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ORIGINAL ARTICLE

Phosphorylated KDR can be located in the nucleus of neoplastic cells 
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KDR (kinase insert domain receptor) phosphorylation induces several effects which lead eventually to cell proliferation 
and survival.  The precise mechanisms by which KDR, once it is activated, communicates with the nucleus are starting 
to be understood but have not yet been completely unravelled. Two in vitro studies on animal cell lines reported in the 
literature have demonstrated that, following stimulation with VEGF, KDR is actually translocated within the nucleus. Our 
aim was to investigate whether this translocation occurs in human cells both in vitro and in vivo. Using laser scanning 
confocal microscopy, a variable nuclear localization of phosphorylated and total KDR in cell lines and tumour samples 
was found. In human neoplastic cell lines, hypoxic stimulation greatly increased the nuclear amount of total KDR but 
less so that of the phosphorylated form. Only after hypoxia and VEGF stimulation there was a comparably increased 
expression of phosphorylated and total KDR observed in the nuclei of these cells. We conclude that neoplastic cells 
show a variable expression of total and phosphorylated KDR in the nucleus. The precise functional meaning of nuclear 
location remains to be established. 
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Introduction

Angiogenesis, the process of blood vessel formation 
from pre-existing vessels and vascular endothelial cells, 
is essential for normal growth and tissue repair, but is 
also critical in a wide variety of pathological conditions, 
such as diabetic retinopathy, arthritis, tumour growth and 
metastasis [1-3].

Vascular endothelial growth factor (VEGF) is essential 
for the development of the vascular system and acts as an 
endothelial cell-specific mitogen as well as a mediator 
of vascular growth [4, 5]. Two high affinity receptors for 

VEGF, namely Flt-1 (VEFGR-1) and KDR (Flk-1/VEGFR-
2), have been identified [6-9]. These receptors belong to the 
tyrosine kinase receptor family. This family of receptors is 
characterised by the presence of seven immunoglobulin-like 
domains (Ig domains) in their extracellular ligand-binding 
part. Their intracellular domain in contrast comprises a 
single transmembrane domain and an intracellular tyrosine 
kinase domain split by a kinase insert that is important for 
substrate recognition [9]. All VEGFRs are expressed at an 
early stage during development and they display overlap-
ping expression profiles, mostly confined to endothelial 
cells [6, 9].   

KDR (VEGFR2) is a 230 kDa protein which exerts its 
effect through activation of its intracellular tyrosine kinase 
domain. KDR can be phosphorylated on several tyrosine 
residues (Y801, Y951, Y996, Y1054, Y1059, Y1175 and 
Y1214) [10, 11]. Phosphorylation of the activation-loop 
tyrosine residues is required for activation of the catalytic 
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activity of the KDR kinase [10]. KDR is expressed on 
endothelial cells. On the basis of ligand specificity, most 
functional VEGF cell signalling on endothelial cells de-
scribed to date is mediated via KDR. This means that the 
major biological functions of VEGF, such as endothelial 
cell survival, proliferation and migration, increase of en-
dothelial Nitrous Oxide (NO) and prostacycline produc-
tion, increase of vascular permeability and promotion of 
mitogenic effects, are related to KDR mediated signalling 
[12, 13].

KDR is also expressed in haematopoietic stem cells, 
megakaryocytes, platelets and retinal cell progenitors 
[14-16]. KDR knock-out mice display embryonic lethality 
through their failure to produce endothelial and haema-
topoietic cells. Furthermore, KDR has been shown to be 
present in a number of neoplastic cell lines including mela-
noma, ovarian carcinoma, prostatic carcinoma [16] and in 
tumours, healing wounds and inflammatory sites [17]. 

Hypoxia is a major regulator of VEGF production under 
both physiological and pathological conditions. Regulation 
of VEGFR expression appears to be less straightforward. 
Experiments in mice have shown that both VEGFR-1 and 
KDR are induced under hypoxic conditions [18, 19]. In en-
dothelial cells lining the blood vessels of tumours VEGFR 
expression is also induced by hypoxia which causes the 
local concentration of VEGF to be increased [20]. 

