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A vascular niche and a VEGF-Nrpl loop regulate the
initiation and stemness of skin tumours
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Angiogenesis is critical during tumour initiation and malignant
progression'. Different strategies aimed at blocking vascular
endothelial growth factor (VEGF) and its receptors have been
developed to inhibit angiogenesis in cancer patients®. It has become
increasingly clear that in addition to its effect on angiogenesis, other
mechanisms including a direct effect of VEGF on tumour cells may
account for the efficiency of VEGF-blockade therapies®’. Cancer
stem cells (CSCs) have been described in various cancers including
squamous tumours of the skin*®. Here we use a mouse model of
skin tumours to investigate the impact of the vascular niche and
VEGF signalling on controlling the stemness (the ability to self
renew and differentiate) of squamous skin tumours during the
early stages of tumour progression. We show that CSCs of skin
papillomas are localized in a perivascular niche, in the immediate
vicinity of endothelial cells. Furthermore, blocking VEGFR2
caused tumour regression not only by decreasing the microvascular
density, but also by reducing CSC pool size and impairing CSC
renewal properties. Conditional deletion of Vegfa in tumour
epithelial cells caused tumours to regress, whereas VEGF over-
expression by tumour epithelial cells accelerated tumour growth.
In addition to its well-known effect on angiogenesis, VEGF affected
skin tumour growth by promoting cancer stemness and symmetric
CSC division, leading to CSC expansion. Moreover, deletion of
neuropilin-1 (Nrpl), a VEGF co-receptor expressed in cutaneous
CSCs, blocked VEGF’s ability to promote cancer stemness and
renewal. Our results identify a dual role for tumour-cell-derived
VEGF in promoting cancer stemness: by stimulating angiogenesis
in a paracrine manner, VEGF creates a perivascular niche for CSCs,
and by directly affecting CSCs through Nrpl in an autocrine loop,
VEGEF stimulates cancer stemness and renewal. Finally, deletion of
Nrpl in normal epidermis prevents skin tumour initiation. These
results may have important implications for the prevention and
treatment of skin cancers.

Skin squamous cell carcinoma is the second most frequent skin
cancer in humans and affects about 500,000 new patients per year world-
wide®. Mouse models for skin squamous tumours are almost identical to
human skin cancers and thus offer an ideal model to study cancer
initiation and growth’. The most extensively used mouse cancer model
relies on chemically (9,10-dimethyl-1,2-benzanthracene (DMBA) and
12-O-tetradecanoyl phorbol-13-acetate (TPA)) induced skin carcino-
genesis protocol®. In this model, the number of papillomas is a measure
of tumour initiation, whereas the growth rate is an indicator of tumour
promotion. Recently, CD34-expressing tumour epithelial cells (TECs)
isolated from DMBA/TPA-induced skin tumours were identified as
CSCs, based on their increased clonogenic potential and ability to form
secondary tumours upon transplantation into immunodeficient mice’.
It has been suggested that the tumour microenvironment, in particular

the vascular niche, can influence CSC function in brain tumours®, but
whether CD34 " CSCs are located in a vascular niche and whether these
vessels regulate CSC function and stemness remain unknown.

To assess whether CSCs of skin papillomas reside in a perivascular
niche, we performed triple immunostaining for cutaneous CSC markers
(see below) (CD34, Hmga2 and Krt13), TEC markers (K5 and K14) and
endothelial cell markers (endoglin and CD31). Papillomas are well
organized and differentiated tumours containing one or two layers of
proliferating basal-like cells, expressing K5 and 4-integrin, which give
rise to several layers of differentiated tumour cells expressing K1/K10
and loricrin (Supplementary Fig. 1). As expected, skin CSCs co-
expressed cutaneous CSC and TEC markers, but did not express
endothelial cell markers and can thus be reliably distinguished from
vascular endothelial cells (Fig. la, b and Supplementary Fig. 2).
Interestingly, most CSCs were detected in close proximity to endothe-
lial cells (within 30 pm), whereas the more differentiated tumour cells
were located more distantly from endothelial cells (Fig. 1a, b and
Supplementary Fig. 2), indicating that CSCs of skin papilloma may
reside in a vascular niche, similarly to what has been described for
haematopoietic stem cells'*"* and CSCs in brain tumours’.

