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Intrabody against prolyl 
hydroxylase 2 promotes 
angiogenesis by stabilizing 
hypoxia-inducible factor-1α
Liangzhong Zhao1,2, Ziyu Liu1, Fang Yang1, Ying Zhang1,3, Ying Xue1, Haipeng Miao1, 
Xiangzhi Liao1, Hongli Huang1 & Guiying Li1

Hypoxia-inducible factor (HIF)-1α is a crucial transcription factor that regulates the expression of 
target genes involved in angiogenesis. Prolyl hydroxylase 2 (PHD2) dominantly hydroxylates two 
highly conserved proline residues of HIF-1α to promote its degradation. This study was designed to 
construct an intrabody against PHD2 that can inhibit PHD2 activity and promote angiogenesis. Single-
chain variable fragment (scFv) against PHD2, INP, was isolated by phage display technique and was 
modified with an endoplasmic reticulum (ER) sequence to obtain ER-retained intrabody against PHD2 
(ER-INP). ER-INP was efficiently expressed and bound to PHD2 in cells, significantly increased the levels 
of HIF-1α, and decreased hydroxylated HIF-1α in human embryonic kidney cell line (HEK293) cells 
and mouse mononuclear macrophage leukaemia cell line (RAW264.7) cells. ER-INP has shown distinct 
angiogenic activity both in vitro and in vivo, as ER-INP expression significantly promoted the migration 
and tube formation of human umbilical vein endothelial cells (HUVECs) and enhanced angiogenesis 
of chick chorioallantoic membranes (CAMs). Furthermore, ER-INP promoted distinct expression and 
secretion of a range of angiogenic factors. To the best of our knowledge, this is the first study to report 
an ER-INP intrabody enhancing angiogenesis by blocking PHD2 activity to increase HIF-1α abundance 
and activity. These results indicate that ER-INP may play a role in the clinical treatment of tissue injury 
and ischemic diseases in the future.

There are three members of the hypoxia-inducible factor (HIF) family: HIF-1, HIF-2, and HIF-3. HIFs are 
heterodimers that share the same constitutively expressed β subunit (HIF-1β or ARNT), but have different 
oxygen-sensitive α subunits (HIF-1α, HIF-2α, and HIF-3α, respectively)1–3. HIF-1 is a crucial transcription fac-
tor that regulates the expression of target genes involved in angiogenesis and tissue repair after acute injury4–6. 
Under normoxic conditions, HIF-1α is rapidly hydroxylated on proline 402 (Pro402) and Pro564 by specific 
oxygen-dependent prolyl hydroxylases (PHDs) and then degraded by proteasomes via conjugation with the von 
Hippel–Lindau (VHL) E3 ubiquitin ligase complex7,8. PHDs (PHD1, PHD2, and PHD3) belong to the family of 
the dioxygenase enzymes that require oxygen, iron, and 2-oxyglutarate (2-OG) for their catalytic activity. Under 
hypoxic conditions, the activity of PHDs is reduced in a graded manner, but significant PHD activity is still 
observed at 1% oxygen because of their high affinity for oxygen9,10. Indeed, several reports have documented that 
HIFs still become hydroxylated under nearly completely anoxic conditions11,12.

In summary, manipulation of PHD levels or activity can be a key determinant of the hydroxylation rate of 
HIFα and directly affects the stability of HIFα13. More evidence has demonstrated that the inhibition of PHD2 
activity increased the accumulation of HIF-1α, which then dimerised with HIF-1β to transactivate target 
genes14,15. HIF-1α controls various target genes involving angiogenesis, metabolic adaptation, and inflammation 
through directly binding to the promoter region of the targets16. Several reports demonstrated that the HIF-
1-regulated gene vascular endothelial growth factor (VEGF) was identified as an important mediator of tissue 
repair during APAP hepatotoxicity17,18, liver graft injury19, and liver ischemic injury20. Thus, many small-molecule 

1Key Laboratory for Molecular Enzymology and Engineering of the Ministry of Education, School of Life Sciences, 
Jilin University, Changchun, 130012, China. 2Department of Immunoassay Technology, Jilin Medical University, Jilin, 
132013, China. 3Department of Pediatrics, The First Hospital of Jilin University, Changchun, Jilin, 130021, P.R. China. 
Correspondence and requests for materials should be addressed to G.L. (email: ligy@jlu.edu.cn)

Received: 4 January 2019

Accepted: 25 July 2019

Published: xx xx xxxx

OPEN

https://doi.org/10.1038/s41598-019-47891-1
mailto:ligy@jlu.edu.cn


2Scientific Reports |         (2019) 9:11861  | https://doi.org/10.1038/s41598-019-47891-1

www.nature.com/scientificreportswww.nature.com/scientificreports/

drug candidates have been proposed as PHD2 inhibitors with a wide range of potencies spanning from the dis-
covery stage to clinical trials21–24. However, the PHD inhibitors currently used in clinical and research settings 
produce a large number of toxic side effects25–27. Therefore, it is imperative to obtain inhibitors that specifically 
inhibit PHD2 activity.