It has been reported that there is a redistribution and 
internalisation inside the cytoplasm of KDR after phos-
phorylation [21]. Two other studies in vitro on bovine [20] 
and rat endothelium [22] have demonstrated that follow-
ing stimulation with VEGF, KDR is actually translocated 
within the nucleus. However it is not known whether this 
translocation occurs in vivo and no studies have been car-
ried out on human cells

An immunohistochemical study from our laboratory 
with anti-phosphorylated KDR antibodies showed that 
KDR can be expressed on normal cells other than endothe-
lium and on neoplastic cells. It also showed the presence 
of what looked like nuclear KDR after staining with both 
anti phosphorylated and wild type antibodies [23]. These 
novel and somewhat surprising findings are potentially very 
important for understanding the function of KDR.

The aim of this study was to indicate whether total and/
or phosphorylated forms of KDR could be demonstrated 
inside the nuclei of human cells using laser scanning con-
focal microscopy.

Material and methods

Cell culture
The following cell lines were obtained from ATCC (Ameri-

can Type Culture Collection): MCF-7 (breast carcinoma), HeLa 
(carcinoma of the cervix) and HL60 (Acute Myeloid Leukaemia, 

Promyelocytic). MCF-7 cells were cultured at 37oC and 5% CO2 in 
E4 medium (GIBCO) containing 10% fetal calf serum (FCS) in 75 
cm2 flasks growing until 80-90% of confluence. HeLa and HL60 cells 
were cultured at 37oC with 5% CO2 in RPMI 1640 medium (GIBCO) 
containing 10% fetal calf serum (FCS) in 75 cm2 flasks growing to 
80-90% confluence. 

Cell stimulation
The HeLa cells were investigated not only in basal conditions 

but also after stimulation with hypoxia alone or hypoxia and VEGF 
165. 

Hypoxic stimulation: HeLa cells at approximately 70-80% conflu-
ence were transferred to a serum-free medium for 24 h and incubated 
for 16 h at 37oC with 0.1% O2, fixed in PBS containing 10% of for-
malin, paraffin embedded and 5 mm sections were obtained.

Hypoxic and VEGF stimulation: HeLa cells at approximately 70-
80% confluence were transferred to a serum-free medium for 24 h 
and incubated for 16 h at 37oC with 0.1% O2 before being stimulated 
with 50 ng/ml VEGF 165 (Astro Zeneca, R&D Systems) for 8 min. 
Cells were subsequently fixed in PBS with 10% formalin, paraffin 
embedded and 5 mm sections were obtained.

Tumour samples
Tumour tissues were obtained from the Department of Cellular 

Pathology, John Radcliffe Hospital, Oxford. The samples were for-
malin fixed, paraffin embedded and 5 mm sections were produced.  
Ethical approval for the use of the tissue was obtained.

Tumours studied included 5 of renal clear cell carcinomas, 4 
of leukaemias (2 of acute myeloid   and 2 of acute lymphoid), 6 of 
lymphomas (2 of mantle cell, 2 of peripheral T cell and 2 of small 
lymphocytic) and 4 of non- small cell lung cancers.

Double immunofluorescence staining and laser scanning 
confocal microscopy

To detect phosphorylated KDR we employed the monoclonal 
antibodies 34a and 126a produced in our laboratory and described 
elsewhere [23]. 34a recognises peptide 31 of KDR that contains the 
tyrosine residue Y1214, a potential Grb2 SH2 binding site that is 
related to an autophosphorylation site. 126a recognises peptide 25 
of KDR containing the tyrosine residues Y1054/1059 located in the 
KDR activation loop.

We also used a polyclonal commercial antibody against phos-
phorylated KDR, Tyr996 (Cell Signaling Technology USA) that 
recognizes the peptide containing tyrosine 996 located in the tyrosine 
kinase insert loop.  

