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Production of VEGF and expression of the VEGF
receptors Flt-1 and KDR in primary cultures of epithelial
and stromal cells derived from breast tumours

V Speirs and SL Atkin

Department of Medicine, Medical Research Laboratory, Wolfson Building, University of Hull, Hull HU6 7RX, UK

Summary Production of vascular endothelial growth factor (VEGF) and expression of its receptors Flt-1 and KDR was determined in primary
cultures of separated epithelial and stromal-enriched cultures derived from ten primary human breast carcinomas. By enzyme-linked
immunosorbent assay, epithelial cells produced a mean VEGF of 33 ± 7 pg ml–1 µg–1 RNA (range 11–70). Stromal cells produced similar
levels, with a mean of 48 ± 11 pg ml–1 µg–1 RNA (range 7–92). This was significantly greater than the amount produced by similar cultures
derived from normal breast tissue (epithelial mean 19 ± 5 pg ml–1 µg–1 RNA, range 9–34, P < 0.05 vs tumour epithelial culture; stromal mean
26 ± 8 pg ml–1 µg–1 RNA, range 3–56). Flt-1 and KDR receptors were analysed by semi-quantitative reverse transcription polymerase chain
reaction. Flt-1 was expressed by four of six epithelial and five of six stromal cultures. When expressed by both cell types, Flt-1 appeared to be
significantly more abundant on stromal cells compared with epithelial cultures. Only a single tumour, a lobular carcinoma, failed to express Flt-
1 on either cell type. With KDR, the reverse was true with constitutive expression of this receptor by epithelial cultures and zero or reduced
(3/6) expression by stromal cultures. Differences in the expression pattern of VEGF receptors may reflect a differential response to VEGF by
specific cell types. Thus, production of VEGF and expression of VEGF receptors Flt-1 and KDR by breast cancer epithelial and stromal cells
suggests that VEGF may fulfil not only an angiogenic role, but also play a fundamental role as an autocrine/paracrine regulator in breast
cancer, thereby facilitating tumour proliferation and subsequent invasion.
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Angiogenesis is critical for growth and metastatic spread of s
tumours (Folkman, 1990) and is mediated by a number of an
genic growth factors, of which vascular endothelial growth fa
(VEGF) is the most potent inducer neovasculature (reviewe
Klagsbrun and Soker, 1993). The VEGF gene consists of 
exons that give rise to four different isoforms of VEGF (121, 1
189 and 206 amino acids) by alternative splicing (Tischer e
1991). In both normal and transformed cells, VEGF165 appears to
be the most abundant gene product (Ferrara and Davis-S
1997). VEGF binds to specific high-affinity tyrosine kinase rec
tors, termed Flt-1 and KDR, which mediate the VEGF respo
(de Vries et al, 1992; Terman et al, 1992). Both receptors
closely related and display 44% sequence homology, althoug
1 has highest affinity for recombinant human VEGF (rhVEGF)
Vries et al, 1992).

VEGF is produced by a number of tumours, including that of
breast, and compared with other angiogenic factors, e.g. 
fibroblast growth factor (bFGF), transforming growth factor (TG
α and TGF-β, its production by breast tumours is significantly u
regulated compared with adjacent normal tissue (Yoshiji e
1996). The importance of VEGF-induced neovascularization
breast tumours may be seen from recent clinical studies which
shown that the degree of tumour angiogenesis is an important 
nostic factor (Weidner et al, 1991; Toi et al, 1993). Further, VEG
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one of the most important factors in promoting neovasculariza
of breast tumours (Toi et al, 1996). The clinical prognostic valu
VEGF has been substantiated by two recent studies that demon
that the level of VEGF165 is a strong, independent prognostic det
minant (Eppenberger et al, 1998; Linderholm et al, 1998).