Antibodies have been widely used to inactivate target proteins because of their high specificity and affinity to 
target antigens28. Antibody-based therapy for cancer has become established over the past 20 years and is now 
one of the most successful and important strategies for treating patients with haematological malignancies and 
solid tumours29. Intrabodies are recombinant antibody fragments that bind to target proteins expressed inside 
of the same living cell30. Different types of intrabodies must be designed to target proteins at different locations, 
typically either in the cytoplasm, nucleus, or the endoplasmic reticulum (ER). Although intrabodies are typically 
seen as an experimental tool to reveal the function of proteins by interfering with their function, this approach 
has also been reported to have therapeutic potential against viral infections31, brain diseases32, and cancer33. In 
addition, anti-WASP intrabodies inhibit inflammatory responses induced by Toll-like receptors 3, 7, and 9 in 
macrophages; therefore, designing drugs that mimic the single-chain variable fragment (scFv) intrabody may 
result in new anti-inflammatory agents with fewer side effects34. The present study was designed to construct 
an ER-retained intrabody against PHD2 (ER-INP), which inhibited PHD2 activity and increased the stability of 
HIF-1α. Accordingly, we explored the effects of ER-INP on the downstream molecules of HIF-1α and investi-
gated the role of ER-INP in angiogenesis mediated by HIF-1α. The results suggest that ER-INP may provide a new 
potential strategy for the treatment of tissue injury and angiogenesis-related diseases.

Results
Expression and distribution of ER-INP in cells.  PHD2 is regarded as the main cellular oxygen sensor, 
as inhibition of PHD2 activity is enough to stabilize HIF-1α in normoxia35. PHD2 was expected to be present in 
the cytoplasm and nucleus, but the majority of it was actually found in the cytoplasm36. The immunofluorescence 
(IF) results demonstrated that PHD2 was also mainly localized in the cytoplasm of HepG2 human hepatoma 
cells (Supplementary Fig. 1). To verify the expression of the constructed ER-INP intrabody, HEK293 (human 
embryonic kidney cell line), HepG2, and RAW264.7 (mouse mononuclear macrophage leukaemia cell line) cells 
were transfected with either the expression plasmid of ER-INP (pER-INP) or the control vector plasmid. RT-PCR 
results demonstrated that ER-INP was expressed successfully in cells transfected with pER-INP compared with 
that in the control vector (Fig. 1A). Western blots of cell lysates with the E-tag antibody showed that ER-INP 
fused with the E-tag was expressed with an estimated molecular weight of about 35 kDa in HEK293, HepG2, and 
RAW264.7 cells; meanwhile, the expression of ER-INP had no effect on the expression of PHD2 in transfected 
cells (Fig. 1B). We further investigated the intracellular distribution of ER-INP in HepG2 and RAW264.7 cells 
by IF analysis. Cells were cotransfected with pER-INP or the control vector and pDsRed2-ER expressing an ER 
marker. ER-INP was detected by anti-E-tag antibody and FITC (green fluorescence), and the expression and 
localization of ER-INP and DsRed2-ER were analysed by fluorescence microscopy. We observed that control cells 
only had red fluorescence and no green fluorescence signals. This indicated that there was no ER-INP expression 
and no colocalization with DsRed2-ER in the control cells. In contrast, ER-INP was expressed and co-localized 
with DsRed2-ER in the ER of the cells cotransfected with pER-INP and pDsRed2-ER, as both bright red fluores-
cence and green fluorescence signals in these cells were observed (Fig. 1C). However, we did not obtain IF data 
for HEK293 cells since the HEK293 cells easily washed away from the slides during experimental operation. In 
addition, ER-INP was co-localized with PHD2 in the ER of the cells, as we also observed the overlap of bright 
red fluorescence and green fluorescence signals in HepG2 cells (Supplementary Fig. 2). These results show that 
ER-INP was efficiently expressed and localized in the ER, which is consistent with our experimental design.