Finally, we studied the localisation and expression of total KDR 
in cells using the commercial monoclonal antibody Flk-1 (A3) (Santa 
Cruz, USA) that recognizes the amino acid sequence corresponding 
to 1158-1345 of the protein independently from its phosphorylation 
status.    

Cell membrane was stained using the anti Epithelial Membrane 
Antigen (EMA) mouse monoclonal antibody E29 (DACOCYTO-
MATION).

Sections were deparaffinised and rehydrated. Antigen retrieval 
was carried out by immersing the slides in 10 mM citrate at pH 6.0 
and boiling them for 3 min. Slides were incubated for 1.5 h with the 
primary antibodies at the following dilutions: 34a (1:20), 126a (1:50) 
Tyr996 (1:50) and Flk-1 (A3) (1:50). After washing with TBS, the 
slides were incubated for 1 h with a mixture of the secondary Alexa 



www.cell-research.com | Cell Research

Cristina Blazquez et al.
95

npg

Fluor 488 goat anti-mouse IgM (m chain) and Alexa Fluor 546 goat 
anti-mouse IgG1 (g1) (1:400 for tumour samples, 1:100 for cell 
samples) (Molecular Probes Europe BV) in the case of monoclonal 
antibodies. A mixture of the secondary Alexa Fluor 488 goat anti-
mouse IgG1 (g1) and Alexa 546 goat anti-rabbit IgG (H+L) (1:400 
for tumour samples, 1:100 for cell samples) (Molecular Probes 
Europe BV) was used to detect the primary polyclonal commercial 
antibody. 

All of the incubations were carried out at room temperature 
and in darkness. After washing with TBS, the sections were fixed 
with paraformaldehyde 1% for 10 min, and mounted with DAKO’s 
fluorescence mounting medium containing TOTO-3 iodide (1:500) 
(Molecular Probes Europe BV) to stain nuclei. Confocal fluorescent 
images were acquired using a ZEISS LSM510 microscope. Colour 
channels in the images were assigned as follows: Red-546nm excita-
tion; Green-488nm excitation; Blue-633nm excitation.

Results

pKDR expression in neoplastic cell lines  
Using confocal microscopy double immunofluorescence 

staining of MCF-7, HeLa and HL60 cells with 34a and 126a 
showed an internal distribution of the phosphorylated form 
of KDR with a predominant perinuclear localisation and 
a variable nuclear expression. With the commercial poly-
clonal anti-phosphorylated VEGF Receptor-2 (Tyr996), 
the fluorescence staining was stronger and more staining 
was located inside the nucleus.

Total KDR detected with the Flk-1 (A3) antibody 
showed a wide distribution inside the cell, as cytoplasmic, 
perinuclear and nuclear fluorescence staining was observed. 
Figure 1 illustrates the staining achieved on MCF-7 cells 
stained with Flk-1(A3), the anti total KDR antibody and 
the anti-phosphorylated KDR antibody 34a.

pKDR expression in HeLa cells after VEGF and/or 
hypoxia treatment

Hypoxic stimulation, with or without VEGF greatly 
increased the nuclear localization of total KDR but less so 
that of the phosphorylated form (Figure 2). The staining pat-
tern of phosphorylated KDR was again mostly perinuclear 
with antibody 126a (Figure 2B) and 34a.

pKDR expression in human tumours 
In the tumours a heterogeneous pattern of expression of 

KDR was observed using the monoclonal antibodies 34a 
and 126a. Overall the pattern of staining observed on the 
neoplastic cells from tissue sections was comparable to 
that seen on neoplastic cell lines (Figure 3).

Kidney tumours: Immunostaining with monoclonal 
antibodies 34a and 126a showed that pKDR was present 
on the membrane and within the cytoplasm and perinuclear 
regions. Some spots were also found inside the nucleus of 
malignant cells in some of the cases studied. Total KDR 

[antibody Flk-1 (A3)] showed a similar pattern but with 
more staining localized to the nucleus of tumour cells. 