Although VEGF is clearly an important factor in the angioge
process in breast cancer, there is scant information about the pr
tion of bioactive VEGF or expression of VEGF receptors by spec
cell types in the breast. Therefore, the first aim of this study wa
determine the production of VEGF by primary cultures of bre
epithelial and stromal-enriched cells derived from human br
tumours and its modulation by the cytokines interleukin (IL)-6 a
IL-8. These factors were selected as they have both previously
shown to be up-regulated in breast cancer (Adams et al, 1991; G
et al, 1997) and both induce angiogenesis (Koch et al, 1992; C
et al, 1996). Secondly, we determined the in vitro expression o
VEGF receptors, Flt-1 and KDR and assessed whether they
mediate autocrine/paracrine proliferation.

METHODS

Cell culture

Surgically removed breast tumours (n = 10) were transported
immediately to the laboratory and dispersed overnight in colla
nase III (Life Technologies, Paisley, UK) as previously descri
(Speirs et al, 1996a). Individual epithelial and stromal prepara
tions were isolated using a differential centrifugation meth
followed by culture in selective media (Speirs et al, 1996b) and
were previously fully characterized by immunostaining, flo
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Table 1 Production of VEGF and expression of VEGF receptors KDR and Flt-1 in cultures of primary epithelial and stromal cells derived from breast tumours

Sample VEGF GAPdH KDR Flt-1 Age Type Grade LN ER
(pg ml –1 µg–1 RNA)

BCa1 E 13 NA NA NA 63 Ductal II – +
S 39 NA NA NA

BCa2 E 38 + + – 56 Lobular I – +
S 7 + + –

BCa3 E 70 NA NA NA 80 Ductal II – –
S 59 NA NA NA

BCa4 E 27 + + + 56 Ductal II + –
S 75 + + +

BCa5 E 11 NA NA NA 72 Ductal II + +
S 35 NA NA NA

BCa6 E 51 NA NA NA 68 Ductal II + +
S 67 NA NA NA

BCa7 E 36 + + + 56 Ductal III – –
S 92 + + +

BCa8 E 21 + + + 72 Ductal II + +
S 7 + – +

BCa9 E NA + + + 55 Ductal II – –
S NA + – +

BCa10 E NA + + – 47 Ductal I – –
S NA + – +

LN, lymph node; ER, oestrogen receptor; BCa, breast cancer; E, epithelial culture; S, stromal culture; NA = not analysed.
cytometry, gene expression and enzyme assay (Speirs et al, 1
Clinicopathological details of the tumours from which the cultu
were established are presented in Table 1. Six normal b
samples from patients undergoing reduction mammoplasty w
dispersed enzymatically and cultured under the same condi
as the tumour tissue. Ethical permission was granted for al
studies performed.

RNA extraction and cDNA synthesis

Total RNA was extracted from pre-confluent cell cultures by 
addition of guanidinium isothiocyanate directly to the cultu
vessel, ethanol precipitated and quantified by UV spectrosc
This was reverse transcribed into cDNA in a 20-µl reaction
containing 1µg RNA, 2µg oligo dT, 20 units of RNAsin (both
Pharmacia, St Albans, UK), 10 mM dithiothreitol (DTT), 0.1 mM

of each deoxynucleotide triphosphate (Boehringer Mannhe
Lewes, UK), 10 units µl–1 of SuperScript RNase H– reverse tran-
scriptase (Life Technologies) and an appropriate volume of die
pyrocarbonate-treated water. This was incubated for 1 h at 4°C,
heated to 99°C for 5 min, quick chilled on ice and stored at –20°C.
Polymerase chain reaction (PCR) was performed in a 5µl
volume which contained the following: 2 units of DNA pol
merase, 10 × PCR buffer (containing 1.5 mM magnesium chloride;
both Bioline, London, UK), 0.5µg of each oligonucleotide prime
(Life Technologies), 200 mM each of dATP, dCTP, dTTP an
dGTP, 2µl nascent cDNA and sterile distilled water to bring t
volume to 50µl.

