5 Tag antibody 
(Thermo Fisher, R960-25) at 4°C overnight. The next day 
the beads were washed 5 times with lysis buffer, immune 
complexes were then resolved on SDS-PAGE 7.5% or 
12.5%, respectively and analyzed as below with antibodies 
against the Myc and V5 epitope. Lysates from EGF and/or 
inhibitor-treated cells were checked for phosphorylation of 
EGFR and accumulation of HIF-1α as a verification of the 
inhibition of PHD2 and EGFR.

Proximity ligation assay

The EGFR-PHD2 interaction in MDA-MB-231 cells 
was detected with the Duolink PLA Kit (Olink Bioscience, 
Uppsala, Sweden: PLA probe anti-rabbit plus; PLA probe 
anti-mouse minus; Detection kit orange) according to the 
manufacturer’s protocol. Briefly, cells were plated on 
coverslips, grown, incubated under hypoxic or normoxic 
conditions for 6 h prior to fixation with 4% PFA and 
permeabilized with blocking buffer. The samples were 
incubated with the primary rabbit EGFR polyclonal antibody 
(1:200, #2232, Cell Signaling) and mouse monoclonal 
PHD2 antibody (1:20, sc-271835, Santa Cruz) diluted in 
blocking solution at room temperature (RT) for 1 h. In the 
negative control the PHD2 antibody was omitted. After the 
last washing step with buffer A, the samples were incubated 
with Alexa Fluor 488 conjugated phalloidin (A12379, 
Thermo Fisher Scientific) at RT for 20 min, washed with 
buffer B and then incubated with bisbenzimidine (1:5000, 
Hoechst stain, Sigma-Aldrich). Afterwards, the cells were 
mounted using Shandon Immumount mounting media 
(#9990402, Thermo Fisher Scientific). Confocal microscopy 
was performed using a Zeiss Observer Z1 equipped with 
a LSM 700 confocal unit, 63x PlanApo oil immersion 
objective and appropriate filter sets for Hoechst 405, Alexa 
Fluor 488, and Alexa Fluor 546, and Zen2009 software. 
Images were recorded in a Z-stack, further processed via 
‘maximum intensity projection’ tool provided by Zen 
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2009 software. In order to acquire a single channel image, 
channels were splitted using ImageJ software.

Fluorescence microscopy

To visualize the downregulation of active EGFR, 
MDA-MB-231 shC cells and PHD2 knockdown #3 cells 
were plated on glass coverslips, starved for 16 h and treated 
with EGF (100 ng/ml) for 0, 5, 15, 30, 60 and 120 min. 
Cells were rinsed with PBS, fixed with 4% PFA, kept in 
blocking buffer (1xPBS, 1% BSA, 0.1% Saponin) for 
60 min and further incubated with rabbit EGFR primary 
antibody (1:250, #2232, Cell Signaling) for 60 min. 
Coverslips were washed with blocking buffer and incubated 
with goat anti-rabbit, Alexa Fluor 546 conjugated secondary 
antibodies (1:500, A-11035, Thermo Fisher Scientific) at 
RT for 60 min. Coverslips were washed 3 times in PBS, 
once with water, and mounted using Shandon Immumount 
mounting media. The EGFR signal was visualized using by 
confocal microscopy as described above.

EGFR half-life studies

MDA-MB-231 shC and PHD2 knockdown #3 cells 
(2x105 cells per plate) were plated on 6 cm dishes and 
cultured for 1 day in full serum. 16 h before treatment, 
the cells were cultured in starvation medium (DMEM 
containing 0.1% FBS), supplemented with either 
cycloheximide (10 mM), or cycloheximide (10 mM) 
together with the lysosome inhibitor chloroquine (100 
mM) for 16 h. To inhibit the proteasome, the cells were 
starved and pre-treated with cycloheximide for 16 h, 
followed by 2 h pre-treatment with MG132 (10 mM). 
Afterwards the cells were treated with EGF (100 ng/
ml) for 0, 1, 2, 3 and 4 h, cell lysates were prepared as 
described above. To verify lysosomal and proteasomal 
inhibition, lysates from treated cells were checked for 
accumulation of LC3B II (#2775, Cell Signaling) and 
ubiquitin (sc-9133, Santa Cruz).

Statistical analysis

The results are presented as means ± SD of at least 
3 independent experiments. The statistical analyses were 
performed using Student's two-tailed t-test. Differences 
of p ≤ 0.05 were considered statistically significant. 
For statistical analysis of TMA-based expression data, 
spearman rank correlations were calculated [28].