ER-INP binds to PHD2 and inhibits PHD2 activity.  To determine whether ER-INP binds to PHD2 
intracellularly, the interaction between PHD2 and its specific ER-INP intrabody was further investigated by a 
co-immunoprecipitation assay. Cells were transiently transfected with pER-INP or the control vector. At 48 hours 
post-transfection, cell lysates were prepared and immunoprecipitated with anti-E-tag monoclonal antibodies 
and analysed by western blot with anti-PHD2 polyclonal antibodies and anti-E-tag monoclonal antibodies. The 
results demonstrated that ER-INP intrabody molecules could recognize and bind to PHD2 in HEK293 cells 
(Fig. 2A). To gain insight into the regulation of HIF-1α abundance, we further determined HIF-1α protein levels 
in HEK293 and RAW264.7 cells transfected with pER-INP or the control vector under normoxia. To prevent 
the degradation of HIF-1α, transfected cells were pre-treated with MG132, a proteasome inhibitor known to 
retard proteasome-dependent protein degradation37. We discovered that ER-INP notably elevated HIF-1α pro-
tein levels in HEK293 and RAW264.7 cells. In contrast, no appreciable induction of HIF-1α was observed in cells 
treated with the control vector (Fig. 2B). To explore how ER-INP elevated HIF-1α levels, we firstly determined 
the mRNA levels of HIF-1α and found that there was no change at all following ER-INP treatment in HEK293 
and RAW264.7 cells (data not shown). Given that PHD2 is the rate-limiting enzyme mediating the degradation 
of HIF-1α by hydroxylation of HIF-1α at Pro564 and Pro4027,8, we thus hypothesized that ER-INP impaired 
the degradation of HIF-1α. We used specific antibodies that recognized HIF-1α hydroxylated at Pro564 and 
Pro402 to determine the levels of hydroxylated HIF-1α when proteasomal degradation was inhibited by MG132. 
Compared with the control groups, expression of ER-INP dramatically reduced the levels of hydroxylated HIF-1α 
(Fig. 2B). Notably, the total HIF-1α abundance was inversely correlated with the levels of hydroxylated HIF-1α. 
Furthermore, we also assessed the levels of HIF-1α protein by IF assay. As anticipated, ER-INP expression sig-
nificantly enhanced HIF-1α fluorescence intensity versus nuclear staining when compared with that observed 
in control cells (Fig. 2C; P < 0.01). These results indicate that ER-INP binds specifically to PHD2 and blocks the 
hydroxylation of HIF-1α at Pro564 and Pro402, thereby stabilizing HIF-1α. This observation was consistent with 
the previous reports that HIF-1α stability was primarily regulated by PHD214,38.
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ER-INP promotes migration and tube formation of HUVECs in vitro.  HIF-1α, which is the primary 
physiologic regulator of VEGF-mediated angiogenesis, directs further production of excess VEGF in response 
to stimulatory HIF-1α stabilization pathways39. It is also well established that the migration and tube forma-
tion of vascular endothelial cells play critical roles in angiogenesis40. To investigate whether ER-INP regulates 
angiogenesis, we first expressed ER-INP in HEK293 and RAW264.7 cells and examined the effect of ER-INP on 
the biological characteristics of human umbilical vein endothelial cells (HUVECs). The migration of HUVECs 
was examined by the wound healing assay. Compared to the control vector group, HUVECs co-cultured with 
HEK293 or RAW264.7 cells transfected with pER-INP displayed obviously increased migratory capacity at dif-
ferent time points (Fig. 3). Moreover, the width of the HUVEC scratches decreased (P < 0.01) while the scratch 
closure rate increased (P < 0.05). Additionally, culture medium alone (blank control) was added to the inserts and 
co-cultured with HUVECs and did not display any migratory capacity (data not shown). Thus, ER-INP promotes 
the migration of HUVECs.

Tube formation of HUVECs was determined by the three-dimensional capillary tube formation assay, which 
has been used as a model of the early organisation of new blood vessels and has consistently been found to repli-
cate the process of angiogenesis in vivo to a great extent41,42. When co-cultured with HEK293 or RAW264.7 cells 
transfected with pER-INP, HUVECs showed improved capacity of tube formation in Matrigel (Fig. 4), and tube 
length and total branch length of tubes clearly increased when compared to the control vector group (P < 0.01). 
Obviously, tube formation processes were enhanced at 6 hours, but these processes ceased at 24 hours and the 
formed tubes disappeared in the control vector group (Fig. 4), consistent with previous papers43. However, upon 
co-culturing with culture medium alone (blank control), HUVECs exhibited no significant tube formation (data 
not shown). The data from these in vitro studies showed that ER-INP largely enhanced HUVECs migration and 
tube formation, which are essential for angiogenesis.

ER-INP promotes angiogenesis of CAM.  To determine whether ER-INP exerts proangiogenic activity 
and to further our understanding of how ER-INP promotes the angiogenesis process, we carried out the chick 

Figure 1.  Expression of ER-INP in cells. (A) Expression of ER-INP in cells detected by RT-PCR (n = 3). (B) 
Protein expression of ER-INP in cells and the effect of ER-INP expression on the level of PHD2 protein in cells, 
as determined by western blot (n = 3). (C) Intracellular localization of ER-INP by immunofluorescence assay. 
Cells were co-transfected with pDsRed2-ER and pER-INP for 48 hours and stained with an anti-E-tag antibody 
to visualize the intrabody ER-INP and pDsRed2-ER as an ER marker, then observed by immunofluorescence 
microscopy. DsRed2-ER and ER-INP co-localized in the endoplasmic reticulum (n = 3).
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chorioallantoic membrane (CAM) assay. CAM is a highly vascularized membrane and its position is directly 
under the inner surface of the egg shell. CAM has been used to support xenograft development because CAM 
can supply blood vessels to the xenograph44. The CAM is a widely used model for studying angiogenesis45. We 