Semi-quantitative reverse transcription-PCR

Primer sequences for amplification of Flt-1 and the constitutiv
expressed housekeeping gene glyceraldehyde 3-phos
dehydrogenase (GAPDH), have been previously descr
(de Vries et al, 1992; Green et al, 1996). PCR was performe
follows: 2µl of cDNA were amplified over 30 cycles with 2 U Bi
Taq polymerase, 10 × reaction buffer (both Bioline), 200µM each
© Cancer Research Campaign 1999
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of dATP, dCTP, dTTP and dGTP (Boehringer Mannheim), 1.5M

megnesium chloride and distilled water to bring the volume u
50µl. For KDR, a nested PCR was performed as origina
described (Boocock et al, 1995), but with primer modificatio
cDNAs were amplified with KDR-specific primers 1 and 2 for 
cycles (95°C 30 s, 60°C 30 s, 72°C 30 s). After amplification with
the first primer pair, 2µl of product were reamplified in 50µl of
fresh reaction mixture using the KDR-specific primers 3 and 4
a further 25 cycles (95°C 30 s, 62°C 30 s, 72°C 30 s). Reaction
buffer was identical to that used for Flt-1 and GAPDH. KD
primers were as follows:

Primer 1: 5′-ACG CTG ACA TGT ACG GTC TAT-3′
Primer 2: 5′-TTC CCA TTT GCT GGC ATC ATA-3′
Primer 3: 5′-CAT CAC ATC CAC TGG TAT TGG-3′
Primer 4: 5′-GCC AAG CTT GTA CCA TGT GAG-3′

All PCRs were performed using an OmneGene thermal cy
(Hybaid, London, UK). Substitution of cDNA with either steri
distilled water or non-reverse transcribed RNA served as neg
controls; these were consistently negative. A total of 5µl of each
PCR product were electrophoresed through a 2% agarose ge
visualized by ethidium bromide staining under UV illuminatio
To confirm the identity of the amplified fragments, representa
PCR products were incubated with 10% v/v restriction en
nuclease (Pvu II for Flt-1, Ava II for KDR; data not shown) whi
cleaved the product into discrete fragments of predicted size.

Characterization of cell culture contaminants

To ensure our primary cultures did not contain endothelial cont
inants which may have been the source of VEGF/VEGF recep
all epithelial and stromal cultures were characterized by rev
transcription PCR (RT-PCR) for von Williebraad factor (VW
which is associated with endothelial cells. RT-PCR was perfor
as described above using primers designed to detect fragme
the VWF gene. Primer sequences were as follows:
British Journal of Cancer (1999) 80(5/6), 898–903
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Figure 1 Detection of VWF in the endothelial cell line EAHY 926 and its absence in four representative primary breast epithelial cultures. Lane a = EAHY 926,
lane b = restriction mapped product confirming product identity, lane c = negative control, lane d = 100-bp size standard, lanes e–h = primary breast epithelial
cultures. Arrow refers to product size of 509-bp, arrowheads refer to restriction digests of 300 and 209-bp

a b c d e f g h i j k l m s

Figure 2 Detection of Flt-1 receptor in primary epithelial and stromal
cultures derived from breast tumours by semi-quantitative RT-PCR.
Arrowhead refers to product size of 1080-bp. Lanes a, c, e, g, i, k refer to
epithelial cultures and lanes b, d, f, h, j, l are stromal cultures. m = negative
control, s = 100-bp size standard
5′-ACG GCT TGC ACC ATT CAG CT-3′
5′-CAG CCT CAC TTG CTG CAC TT-3′

The thermal cycle consisted of a denaturation step of 94°C for
2 min, followed by 35 cycles of 94°C for 30 s, 57.5°C for 30 s,
72°C for 30 s, and was concluded with a final primer extens
step of 72°C for 5 min. As a positive control, cDNA obtained fro
the endothelial cell line EAHY 926 was used. Non-reverse t
scribed RNA served as a negative control. Products were ana
by agarose gel electrophoresis as described above.

Quantitative analysis of VEGF

Primary epithelial and stromal cultures were established in 12-
plates and, when 70% confluent, incubated for 24 h with ser
free medium. The resulting confluent medium (CM) was collec
and stored at –80°C until required. From the same cultures, RN
was extracted as described above. CM was quantitatively ana
for VEGF by enzyme-linked immunosorbent assay (ELIS
(R&D Systems, Abingdon, UK). Prior to analysis, CM w
centrifuged to remove any particulate matter and ass
according to the manufacturer’s instructions. The mean intra-
inter-assay variances were 4.7% and 6.7%, respectively, w
sensitivity of 5 pg ml–1 for VEGF165. No significant cross-
reactivity with a range of cytokines was observed (refer
manufacturer’s instructions for complete list).