ACKNOWLEDGMENTS

The authors are grateful to Juliana Peters (School of 
Life Science, Hamburg, Germany) for excellent technical 
assistance. Part of this study was presented in European 
Society for Molecular Oncology (ESMO) Congress 2016, 
Copenhagen, Denmark [54].

CONFLICTS OF INTEREST

The authors declare that they have no conflicts of 
interests.

FUNDING

This work was supported by Federation of European 
Biochemical Societies (FEBS), Finnish Center of 
International Mobility (CIMO), Biocenter Oulu, University 
of Oulu, Jane and Aatos Erkko Foundation, Finnish 
Academy of Sciences, and the Sigrid Juselius Foundation.

Author contributions

N.K. planned the study, designed the experimental 
work, performed the experimental work, analyzed the 
data, and wrote the manuscript; M.W. and D.K. established 
the MDA-MB-231 PHD2 knockdown cell model and 
analyzed the data; G.K. collected patient data, performed 
statistical analysis and analyzed the data; T.K. planned the 
study, analyzed the data, and wrote the manuscript.

Editorial note

This paper has been accepted based in part on peer-
review conducted by another journal and the authors’ 
response and revisions as well as expedited peer-review 
in Oncotarget.

REFERENCES

1. Rimawi MF, Shetty PB, Weiss HL, Schiff R, Osborne 
CK, Chamness GC, Elledge RM. Epidermal growth factor 
receptor expression in breast cancer association with 
biologic phenotype and clinical outcomes. Cancer. 2010; 
116: 1234-1242.

2. Bossuyt V, Fadare O, Martel M, Ocal IT, Burtness B, 
Moinfar F, Leibl S, Tavassoli FA. Remarkably high 
frequency of EGFR expression in breast carcinomas with 
squamous differentiation. International Journal of Surgical 
Pathology. 2005; 13: 319-327.

3. Zhang M, Zhang X, Zhao S, Wang Y, Di W, Zhao G, Yang 
M, Zhang Q. Prognostic value of survivin and EGFR 
protein expression in triple-negative breast cancer (TNBC) 
patients. Targeted Oncology. 2014; 9: 349-357.

4. Masuda H, Zhang D, Bartholomeusz C, Doihara H, 
Hortobagyi GN, Ueno NT. Role of epidermal growth 
factor receptor in breast cancer. Breast cancer research and 
treatment. 2012; 136: 331-345.

5. Irvin Jr. WJ, Carey LA. What is triple-negative breast 
cancer?. European journal of cancer. 2008; 44: 2799-2805.

6. Shao M, Liu J, Vong JS, Niu Y, Germin B, Tang P, Chan 
AWH, Lui PCW, Law BKB, Tan P, Tse GM. A subset of 
breast cancer predisposes to brain metastasis. Medical 
Molecular Morphology. 2011; 44: 15-20.



Oncotarget9897www.impactjournals.com/oncotarget

7. Zhong H, De Marzo AM, Laughner E, Lim M, Hilton 
DA, Zagzag D, Buechler P, Isaacs WB, Semenza GL, 
Simons JW. Overexpression of hypoxia-inducible factor 
1a in common human cancers and their metastases. Cancer 
research. 1999; 59: 5830-5835.

8. Nalwoga H, Ahmed L, Arnes JB, Wabinga H, Akslen LA. 
Strong expression of hypoxia-inducible factor-1a (HIF-1a) 
is associated with Axl expression and features of aggressive 
tumors in African breast cancer. PLoS ONE. 2016; 11: 
e0146823.

9. Generali D, Fox SB, Berruti A, Brizzi MP, Campo L, 
Bonardi S, Wigfield SM, Bruzzi P, Bersiga A, Allevi G, 
Milani M, Aguggini S, Dogliotti L, et al. Role of carbonic 
anhydrase IX expression in prediction of the efficacy and 
outcome of primary epirubicin/tamoxifen therapy for breast 
cancer. Endocrine-related cancer. 2006; 13: 921-930.

10. Liu Z, Semenza GL, Zhang H-. Hypoxia-inducible factor 
1 and breast cancer metastasis. Journal of Zhejiang 
University: Science B. 2015; 16: 32-43.