Leukaemias: In the 2 AML cases, 34a staining showed 

Figure 1  Confocal micrographs of MCF-7 cells. (A) Two dimen-
sion image of a single cell. Nuclear staining with TOTO-3 in blue, 
phosphorylated KDR stained with MoAb 34a in green,  and cell 
membrane, stained for EMA, in red. Scale bar=5 µm. (B) 3D recon-
struction of the same cell shown in (A): 34a in green demonstrate 
the perinuclear phosphorylated KDR, the nucleus is stained in blue 
with TOTO-3   and the cell membrane in red. (C) 3D reconstruction 
cells stained with antibody 34a: An orthogonal plane intersecting 
3 nuclei is shown as a two-dimensional DIC and 34a image. The 
cytoplasmic pKDR is represented in green. The TOTO-3 stained 
volume has been rendered as a blue solid with 60% transparency 
(arrowheads). Colocalized green and blue signals are rendered as a 
opaque red solid visible within the transparent nuclei representing 
the intranuclear pKDR (*).

B

ToTo-3 34a

EMA

C

A



 Cell Research | www.cell-research.com 

Nuclear localization of KDR
96
npg

both cytoplasmic and strong nuclear expression of pKDR 
in the neoplastic cells. Similarly, though more granular 
and less intense staining was found with antibody 126a. 
In contrast, in the 2 cases of ALL pKDR expression was 

mostly cytoplasmic with only weak labelling in the nucleus. 
In all cases, total KDR [antibody Flk-1 (A3)] was mostly 
observed in the cytoplasm with only a slight expression in 
the nucleus.

Figure 2 Fluorescence images of Hela cells by confocal microscopy. (A) native. (B) after stimulation with  hypoxia. (C) stimulation 
with hypoxia plus VEGF 50 ng/ml. Nuclear staining (with TOTO-3) in blue.  MoAb 126a stains phosphorylated KDR in green. Flk-
1(A3) stains total KDR in red in all cases.  Scale bar=5 µm.

Figure 3 Fluorescence images of lung carcinomas by scanning confocal microscopy. 34a stains phosphorylated KDR in tumour cells 
(A) and in stromal cells (B) in green. 126a stains phosphorylated KDR in tumour cells (C) and in stromal cells (D) in green. Total 
KDR is stained with Flk-1(A3) in red. Cell nuclei are stained with TOTO-3 in blue. Short scale bar: 10 µm. Long scale bar=5 µm.  
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Lymphomas: 2 cases of peripheral T cell lymphoma 
showed cytoplasmic and strong perinuclear and nuclear 
staining for pKDR with both 34a and 126a. In contrast, in 
mantle cell lymphomas (MCL) and chronic lymphocytic 
leukaemia (B-CLL) the expression was only cytoplasmic 
and perinuclear. Total KDR [antibody Flk-1 (A3)] was 
present in the cytoplasm and the nucleus of all the lym-
phoma cases.

Lung, non-small cell carcinomas: 34a and 126a showed 
a strong granular fluorescence staining for pKDR in the 
membrane and cytoplasm of all 4 cases of lung cancer 
studied. Clear nuclear expression, although much weaker, 
was also recorded not only in the tumour cells but also in 
adjoining stromal cells. The Flk-1 (A3) antibody showed 
a widely distributed fluorescence staining throughout the 
tumour cells with total KDR being present in the membrane, 
cytoplasm and nucleus.

Discussion

KDR undergoes phosphorylation and induces several 
effects eventually leading to cell proliferation and survival. 
How KDR, once activated by VEGF, communicates with 
the nucleus is not yet completely understood. An earlier 
group of studies has shown that KDR phosphorylation 
leads to re-localisation in the cytoplasm but offers no proof 
of any nuclear localisation [21, 25, 26]. One in vitro study 
has shown that, following VEGF stimulation, KDR can 
be internalised within the cytoplasm [21]. Then, as shown 
in HUVEC cells after stimulation, KDR (but not Flt1) ac-
tivation via multiple pathways such as MAPK/MSK-1 or 
C/p90RSK, can trigger CRE binding protein phosphoryla-
tion inside the nucleus [25]. 