Effects of IL-6 and IL-8 on VEGF production by primary
epithelial and stromal cultures

Cultures were established from three tumours (BCa2, BCa3
BCa5) as described above and allowed to become semi-con
in 12-well plates. Medium was removed and replaced with f
serum-free medium containing 10 ng ml–1 IL-6 or IL-8 (both
British Journal of Cancer (1999) 80(5/6), 898–903
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Genzyme, West Malling, UK). Cultures were incubated with th
factors for a further 48 h, after which the medium was collec
clarified by centrifugation and stored at –80°C until analysed for
VEGF by ELISA.

Statistical analysis

Student’s unpaired t-test was used to analyse statistical significan

RESULTS

Characterization of cell cultures

To ensure the cultures were free from endothelial cell contam
tion, epithelial and stromal cultures under study were subjecte
RT-PCR for the VWF gene. VWF was strongly expressed by
positive control endothelial cell line EAHY 926 and its ident
was confirmed by restriction mapping. However, we were un
to detect VWF in our enriched epithelial cell populations (Fig
1) or stromal populations (data not shown). Immunostaining
VWF was also consistently negative (data not shown; Speirs 
1996b).

Production of VEGF and expression of VEGF receptors
by cell cultures

All breast tumour epithelial and stromal cultures produ
VEGF. Epithelial-enriched cultures produced a mean VEGF o
± 7 pg ml–1 µg–1 RNA (range 11–70). Stromal cells produc
similar levels, with a mean of 48 ± 11 pg ml–1 µg–1 RNA (range
7–92). This is illustrated in Table 1. For comparison, ident
cultures were prepared from six samples of normal breast t
(obtained from reduction mammoplasty samples). These cul
produced significantly lower amounts of VEGF compared w
tumour cultures (epithelial mean 19 ± 5 pg ml–1 µg–1 protein, range
9–34, P < 0.05 vs tumour epithelial culture; stromal mean 26 ± 8
pg ml–1 µg–1 protein, range 3–56). We next examined whether
VEGF receptors, Flt-1 and KDR, were expressed by th
cultures. The Flt-1 receptor was expressed by four of six epith
and five of six stromal cultures (Table 1 and Figure 2). Wh
present in both cell types, under semi-quantitative conditi
Flt-1 appeared to be more abundant on stromal cells comp
with epithelial cultures. A single lobular carcinoma, BCa2, fai
to express Flt-1 on either cell type. The converse was found 
© Cancer Research Campaign 1999
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Figure 3 Detection of KDR receptor in primary epithelial and stromal
cultures derived from breast tumours by semi-quantitative RT-PCR.
Arrowhead refers to product size of 402-bp. Lanes a, c, e, g, i, k refer to
epithelial cultures and lanes b, d, f, h, j, l are stromal cultures. m = negative
control, s = 100-bp size standard

Figure 4 Effect of IL-6 and IL-8 on production of VEGF by primary breast
epithelial and stromal cultures. *P < 0.05 vs appropriate epithelial culture
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KDR with constitutive expression of this receptor by epithe
cultures and zero or reduced (3/6) expression by stromal cul
(Table 1 and Figure 3). To determine the functionality of th
receptors, epithelial-enriched cultures were incubated with
VEGF (5, 10 ng ml–1) for up to 48 hours, trypsinized and counte
However, no effects on cell proliferation were observed (data
shown).

Effect of IL-6 and IL-8 on VEGF production in primary
breast cultures

Treatment of epithelial-enriched cultures with either IL-6 or IL
had no effect on VEGF production. However, when correspon
stromal cultures were incubated with these factors, VEGF pro
tion was decreased by up to 50%. This is illustrated in Figure 

DISCUSSION

This study has clearly demonstrated production of VEGF a
unexpectedly, expression of the VEGF receptors Flt-1 and K
by primary cultures derived from breast tumours which w
enriched for epithelial and stromal cells. These data sugges
VEGF and its receptors may play a significant autocrine/parac
role in breast tumorigenesis.