11. Bos R, Van der Groep P, Greijer AE, Shvarts A, Meijer S, 
Pinedo HM, Semenza GL, Van Diest PJ, Van der Wall E. 
Levels of hypoxia-inducible factor-1a independently predict 
prognosis in patients with lymph node negative breast 
carcinoma. Cancer. 2003; 97: 1573-1581.

12. Vaupel P, Höckel M, Mayer A. Detection and 
characterization of tumor hypoxia using pO2 histography. 
Antioxidants and Redox Signaling. 2007; 9: 1221-1235.

13. Peurala E, Koivunen P, Bloigu R, Haapasaari K, Jukkola-
Vuorinen A. Expressions of individual PHDs associate with 
good prognostic factors and increased proliferation in breast 
cancer patients. Breast cancer research and treatment. 2012; 
133: 179-188.

14. Fox SB, Generali D, Berruti A, Brizzi MP, Campo L, 
Bonardi S, Bersiga A, Allevi G, Milani M, Aguggini S, 
Mele T, Dogliotti L, Bottini A, et al. The prolyl hydroxylase 
enzymes are positively associated with hypoxia-inducible 
factor-1a and vascular endothelial growth factor in human 
breast cancer and alter in response to primary systemic 
treatment with epirubicin and tamoxifen. Breast Cancer 
Research. 2011; 13: R16.

15. Bordoli MR, Stiehl DP, Borsig L, Kristiansen G, 
Hausladen S, Schraml P, Wenger RH, Camenisch G. 
Prolyl-4-hydroxylase PHD2- and hypoxia-inducible factor 
2-dependent regulation of amphiregulin contributes to 
breast tumorigenesis. Oncogene. 2011; 30: 548-560.

16. Franovic A, Gunaratnam L, Smith K, Robert I, Patten 
D, Lee S. Translational up-regulation of the EGFR by 
tumor hypoxia provides a nonmutational explanation for 
its overexpression in human cancer. Proceedings of the 
National Academy of Sciences of the United States of 
America. 2007; 104: 13092-13097.

17. Minet E, Arnould T, Michel G, Roland I, Mottet D, Raes 
M, Remacle J, Michiels C. ERK activation upon hypoxia: 
Involvement in HIF-1 activation. FEBS letters. 2000; 468: 
53-58.

18. Zhong H, Chiles K, Feldser D, Laughner E, Hanrahan C, 
Georgescu M, Simons JW, Semenza GL. Modulation of 
hypoxia-inducible factor 1a expression by the epidermal 
growth factor/phosphatidylinositol 3-kinase/PTEN/AKT/
FRAP pathway in human prostate cancer cells: Implications 
for tumor angiogenesis and therapeutics. Cancer research. 
2000; 60: 1541-1545.

19. Laughner E, Taghavi P, Chiles K, Mahon PC, Semenza 
GL. HER2 (neu) signaling increases the rate of hypoxia-
inducible factor 1a (HIF-1a) synthesis: Novel mechanism 
for HIF-1-mediated vascular endothelial growth factor 
expression. Molecular and cellular biology. 2001; 21: 
3995-4004.

20. Semenza GL. Hypoxia-inducible factors in physiology and 
medicine. Cell. 2012; 148: 399-408.

21. Myllyharju J, Koivunen P. Hypoxia-inducible factor prolyl 
4-hydroxylases: common and specific roles. Biological 
chemistry. 2013; 394: 435-448.

22. Berra E, Benizri E, Ginouvès A, Volmat V, Roux D, 
Pouysségur J. HIF prolyl-hydroxylase 2 is the key 
oxygen sensor setting low steady-state levels of HIF-1a in 
normoxia. EMBO Journal. 2003; 22: 4082-4090.

23. Minder P, Zajac E, Quigley J, Deryugina E. EGFR 
Regulates the Development and Microarchitecture of 
Intratumoral Angiogenic Vasculature Capable of Sustaining 
Cancer Cell Intravasation. Neoplasia. 2015; 17: 634-649.

24. Ueno NT, Zhang D. Targeting EGFR in triple negative 
breast cancer. Journal of Cancer. 2011; 2: 324-328.

25. Kuchnio A, Moens S, Bruning U, Kuchnio K, Cruys B, 
Thienpont B, Broux M, Ungureanu AA, de Oliveira RL, 
Bruyère F, Cuervo H, Manderveld A, Carton A, et al. The 
cancer cell oxygen sensor PHD2 promotes metastasis via 
activation of cancer-associated fibroblasts. Cell Reports. 
2015; 12: 992-1005.