Figure 2.  ER-INP binds to PHD2, inhibits hydroxylation of HIF-1α and increases HIF-1α accumulation. (A) Co-
immunoprecipitation assay. HEK293 cells were transfected with control vector or intrabody ER-INP for 48 hours 
and subsequently lysed. Co-immunoprecipitation and western blot assays were performed on the cell lysis. ER-INP 
recognized and bound to PHD2 in HEK293 cells (n = 3). (B) Western blot analysis to measure the effect of ER-INP 
on HIF-1α and its hydroxylation level in transfected HEK293 and RAW264.7 cells pre-treated with MG132 (upper 
panel) and the protein ratio to β-actin loading control by ImageJ densitometry analysis (lower panel; n = 3). (C) 
Immunofluorescence assay. Expression of ER-INP increases HIF-1α accumulation in RAW264.7 cells. Cells were 
stained with anti-HIF-1α antibody and DAPI and then visualized and photographed under immunofluorescence 
microscopy (left), and mean fluorescence intensity of HIF-1α versus the mean fluorescence intensity of nuclear 
DAPI staining is displayed (right). Data represent the mean ± SD of 3 independent slides.
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exposed the CAM surface to the culture supernatant of HEK293 and RAW264.7 cells transfected with pER-INP 
and the control vector, and incubated them for 48 hours. When compared with the eggs treated with the culture 
supernatant of cells transfected with the control vector, eggs treated with ER-INP strongly elicited an angiogenic 
response, forming lots of new capillaries from the existing vascular network. ER-INP not only increased the 

Figure 3.  ER-INP increases migratory capacity of HUVECs. HUVECs were co-cultured with transfected 
HEK293 cells (A–C) and RAW26.4 cells (D–F) for different lengths of time. Then, the migratory capacity of 
HUVECs was observed under a microscope (A,D) and analysed (B,C,E,F). The quantitative charts of scratch 
width (B,E). The quantitative charts of scratch closure rate (C,F). ER-INP increases the migratory capacity 
of HUVECs. Data represent the mean ± SD from 3 parallel experiments of representative data from multiple 
independent experiments (B,C,E,F).
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number of branches of the maximum blood vessel (P < 0.01), but also expanded the summed area of blood vessels 
of CAM (P < 0.01; Fig. 5). Additionally, the eggs treated with culture medium alone (blank control) showed clear 
vascular texture and orderly structure (data not shown). These results support that ER-INP acts as an inducer of 
angiogenesis in vivo.

Figure 4.  Tube formation assay of HUVECs. HUVECs were co-cultured with transfected HEK293 cells (A–C) 
and RAW26.4 cells (D–F) for different lengths of time. Then, the capacity of tube formation of HUVECs was 
observed under a microscope (A,D) and analysed by ImageJ software (B,C,E,F). Tube length (B,E). Total branch 
length (C,F). ER-INP increases the capacity of tube formation of HUVECs. Data represent the mean ± SD from 
3 parallel experiments of representative data from multiple independent experiments (B,C,E,F).
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ER-INP upregulates the expression and secretion of angiogenesis-related factors of cells.  To 
further explore the potential mechanisms by which ER-INP regulates the angiogenesis process, we analyzed the 
mRNA, protein expression, and cell culture supernatant levels of angiogenesis-related factors in HEK293 and 
RAW264.7 cells by RT-qPCR, western blot, and ELISA analyses, respectively. Compared with the control vector 
group, HEK293 and RAW264.7 cells transfected with pER-INP showed higher mRNA levels of a number of angi-
ogenic genes including VEGF, angiopoietin-like protein 2 (ANGPTL-2), and matrix metallopeptidase 2 (MMP-
2), which are identified downstream genes of HIF-1α (Fig. 6A). Subsequent western blot analysis in our study 
revealed that protein levels of VEGF and MMP-2 were significantly higher in the HEK293 and RAW264.7 cells 
transfected with pER-INP than that in the corresponding control vectors (Fig. 6C). We also found that MMP-13 
mRNA and protein levels were upregulated in HEK293 and RAW264.7 cells transfected with pER-INP compared 
with those of the corresponding control vectors (Fig. 6A,C). Ha et al. also suggested that MMP-13 has an angio-
genic effect and that MMP-13 is regulated by HIF-1α46.

Figure 5.  Expression of ER-INP promotes angiogenesis of chick chorioallantoic membranes (CAMs). Culture 
supernatant of cells transfected with ER-INP or the control vector was subjected to a CAM assay to determine 
the effect of ER-INP on angiogenesis. CAM blood vessels were observed in the entire field and photographed 
(A,D). Representative images of CAMs. Number of branches of maximum blood vessel were counted (B,E) and 
the summed area was measured by Image Pro Plus statistics software (C,F). Data represent the mean ± SD from 
6 eggs for each group (B,C,E,F).
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We further investigated whether ER-INP could promote migration, tube formation of HUVECs, and exhibit 
high angiogenic activity of CAM possibly due to some soluble mediator released from the HEK293 or RAW264.7 
cells where PHD2 activity is blocked. At 48 hours post-transfection, cell culture supernatant was analyzed by 
an ELISA assay according to the manufacturer’s instructions. Secretion of VEGF, MMP-2, and MMP-13 were 
significantly elevated by ER-INP in HEK293 and RAW264.7 cells when compared to the corresponding control 
vector (Fig. 6B). These results suggest that the effect ER-INP has on increasing angiogenesis must be due to 
some pro-angiogenic mediators regulated by HIF-1α, and these pro-angiogenic mediators are involved in driving 
migration and tube formation in the HUVECs.