Significantly higher levels of VEGF were produced by tumo
epithelial cells compared with normal breast epithelial c
derived from reduction mammoplasties. This is in accordance 
the increased expression of VEGF in tumour versus normal b
reported by others (Yoshiji el al, 1996; Scott et al, 1998). T
observation suggests that VEGF may be critical for tumour gro
and invasion, and is consistent with clinical studies showing 
the degree of tumour angiogenesis is an important progn
factor in breast cancer (Weidner et al, 1991; Toi et al, 19
Similar production of VEGF165 was found for both tumour-derive
epithelial and stromal-enriched cultures, suggesting that both
populations may have equal importance as a source of VE
Immunostaining and in situ hybridization studies have reve
that VEGF is more commonly localized to epithelial cells (Bro
et al, 1995; Yoshiji et al, 1996). However, it has been shown 
mammary stromal cells also produce VEGF which is up-regul
in response to hypoxia (Hlatky et al, 1994), which would be
accord with the results presented here.

To our knowledge this is the first report of expression of F
and KDR receptors in primary cultures of epithelial and stro
cells derived from breast tumours, although these have previo
been noted in established breast cancer cell lines (Lu and B
1996). With the exception of ovarian carcinoma cells (Booc
et al, 1995), melanoma (Gitay-Goran et al, 1993), place
trophoblasts (Charnock-Jones et al, 1994), human testes (E
et al, 1997) and monocytes which express Flt-1 but not K
© Cancer Research Campaign 1999
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(Hewett et al, 1996), VEGF receptors are expressed almost e
sively by endothelial cells involved with tumour neovasculari
tion (Jakeman et al, 1992; Hewett and Murray, 1996). Becaus
the nature of our cell separation prcedure combined with the 
sensitivity of the PCR technique, it was possible that we may h
been amplifying Flt-1 and KDR message from occult endothe
cells rather than epithelial cells or fibroblasts. However, we h
previously characterized these cultures by immunocytochem
and flow cytometry (Speirs et al, 1998). More importantly, us
RT-PCR for the endothelial marker factor VIII, we were unable
detect a positive signal in breast cancer cell cultures, confirm
the absence of stray endothelial cells in our epithelial and stro
populations. The sensitivity of the PCR, in theory capable
amplifying message from a single cell, unequivocally dem
strates that our cultures did not contain endothelial cells. If th
were contaminants in our eniched cell populations, even at a
level, they would have been detected by RT-PCR for factor V
particularly after 35 amplification cycles.

The finding of both VEGF protein and receptors within t
same cell population suggests important autocrine/parac
mechanisms which may be important in direct tumour cell pro
eration. However, no proliferative response could be elicited w
rhVEGF was added directly to primary cultures over a 4-d
period. There are several possible explanations for this. Given
these cultures are already producing reasonably high leve
VEGF (as demonstrated by our ELISA results), it may be that
receptors are already maximally stimulated and have become 
rated such that they would be unresponsive to exogeneous pe
We did not have access to a VEGF antagonist which may 
tested this hypothesis. Alternatively, VEGF receptors observe
breast tumour cells may be involved with invasion rather t
proliferation, suggested in ovarian carcinoma which a
possesses gene transcripts for both types of VEGF recepto
cannot respond to exogenous rhVEGF in either paracrine
autocrine fashion (Boocock et al, 1995). It is also possible tha
receptor gene may not be transcribed and translated to a func
state under the in vitro conditions we describe; expression 
functional receptor may require cell–cell or cell–matrix intera
tions (and hence tissue integrity), which is obviously lost in vi
The soluble Flt-1 receptor (sFlt-1), identified in human endothe
cells, which binds VEGF with high affinity thus preventin
VEGF-induced mitogenesis (Kendall et al, 1996) should also
considered. One could speculate that sFlt-1 may also be prod
British Journal of Cancer (1999) 80(5/6), 898–903
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by breast primary cultures and, by binding to its ligand, may
responsible for the lack of proliferative effect we observed w
exogenous VEGF was added to our cultures. However, a pre
nary study (by sandwich ELISA) in our laboratory has failed
demonstrate the presence of sFlt-1 in samples of conditi
medium, although it is present in sera of some breast ca
patients (K Heer et al, unpublished observations).