26. Schofield CJ, Ratcliffe PJ. Oxygen sensing by HIF 
hydroxylases. Nature Reviews Molecular Cell Biology. 
2004; 5: 343-354.

27. Hynes NE, Lane HA. ERBB receptors and cancer: The 
complexity of targeted inhibitors. Nature Reviews Cancer. 
2005; 5: 341-354.

28. Wottawa M, Leisering P, Ahlen MV, Schnelle M, Vogel S, 
Malz C, Bordoli MR, Camenisch G, Hesse A, Napp J, Alves 
F, Kristiansen G, Farhat K, et al. Knockdown of prolyl-4-
hydroxylase domain 2 inhibits tumor growth of human breast 
cancer MDA-MB-231 cells by affecting TGF-ß1 processing. 
International Journal of Cancer. 2013; 132: 2787-2798.

29. Samoylenko A, Vynnytska-Myronovska B, Byts N, 
Kozlova N, Basaraba O, Pasichnyk G, Palyvoda K, Bobak 
Y, Barska M, Mayevska O, Rzhepetsky Y, Shuvayeva H, 
Lyzogubov V, et al. Increased levels of the HER1 adaptor 
protein Rukl/CIN85 contribute to breast cancer malignancy. 
Carcinogenesis. 2012; 33: 1976-1984.

30. Tomas A, Futter CE, Eden ER. EGF receptor trafficking: 
Consequences for signaling and cancer. Trends in cell 
biology. 2014; 24: 26-34.



Oncotarget9898www.impactjournals.com/oncotarget

31. Zhang Q, Yang H. The roles of VHL-dependent 
ubiquitination in signaling and cancer. Frontiers in 
Oncology. 2012; 2.

32. De Paulsen N, Brychzy A, Fournier M-, Klausner RD, Gnarra 
JR, Pause A, Lee S. Role of transforming growth factor-a in 
von Hippel-Lindau (VHL)-/- clear cell renal carcinoma cell 
proliferation: A possible mechanism coupling VHL tumor 
suppressor inactivation and tumorigenesis. Proceedings of 
the National Academy of Sciences of the United States of 
America. 2001; 98: 1387-1392.

33. Wang Y, Roche O, Yan MS, Finak G, Evans AJ, Metcalf 
JL, Hast BE, Hanna SC, Wondergem B, Furge KA, Irwin 
MS, Kim WY, Teh BT, et al. Regulation of endocytosis via 
the oxygen-sensing pathway. Nature medicine. 2009; 15: 
319-325.

34. Garvalov BK, Foss F, Henze A-, Bethani I, Gräf-Höchst S, 
Singh D, Filatova A, Dopeso H, Seidel S, Damm M, Acker-
Palmer A, Acker T. PHD3 regulates EGFR internalization and 
signalling in tumours. Nature Communications. 2014; 5: 5577.

35. Gruber G, Greiner RH, Hlushchuk R, Aebersold DM, 
Altermatt HJ, Berclaz G, Djonov V. Hypoxia-inducible factor 
1 alpha in high-risk breast cancer: an independent prognostic 
parameter?. Breast cancer research: BCR. 2004; 6: R191-198.

36. Kamphues C, Wittschieber D, Klauschen F, Kasajima A, 
Dietel M, Schmidt S, Glanemann M, Bahra M, Neuhaus 
P, Weichert W, Stenzinger A. Prolyl hydroxylase domain 
2 protein is a strong prognostic marker in human gastric 
cancer. Pathobiology. 2012; 79: 11–17.

37. Jokilehto T, Rantanen K, Luukkaa M, Heikkinen P, Grenman 
R, Minn H, Kronqvist P, Jaakkola PM. Overexpression 
and nuclear translocation of hypoxia-inducible factor 
prolyl hydroxylase PHD2 in head and neck squamous cell 
carcinoma is associated with tumor aggressiveness. Clinical 
Cancer Research. 2006; 12: 1080-1087.

38. Zhen L, Shijie N, Shuijun Z. Tumor PHD2 expression is 
correlated with clinical features and prognosis of patients 
with HCC receiving liver resection. Medicine (United 
States). 2014; 93: e179.

39. Andersen S, Donnem T, Stenvold H, Al-Saad S, Al-Shibli 
K, Busund L, Bremnes RM. Overexpression of the hif 
hydroxylases phd1, phd2, phd3 and fih are individually and 
collectively unfavorable prognosticators for nsclc survival. 
PLoS ONE. 2011; 6: e23847.