Figure 6.  ER-INP upregulates the expression and secretion of angiogenesis-related factors of cells. (A) RT-
qPCR analysis to measure the mRNA expression levels of angiogenesis-related genes in transfected HEK293 
and RAW264.7 cells. (B) ELISA assay to determine the concentration of VEGF, MMP-2, and MMP-13 in cell 
culture supernatants from transfected HEK293 and RAW264.7 cells. (C) Western blot analysis to measure 
VEGF, MMP-2, and MMP-13 protein levels in transfected HEK293 and RAW264.7 cells (upper panel) and the 
protein ratio to β-actin loading control by ImageJ densitometry analysis (lower panel) (n = 3). Data represent 
the mean ± SD of 3 independent experiments.
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Taken together, the above results show that ER-INP recognizes and binds to PHD2 and then blocks the 
hydroxylase activity of PHD2. Thus, ER-INP induces HIF-1α accumulation and the activation of downstream 
angiogenesis-related genes, resulting in significant pro-angiogenesis effects.

Discussion
In this present study, we developed a novel ER-retained intrabody, ER-INP. ER-INP was identified by its ability 
to bind and block PHD2 activity. ER-INP expression significantly upregulated HIF-1α protein levels in HEK293 
and RAW264.7 cells by inhibiting hydroxylation of HIF-1α. ER-INP promotes angiogenic responses of endothe-
lial cells by activating HIF-1α and its target genes, such as VEGF, ANGPTL-2, MMP-2, and MMP-13. To our 
knowledge, this is the first ER-retained scFv intrabody that robustly enhances angiogenesis by blocking intra-
cellular PHD2 activity and increasing HIF-1α level and activity. The present study provides a new strategy for 
targeting intracellular PHD2. The intrabody against PHD2 may play an important role in clinical improvement 
of angiogenesis.

Increasing evidence has shown that angiogenesis is an integral part of tissue repair and regeneration because 
functional microvessels facilitate the delivery of nutrition, oxygen, and infiltrating immune cells to the dam-
aged tissue5. HIF-1α is a transcription factor that plays a crucial role in regulating the expression of target genes 
involved in angiogenesis of the damaged tissue47. The stability of the HIF-1α protein is tightly controlled by O2 
availability. PHD2 is known to serve as the critical oxygen sensor, setting the low steady-state levels of HIF-1α14. 
Previous reports demonstrated that mRNA and protein levels of PHD2 increased after hypoxia48,49, which indi-
cates that blocking PHD2 activity is useful to stabilize HIF-1α under either normoxic or hypoxic conditions. 
Thereby, PHD2 is emerging as an attractive drug target to be blocked for the treatment of hypoxic and ischemic 
diseases, including acute tissue injury, organ failure, acute anemia, and inflammation35,50,51. Loinard et al. demon-
strated that a direct inhibition of PHDs promoted therapeutic revascularization, and subsequent activation of 
the HIF-1 signaling pathway is required to promote this revascularization50. Koivunen et al. suggested that PHD 
inhibition showed a therapeutic role in anemia, cardiac ischemia, obesity and metabolic dysfunction, and ath-
erosclerosis by stabilizing HIF to promote glucose intake and glycolysis over oxidative metabolism35. Moreover, 
Tomohiro et al. showed that inhibition of the oxygen sensor PHD2 in the liver improves survival in lactic acidosis 
by activating the Cori cycle in an endotoxin shock mice model51. All the literature of PHD regulation of HIF-
1α-mediated protection suggested that PHDs are attractive therapeutic targets. The regulation of HIF-1α is a 
pivotal element for anemia, ischemic diseases, tissue injuries, and inflammatory diseases.

Genetically engineered antibodies refer to recombinant antibody molecules which contain at least one com-
plete or partial antigen-binding site to retain antigen-binding function. scFv is a key small molecule of engineered 
antibodies with a small size of ∼25 kDa, high affinity, and low immunogenicity28. scFv-based intrabody technol-
ogy has emerged as a novel tool to modulate the function of intracellular proteins52. In contrast to the naturally 
expressed antibodies which are secreted and directed towards extracellular targets, intracellularly expressed anti-
bodies are directed towards targets inside the cell. High specificity of antibody–antigen binding allows this to be 
utilized for the functional analysis of proteins as well as many therapeutic applications53. Knockdown of cellular 
proteins by intrabodies has been reported for a significant number of disease-relevant targets, including ErbB-2, 
EGFR, VEGFR2, MMP-2, and many others52. Since PHD2 mainly primes HIF-1α for degradation, we have made 
an effort to construct an ER-INP intrabody against PHD2 to explore whether it is capable of upregulating the HIF 
pathway by inhibiting prolyl hydroxylation. The data has shown that ER-INP activates the HIF-1α pathway and 
boosts its ability for angiogenesis by blocking PHD2 activity. ER-INP may be a novel approach for the treatment 
of hypoxic and ischemic diseases.