A differential expresison of Flt-1 and KDR was observed us
semi-quantitative RT-PCR, which may reflect a differen
response to VEGF by specific cell types. We observed up-re
tion of Flt-1 by breast stromal cells and this observation refl
recent data from an immunostaining study where there was a 
for Flt-1 to be associated with breast stroma rather that epith
cells (51% and 44% expression respectively; de Jong et al, 1
With KDR, the reverse was true, with very strong expression
epithelial cells. This observation has precedent, with the diffe
tial expression of VEGF receptors having been describe
normal human testes where a paracrine mitogenic and angio
role has been proposed (Ergun et al, 1997). Flt-1 has a h
affinity for VEGF than KDR and each have different signalli
pathways (Waltenberger et al, 1994; Seetharam et al, 1995)
proposed that both are required to mediate the full spectru
VEGF binding, but the mechanisms which control VEGF sig
transduction are not fully understood.

Breast tumours express a wide range of cytokines, which
also expressed by breast primary cultures (Speirs et al, 19b;
Green et al, 1997). Some cytokines, in particular IL-6 and IL-8
up-regulated in breast tumours (Green et al, 1997). As bot
these factors are pro-angiogenic (Koch et al, 1992; Cohen 
1996), we examined the effect of IL-6 and IL-8 on VEGF prod
tion by primary cultures. In breast tumour epithelial-enrich
cultures, neither IL-6 nor IL-8 affected VEGF production. This
in contrast to the work of Cohen (1996), who demonstrated th
tumour cell lines, expression of VEGF was induced by IL
particularly in responses to hypoxia. However, none of these
lines were derived from breast tumours, so it is possible that 
of different tissue origin may elicit distinct response to cytokin
Alternatively, the response of established cell lines may d
from that of the primary cultures used in the present study
stromal cultures VEGF production was reduced by up to 50%
response to these cytokines. Down-regulation of VEGF by 
and IL-8 suggests that stromal cells may be important para
regulators of VEGF. In so doing they may reduce the availab
of VEGF to the surrounding neovasculature and/or epithelial c
possibly acting as mediators which inhibit tumour growth.

We attempted to correlate our data with available clinicopa
logical details. With respect to VEGF receptors, epithelial 
stromal cultures from the single lobular carcinoma available
study failed to express Flt-1. This observation has previously 
reported and may be explained by the fact that, unlike ductal c
noma, in general lobular carcinoma does not induce a de
plastic stromal response (Brown et al, 1995). In terms of VE
production, no significant difference was observed betw
cultures derived from node-positive versus node-nega
tumours. However, stromal cultures derived from oestro
receptor-negative tumours produced more than double the am
of VEGF produced from identical cultures derived from oestro
receptor-positive tumours. The significance of this observa
remains to be determined.

The findings reported here are in accord with the establis
clinical importance of VEGF as an independent prognostic fa
British Journal of Cancer (1999) 80(5/6), 898–903
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in breast cancer (Toi et al, 1993; Linderholm et al, 1998) 
consistent with the significantly higher levels in the sera of br
cancer patients (Dirix et al, 1997). The data presented here 
reinforced the importance of VEGF in breast cancer using a
vitro model. More importantly, we have demonstrated n
endothelial expression of VEGF receptors Flt-1 and KDR
breast cancer epithelial and stromal cells. Furthermore, produ
of VEGF by breast cancer stromal cells supplements a recent 
where in transgenic mice bearing oncogene-induced mam
carcinomas, the VEGF promoter was expressed more strong
tumour stroma (Fukumara et al, 1998), pointing to an impor
role for the stroma in VEGF production. In conclusion, th
results suggest a fundamental role for VEGF in breast cance
only as an angiogenic factor, but also as an autocrine/para
regulator which may facilitate tumour proliferation and subsequ
invasion.
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