Another pathway has been described in which non phos-
phorylated KDR (but not Flt-1) induces the translocation 
into the nucleus of STAT1 and STAT6. Indeed STAT1 is 
also known to co-precipitate with KDR. These data suggest, 
but do not prove, that KDR may be translocated inside the 
nucleus as well [26]. 

A number of other studies provide indirect evidence for 
a nuclear localization of pKDR. Li et al showed that in bo-
vine endothelial cells VEGF can be transiently translocated 
into the nuclei [19] and KDR, but not Flt1, was necessary 
for this to happen though there was no direct evidence of 
KDR itself within the nucleus. 

Finally, two studies have demonstrated that KDR is 
translocated inside the nucleus [20-22] in association with 
endothelial Nitric Oxide Synthase (eNOS) by a process that 
may be mediated by a caveolar transport system [20]. None 
of this in vitro data can be automatically considered to be 
representative of what happens in vivo [28].

Our results conclusively demonstrate that in human 
cells, both in vitro and in vivo, phosphorylated KDR can 
be present inside the nuclei of normal and neoplastic cells. 
These results were obtained with each of the antibodies 
34a and 126a - generated in our laboratory – and were 
confirmed on cell lines with an even clearer and stronger 
nuclear expression of phosphorylated KDR when the 
completely independent commercial antibody Tyr996 was 
used.  This difference of intensity may be due to the fact 
that the antibodies recognise different tyrosine residues of 
the protein and also that the signal may be magnified by the 
polyclonal nature of the commercial antibody. Nevertheless 
the consistency of the nuclear staining is strong evidence 
in favour of its existence.

A number of representative tumours were selected in 
order to analyse the staining patterns of KDR expression. 
As might be expected, we obtained a variety of staining 
patterns finding membranous, cytoplasmic and nuclear ex-
pression of phosphorylated KDR that varied with the origin 
of the tumour cells. It is interesting to note that HL60 is a 
myeloid leukaemia cell line and, as in the case of myeloid 
leukaemia tissue, it showed strong and clear nuclear expres-
sion of activated KDR. This nuclear distribution might be 
related to the transcriptional activation of genes involved 
in the angiogenic cascade, but, at the moment, the precise 
function of this process is completely unknown. We also do 
not know the functional meaning of having phosphorylated 
KDR in the nucleus rather than in the cytoplasm.

However it is clear that nuclear translocation of the 
intracellular portion of membrane bound tyrosine kinase 
receptors upon activation has been described recently for 
other receptor molecules such as Erb B4, epidermal growth 
factor (EGF) receptor and FGFR-1 [29]. This suggests 
that this is an important mechanism involving their direct 
transcriptional regulatory activity in addition to roles in 
signal transduction. The mechanism whereby the mem-
brane bound receptor tyrosine kinase, Erb B4, a member 
of the EGF receptor family, moves to the nucleus has been 
explored. This receptor undergoes proteolysis within the 
plasma membrane domain by regulated intramembranous 
proteolysis (RIP) and its intracellular portion moves to 
the nucleus where it may affect transcription of target 
genes [29, 30].  However, prior to this, the ectodomain of 
the receptor is usually cleaved by a membrane associated 
metalloprotease. The intramembrane proteolysis described 
above is mediated by enzymes of the gamma secretase fam-
ily which belongs to the group of presenilins or in some 
instances caspases [31].

Another possible mechanism of nuclear translocation 
is that the receptor undergoes secondary modifications, 
such as reduction in size possibly via intramembranous or 
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cytoplasmic cleavage. These smaller receptor fragments 
may then relocate either alone or in concert with other 
molecules such as STAT-1. The role of such relocation can 
only be speculated upon. It may well be that these frag-
ments have a direct transcriptional effect in tumour cells. 
This is an exciting possibility because if proven it should be 
possible to combine an anti-KDR small molecule inhibitor 
with conventional tumour treatment.  

In conclusion, neoplastic cells showed a variable ex-
pression pattern of phosphorylated KDR between nucleus 
and cytoplasm. The functional meaning of these different 
intracellular locations remains to be established.
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