Because the folding of naturally-secreted antibodies is optimal in the ER52, we constructed an ER-retained 
intrabody against PHD2 (ER-INP), utilizing the amino acid sequence SEKDEL, which includes a C-terminal 
ER retention signal attached to the specific scFv antibody54. ER-retained intrabodies result in knockdown of 
their target proteins passing through the ER, blocking activation of downstream pathways30. ER-INP can bind 
to PHD2 and implements the functional knockdown of PHD2 that passes through the ER. This in turn induces 
the accumulation of HIF-1α and its translocation to the nucleus, initiating the signaling pathways that ultimately 
lead to angiogenesis.

Therefore, we examined the migration and tube formation of HUVECs in the co-cultures of HUVECs and 
HEK293 or RAW264.7 cells transfected with the control vector or pER-INP. The data from these in vitro studies 
showed that the ER-INP largely enhanced migration and tube formation of HUVECs. Furthermore, in vivo we 
found that the cell culture supernatants of HEK293/ER-INP and RAW264.7/ER-INP cells enhanced the angio-
genesis of CAM compared with that in the corresponding controls. Based on these findings, we speculated that 
the improved angiogenesis effects must be due to some soluble mediator released from HEK293 or RAW264.7 
cells where PHD2 activity is blocked. Qiang You et al. found that HIF may be involved in regulating the angio-
genic effect of hepatic macrophages, which expressed dramatically higher levels of a number of angiogenic genes, 
including VEGF; MMP-2, -7, -8, -9, and -13; ANGPTL2; and ANGTL4, contributing to tissue recovery from acute 
injury6. According to this paper, we chose VEGF, ANGPTL-2, MMP-2, and MMP-13 (which are key factors dur-
ing angiogenesis) to confirm our hypothesis. VEGF is a potent angiogenic factor and an important target gene of 
HIF1 that mediates the survival, proliferation, migration, invasion, and permeability of endothelial cells (ECs)47. 
MMP-2, which is linked to HIF-1α expression, is considered to be critical in assisting cell migration and inva-
sion during angiogenesis and metastasis6. MMP-13 plays an important role in the matrix degradation process, 
which has been confirmed to promote tumour invasion, migration, and angiogenesis in a variety of tumours55,56. 
ANGPTL2, one of the proteins in the ANGPTL family that shares common domain characteristics with angiopoi-
etins (ANGPTs), maintains tissue homeostasis by inducing inflammation and angiogenesis6.

Data presented in this study clearly demonstrated the expression of VEGF, ANGPTL-2, MMP-2, and MMP-13 
was elevated in ER-INP cells by RT-qPCR and the expression of VEGF, MMP-2, and MMP-13 was elevated in 
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ER-INP cells by western blot assay. Compared with the control vector, ER-INP dramatically increased the con-
centration of secreted VEGF, MMP-2, and MMP-13 in cell culture supernatants, as observed in the ELISA assay. 
These results demonstrated that the mechanism of ER-INP involved in angiogenesis is attributed to the release of 
soluble mediators coded by downstream genes of HIF-1α in transfected HEK293 or RAW264.7 cells. Although 
MMP-13 is not transcriptionally activated by HIF-1α, previous studies have shown MMP-13 could be induced by 
VEGF, the latter known to be induced by HIF-1α46,57. Given that MMP-13 has been shown to play critical roles 
in endothelium-dependent angiogenesis, we speculated that MMP-13 combined with VEGF, ANGPTL-2, and 
MMP-2 to promote angiogenesis. However, elucidation of the exact pathway by which ER-INP controls angio-
genesis needs further investigation.

In summary, this study has demonstrated that ER-INP binds to PHD2 and induces the functional knockdown 
of PHD2, thereby promoting accumulation and activation of HIF-1α and contributing to the proangiogenic 
effect. These results confirm the feasibility of a novel approach for therapeutic angiogenesis (Fig. 7).

Materials and Methods
Materials.  Anti-β-actin antibody (A5441) was obtained from Sigma Chemical Co. (St. Louis, MO, USA). The 
antibodies against PHD2 (sc-271835) and VEGF (sc-152), normal mouse IgG antibody (sc-2025), and Protein 
A/G PLUS-Agarose (sc-2003), were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-HIF-1α 
antibody (NB100-134) was purchased from Novus Biologicals (USA), anti-HIF-1α Pro402 antibody (07-1585) 
from Millipore (USA), anti-HIF-1α Pro564 antibody (D43B5) from Cell Signaling Technology (USA), rabbit 
anti-E-tag antibody (ab3397) from Abcam (UK), anti-β-tubulin antibody (K10322) from TransGen Biotech Co., 
LTD (Beijing, China), rabbit anti-PHD2 antibody (bs-3686R) from Bioss (Beijing, China), FITC-conjugated goat 
anti-rabbit IgG (HH012-1) from Beijing Dingguo Changsheng Biotechnology Co., Ltd. (Beijing, China), and 
mouse anti-E-tag antibody (EM50104) from HuaBio Inc. (Hangzhou, China). HEK293, HepG2, RAW264.7, and 
HUVEC cell lines were generously provided by Professor Xun Zhu (Jilin University, China).