To determine the role of the vascular microenvironment in regulat-
ing the stemness of skin tumours, we used an antibody-based strategy
to inhibit angiogenesis by blocking VEGFR?2 signalling in endothelial
cells (Fig. 1c). In skin papillomas, VEGFR2 is almost exclusively
expressed by endothelial cells and is not detectable in TECs (Fig. 1d,
e and Supplementary Fig. 3). Administration of a blocking antibody
against VEGFR2 (DC101)—a powerful inhibitor of tumour angio-
genesis'>—to mice with established skin papillomas resulted in tumour
regression and a significant decrease in endothelial cell prolifera-
tion and tumour microvascular density (Fig. 1f~h and Supplemen-
tary Fig. 4), consistent with previous anti-angiogenic reports of
DC101 in human squamous cell carcinoma xenografts'®. Notably, DC101
also reduced the proportion of CD34" CSCs, as determined by immu-
nofluorescence (K5'CD34%) and FACS analysis (Epcam+CD34+),
and the decrease in tumour microvascular density closely correlated
with the decrease in the CD34" CSC pool size (Fig. 1i, j and Sup-
plementary Fig. 5). This decrease in CD34" TECs was not due to an
increase in CSC apoptosis, but rather to a reduction in CSC prolifera-
tion (Fig. 1k, 1 and Supplementary Fig. 6). We therefore explored
whether VEGF might also affect CSCs directly using various genetic
gain- and loss-of-function approaches.

Deletion of Vegfa in epidermal cells prevents squamous skin tumour
development'*'*, whereas transgenic overexpression of VEGF increases
the number and accelerates the growth of papillomas after DMBA/TPA
treatment'®". Thus, VEGF is already known to regulate skin tumour
initiation, but its role in regulating cancer stemness, and thereby
skin tumour progression, remains unknown. Notably, quantitative
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Figure 1 | A perivascular niche regulates cancer stemness in skin papilloma.
a, Immunostaining for CD34, keratin 5 (K5) and endoglin (Endo). Hoechst
nuclear staining is represented in blue. b, Distribution of the CD34" and
CD34 " TECs relative to the distance to endothelial cells; n = 8 papillomas. EC,
endothelial cell. ¢, Protocol of DMBA/TPA and of anti-VEGFR2 blocking
antibody administration. d, qQRT-PCR analysis of Vegfr2 mRNA expression in
FACS-isolated tumour endothelial cells and CD34" TECs; 1 = 6 papillomas.
e, Immunostaining for VEGFR2, endoglin and K5 in a papilloma shows that
VEGFR2 is only expressed by endothelial cells. f, Tumour size after 2 weeks of
anti-VEGFR2 treatment; n = 36 papillomas. g, Immunostaining for endoglin
and K5 in papillomas treated with control IgG or anti-VEGFR2. h, Microvessel
density; n = 12 tumours. i, Immunostaining for CD34, K5 and endoglin. str,
tumour stroma. j, FACS quantification of CD34™ TECs. k, Immunostaining for
[34 integrin (B4), BrdU and endoglin. 1, Proliferation of TECs as measured by
BrdU incorporation in B4+ TECs after treatment with control or anti-VEGFR2
antibodies for 2 weeks; n = 12 papillomas. All scale bars represent 50 pum; all
error bars represent s.e.m.

polymerase chain reaction with reverse transcription (QRT-PCR)
showed that Vegfa mRNA is expressed at higher levels in CD34"
CSCs than in normal epidermal cells or CD34~ TECs (Fig. 2a). To
explore whether VEGF expression by TECs regulates the stemness
properties of cutaneous CSCs and is required to sustain tumour
growth, we deleted Vegfa in TECs by administrating tamoxifen to
K14CreER:VEGF™" mice™ once they had established skin papillomas
(Fig. 2b, ¢). As soon as 1 week after tamoxifen administration, most of
the papillomas had shrunk by 60% and 2 weeks after, most of the
papillomas had completely disappeared (Fig. 2d). As expected,
tumour regression was associated with a decrease in endothelial cell
proliferation and microvascular density (Fig. 2e, f and Supplementary
Fig. 7). However, the magnitude of the antitumour effect suggested
that inhibition of angiogenesis alone could not fully explain the com-
plete disappearance of the established tumours. Indeed, the loss of
VEGEF in TECs also resulted in a marked reduction in the proportion
of CD34" TECs (Fig. 2g, h), and a strong decrease in basal cell pro-
liferation (Fig. 2i, j), indicating that VEGF secretion by TECs has an
impact on cutaneous CSCs as well.
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Figure 2 | VEGF expression by tumour cells is required for the maintenance
of cutaneous cancer stem cells. a, qQRT-PCR for Vegfa in normal
interfollicular keratinocytes (IFE), CD34" TECs and CD34~ TECs; n = 6
papillomas per condition. b, Genetic strategy used to study the role of VEGF-A
expression by TECs. ¢, Protocol of DMBA/TPA and tamoxifen (TAM)
administration. d, Tumour size 1 and 2 weeks after the beginning of tamoxifen
administration (15 mg per week) in control and Vegfa conditional knockout
(cKO) mice; n = 30. e, Proliferation of endothelial cells as determined by the
proportion of Ki67 “/endoglin™ endothelial cells 2 weeks after tamoxifen
administration; n = 6 tumours. f, Microvessel density 1 week after tamoxifen
administration; n = 12 tumours. g, Immunostaining for CD34, K5 and
endoglin in a representative papilloma from mice of each genotype. h, FACS
quantification of CD34" TECs after tamoxifen administration; n = 6
papillomas. i, Immunostaining for 4 integrin (B4), endoglin and Ki67 in
papillomas 1 week after tamoxifen administration. j, TEC proliferation as
measured by the proportion of Ki67 /B4 TECs in papillomas from each
genotype 2 weeks after tamoxifen administration; # = 12 tumours.