40. Gossage L, Zaitoun A, Fareed KR, Turley H, Aloysius M, 
Lobo DN, Harris AL, Madhusudan S. Expression of key 
hypoxia sensing prolyl-hydroxylases PHD1, -2 and -3 in 
pancreaticobiliary cancer. Histopathology. 2010; 56: 908-920.

41. Herbst JJ, Opresko LK, Walsh BJ, Lauffenburger DA, 
Wiley HS. Regulation of postendocytic trafficking of the 
epidermal growth factor receptor through endosomal 
retention. Journal of Biological Chemistry. 1994; 269: 
12865-12873.

42. Slepnev VI, De Camilli P. Accessory factors in clathrin-
dependent synaptic vesicle endocytosis. Nature Reviews 
Neuroscience. 2000; 1: 161-172.

43. Carey LA, Rugo HS, Marcom PK, Mayer EL, Esteva FJ, 
Ma CX, Liu MC, Storniolo AM, Rimawi MF, Forero-Torres 
A, Wolff AC, Hobday TJ, Ivanova A, et al. TBCRC 001: 
Randomized phase II study of cetuximab in combination 
with carboplatin in stage IV triple-negative breast cancer. 
Journal of Clinical Oncology. 2012; 30: 2615-2623.

44. Stiehl DP, Bordoli MR, Abreu-Rodríguez I, Wollenick K, 
Schraml P, Gradin K, Poellinger L, Kristiansen G, Wenger 
RH. Non-canonical HIF-2a function drives autonomous 
breast cancer cell growth via an AREG-EGFR/ErbB4 
autocrine loop. Oncogene. 2012; 31: 2283-2297.

45. Schmittgen TD, Livak KJ. Analyzing real-time PCR data 
by the comparative CT method. Nature Protocols. 2008; 3: 
1101-1108.

46. Dziadziuszko R, Witta SE, Cappuzzo F, Park S, Tanaka K, 
Danenberg PV, Barón AE, Crino L, Franklin WA, Bunn Jr. 
PA, Varella-Garcia M, Danenberg KD, Hirsch FR. Epidermal 
growth factor receptor messenger RNA expression, gene 
dosage, and gefitinib sensitivity in non-small cell lung 
cancer. Clinical Cancer Research. 2006; 12: 3078-3084.

47. Galiveti CR, Rozhdestvensky TS, Brosius J, Lehrach H, 
Konthur Z. Application of housekeeping npcRNAs for 
quantitative expression analysis of human transcriptome by 
real-time PCR. RNA. 2010; 16: 450-461.

48. Hsu S-, Hung M. Characterization of a novel tripartite 
nuclear localization sequence in the EGFR family. Journal 
of Biological Chemistry. 2007; 282: 10432-10440.

49. Klein A, Flügel D, Kietzmann T. Transcriptional regulation 
of serine/threonine kinase-15 (STK15) expression by 
hypoxia and HIF-1. Molecular biology of the cell. 2008; 
19: 3667-3675.

50. Scharf J, Unterman TG, Kietzmann T. Oxygen-dependent 
modulation of insulin-like growth factor binding protein 
biosynthesis in primary cultures of rat hepatocytes. 
Endocrinology. 2005; 146: 5433-5443.

51. Kozlova N, Jensen JK, Chi TF, Samoylenko A, Kietzmann 
T. PAI-1 modulates cell migration in a LRP1-dependent 
manner via ß-catenin and ERK1/2. Thrombosis and 
haemostasis. 2015; 113: 988-998.

52. Kozlova N, Samoylenko A, Drobot L, Kietzmann T. 
Urokinase is a negative modulator of Egf-dependent 
proliferation and motility in the two breast cancer cell lines 
MCF-7 and MDA-MB-231. Molecular carcinogenesis. 
2016; 55: 170-181.

53. Flügel D, Görlach A, Kietzmann T. GSK-3ß regulates cell 
growth, migration, and angiogenesis via Fbw7 and USP28-
dependent degradation of HIF-1a. Blood. 2012; 119: 
1292-1301.

54. Kozlova N, Wottawa M, Katschinski DM, Kristiansen G, 
Kietzmann T. Hypoxia inducible factor prolyl hydroxylase 
2 (PHD2) is a direct regulator of epidermal growth factor 
receptor (EGFR) signaling in breast cancer. Annals of 
Oncology. 2016; 27 (suppl 6).