Figure 7.  Molecular mechanism of ER-INP anti-PHD2’s promotion of angiogenesis via HIF-1α stabilization 
and transactivation under normoxia. ER-INP intrabody binds to PHD2 and blocks PHD2 hydroxylase activity 
to prevent the hydroxylation, ubiquitination, and degradation of HIF-1α. HIF-1α accumulation forms dimers 
by binding with HIF-1β and transactivates target genes at the consensus hypoxia-responsive elements 5′-(A/G) 
GGTG-3′. HIF-1α target genes control numerous key cellular processes, such as angiogenesis and metabolism. 
HIF-1α accumulation can promote MMP-13 expression, which can also promote angiogenesis.
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Construction of an anti-PHD2 intrabody.  A human anti-PHD2 single-chain Fv antibody (INP) was 
screened from a human semi-synthetic scFv phage library (generously provided by Professor Lijun Zhou, Navy 
General Hospital, Beijing, China) by utilizing recombinant human PHD2 protein as a target. To efficiently block 
PHD2 activity in cells, anti-PHD2 intrabody (ER-INP) was prepared. In brief, using INP as a template, the PCR 
fragment of ER-INP was synthesised using primers harbouring the endoplasmic reticulum (ER) retention signal 
peptide SEKDEL and an E-tag sequence, and then the above PCR fragment was inserted into pcDNA3.1-FH 
(+) (constructed by Xiangzhi Liao, Jilin University). This completed the construction of the expression plasmid 
pER-INP harbouring an ER-retained scFv gene against human PHD2 fused with an additional E-tag.

Cell culture and transfection.  HEK293, HepG2, RAW264.7, and HUVEC cells were grown in Dulbecco’s 
modified Eagle’s medium (Gibco Life Technologies, MA, USA) supplemented with 10% foetal bovine serum. 
These cells were grown at 37 °C in 5% CO2. HEK293, HepG2, and RAW264.7 cells were grown in six-well plates 
and then transfected with plasmids (pER-INP or the control vector pcDNA3.1-FH) using different transfection 
reagents. HEK293 cells were transfected with calcium phosphate transfection reagent (DNA:transfection reagent 
ratio was 1:5) and RAW264.7 and HepG2 cells were transfected with jetPRIME® transfection reagent (Polyplus 
Transfection, FR) in accordance with the manufacturer’s instructions (DNA:transfection reagent ratio was 1:2). 
After transfection, the expression and subcellular distribution of ER-INP in HEK293, HepG2, and RAW264.7 
cells was determined by RT-PCR, western blot, and IF analyses.

Immunofluorescence staining analysis (IF).  HepG2 and RAW264.7 cells were cotransfected with the 
pDsRed2-ER plasmids (provided by Dr. Xuexun Fang, Jilin university) and control vector or ER-INP plasmids. 
At 48 hours post-transfection, the cells were digested and spread on the slides to culture for 4 hours. Cells on the 
slides were fixed with ethanol for 10 min at 4 °C, followed by permeabilisation with 0.05% Triton X-100 for 10 min 
and then blocked with PBS containing 3% BSA for 20 min. Cells were incubated with anti-E-tag polyclonal anti-
bodies detecting ER-INP intrabodies at 4 °C overnight and then incubated with FITC-conjugated goat anti-rabbit 
IgG for 20 min at room temperature. DAPI, a fluorescent probe for DNA binding, was used to stain nuclei before 
observation under a microscope. The immunostained cells were examined with an Olympus IX73 fluorescence 
microscope and photographed using its auto-exposure mode.

Western blot.  Whole-cell lysates of HEK293 and RAW264.7 cells transfected with the control vector or 
pER-INP were extracted in a modified NP-40 lysis buffer with 1 mM dithiothreitol (DTT) and protease inhibitor 
cocktail tablets by freezing and thawing three times. The extracts were collected by centrifugation at 14,000 rpm 
and 4 °C for 10 min to remove cell debris and then were stored at −80 °C until use. The protein concentrations 
were determined by the Bradford assay. Equal amounts of protein were subjected to SDS-PAGE and the separated 
proteins were electrophoretically transferred onto amicroporous polyvinylidene difluoride (PVDF) membranes 
(Roche Applied Science). Nonspecific binding was blocked with PBS-T (0.05% Tween 20 in PBS) containing 5% 
non-fat milk for 1 hour at room temperature. The membranes were then incubated overnight at 4 °C with anti-
bodies against PHD2, E-tag, VEGF, MMP-2, MMP-13, β-tubulin, and β-actin in PBS-T containing 5% non-fat 
milk at the dilutions specified by the manufacturers. Following three washes with PBS-T, the membranes were 
then incubated with horseradish peroxidase-conjugated secondary antibodies at a 1:5,000 dilution in PBS-T con-
taining 5% non-fat milk for 1 hour at room temperature. The membranes were then washed three times with 
PBS-T and protein bands were visualised by EasySee Western Blot Kit (TransGen Biotech) and imaged with a 
Tanon 5200 automatic chemiluminescence image analysis system. Additionally, TBS-T (0.05% Tween 20 in TBS) 
was used during the western blot assay for HIF-1α, HIF-1α Pro402, and HIF-1α Pro564 according to the manu-
facturer’s instructions.

Immunoprecipitation assay.  For the CO-IP studies, whole-cell lysates of HEK293 cells transfected with 
the control vector or pER-INP were extracted by a modified Nonidet P-40 lysis buffer (150 mM NaCl, 1.0% 
NP-40, and 50 mM Tris, pH 8.0) containing protease inhibitor cocktail tablets. The supernatant was incubated 
with anti-E-tag antibody or normal mouse IgG antibody for 4 hours at 4 °C and then supplemented with Protein 
A/G PLUS-Agarose overnight at 4 °C. Proteins were separated by SDS-PAGE and analysed by western blot.

Reverse-transcription PCR (RT-PCR) and quantitative real-time PCR (RT-qPCR) analysis.  Total 
RNA from cells was extracted using TriPure Isolation Reagent (Roche). RNA purities and concentrations were 
assessed using a nanodrop spectrophotometer. RNA from the cells was reverse-transcribed to cDNA in accord-
ance with the instructions provided with the reverse-transcription kit (GoScript™ Reverse Transcriptase; 
Promega, USA); this cDNA was subjected to RT-PCR, which was applied to determine the expression of ER-INP. 
In addition, PrimeScript RT Reagent Kit with gDNA Eraser was used to reverse-transcribe RNA from cells into 
cDNA and then amplify it using SYBR Premix Ex TaqII (TaKaRa, Dalian, China) and gene-specific primers 
for β-actin, VEGF, ANGPTL-2, MMP-2, and MMP-13 (Table 1). All qPCR was performed using an Applied 
Biosystems 7500 Real-Time PCR system. The relative expression of the targeted gene was analysed by deducting 
its corresponding endogenous control threshold cycle (Ct) values according to the △△Ct method using the 
comparative Ct method normalised to β-actin expression. Data are presented as fold inductions of expression 
compared with those in the control conditions.

HUVEC migration and tube formation assay.  Migration and tube formation of vascular endothelial 
cells in angiogenesis are two important events. The migration of HUVECs was examined by the wound healing 
assay. In order to detect the effect of ER-INP on migration of the HUVECs, we used 24-well plates with 6.5 mm 
diameter inserts (Transwell, Corning Inc., NY, USA) to co-culture HUVECs and HEK293 cells or RAW264.7 
cells. HUVECs were harvested and plated on 24-well plates at a density of 2.5 × 105/mL in 500 µL. When 
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HUVECs formed a fully confluent monolayer on 24-well plates, the cells were starved overnight to be synchro-
nized. The cells were then wounded by scratching with pipette tips and washed three times with D-Hanks buffer. 
Subsequently, HEK293 or RAW264.7 cells transfected with the control vector or pER-INP for 24 hours were 
digested and added to the upper chamber of the inserts (50,000 cells/well) and co-cultured with HUVECs for 
various lengths of time. Images were captured by an inverted microscope imaging system (Olympus DP74, Japan) 
after 0, 6, 12, and 18 hours of incubation. The width and closure rate of the wounds were measured.

To test whether ER-INP can promote HUVEC tube formation in vitro, a three-dimensional capillary tube 
formation assay was conducted. HEK293 and RAW264.7 cells transfected with the control vector or pER-INP 
for 24 hours were seeded into a 48-well plate coated with Matrigel Basement Membrane Matrix (BD Biosciences, 
USA) at a density of 103 cells/well; simultaneously, HUVECs were seeded in the same 48-well plate at a density of 
104 cells /well. After incubation for 6, 12, and 24 hours, randomly chosen microscopic fields were photographed 
using an inverted microscope (Olympus DP74, Japan), and the length of closed networks of vessel-like tubes and 
the total branch lengths were analysed using ImageJ software.

Assessment of ER-INP effect on angiogenesis in chick CAM.  Fertilised Leghorn eggs were obtained 
from Changchun Institute of Biological Products and incubated in a humidified incubator at a temperature of 
37.8 °C and relative humidity of 70%. Shells of 7-day-old embryonated eggs58 were cleaned with 75% ethanol and 
then a 2 cm2 window was opened above the air chamber. Fifty microliters of culture supernatant of cells trans-
fected with the control vector or pER-INP for 48 hours was injected into a small hole made in the air chamber 
of the egg; then, the eggs were sealed with sterile adhesive tape. After treatment, the embryos were further incu-
bated at 37.8 °C for two days. Next, each embryo was photographed using a Canon camera and six embryos were 
employed for each treatment group. The areas occupied by the blood vessels were quantified using Image Pro Plus 
Statistics Software, which automatically assesses and quantifies the blood vessel area59. The number of branches of 
the maximum blood vessel was quantified manually.

Measurement of soluble pro-angiogenic mediators.  The levels of VEGF, MMP-2, and MMP-13 in 
the cultured media from transfected HEK293 or RAW264.7 cells were measured using enzyme-linked immuno-
sorbent assay (ELISA) kits according to the manufacturer’s instructions (Elabscience, Wuhan, China).

Statistical analysis.  In this study, all values are presented as the mean ± SD and were analysed using SPSS 
16.0 software. The statistically significant difference between two individual groups was determined with the 
two-tailed Student’s t-test. Differences with a P < 0.05 were considered significant.

Data Availability
No datasets were generated or analysed during the current study.
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