k, Immunostaining for 4 integrin (4, green) and NuMA (red) in papillomas.
1, Quantification of the division planes as measured by the angle between the
centrosomal axis (NuMa) and the basal membrane (B4-integrin) in control and
Vefga cKO papillomas; n = 162 (vegfa cKO) and 258 (Ctrl) cells. For each panel
showing immunostaining, Hoechst nuclear staining is represented in blue. All
scale bars represent 50 pum; all error bars represent s.e.m.

This hypothesis was further underscored by analysis of symmetric
versus asymmetric cell division of the CSCs. The orientation of the
mitotic spindle controls the balance between epidermal progenitor
self-renewal (symmetric cell division) and differentiation (asymmetric
cell division) during embryonic development'*~'. Analysis of the ori-
entation of mitotic spindle in TECs revealed that approximately 40% of
the mitosis events during tumour growth were symmetric in nature.
Interestingly, deletion of Vegfa in TECs led to a significant decrease in
the proportion of symmetric self-renewing cell divisions (Fig. 2k, I). Loss
of VEGF also resulted in a decrease in the number of layers of differ-
entiated TECs, but no significant increase in apoptosis was observed
(Supplementary Fig. 8). Thus, autocrine VEGF expression by TECs
seems to be critical for the proliferation and renewal of cutaneous CSCs.
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To establish further the critical autocrine role of VEGF, we also
assessed whether increased VEGF production by TECs would increase
CSC renewal. We therefore conditionally overexpressed VEGF spe-
cifically in TECs by administering tamoxifen to KI14CreER:Rosa26-
VEGF-164 mice®, after they had already formed skin papillomas
(Fig. 3a, b). Tamoxifen administration enhanced VEGF expression
by TECs in K14CreER:Rosa26-VEGF-164 mice, and resulted in accel-
erated tumour growth. As expected, this tumour-promoting effect of
VEGF was accompanied by a strong increase in endothelial cell
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Figure 3 | Increased VEGF expression promotes cutaneous cancer-stem-cell
expansion. a, Genetic strategy used to study the consequences of VEGF-A
overexpression in TECs. b, Protocol of DMBA/TPA and tamoxifen
administration. ¢, Tumour size 2 weeks after the first tamoxifen administration
(10 mg per week); n = 40 tumours. d, Microvessel density 2 weeks after
tamoxifen administration; #» = 15 tumours. e, Inmunostaining for K5, CD34
and endoglin. f, FACS quantification of the proportion of CD34 " TECs 2 weeks
after tamoxifen administration. g, h, Immunostaining and quantification of
Ki67" and CD34" TECs in control and VEGF-164 overexpressing papillomas;
n = 10 tumours. i, Quantification of the division planes in control and VEGF-
164 overexpressing papillomas; n = 348 (VEGF-164) and 192 (Ctrl) cells

2 weeks after tamoxifen administration. j, Venn diagram from microarray
comparing CD34" versus CD34~ TECs (CD34 signature) and control versus
VEGF-164 CD34" TECs (VEGF signature). k, mRNA expression of ten genes
of the CD34 signature upregulated by VEGF-164 3 weeks after tamoxifen
administration; #n = 3 tumours. 1, FACS quantification of the proportion of
CD133" TECs after VEGF-164 overexpression; # = 6 tumours.

m, n, Immunostaining for CD34 and keratin 13 (K13) or Hmga2 in papillomas
2 weeks after tamoxifen administration. Hoechst nuclear staining is
represented in blue; all scale bars represent 50 pm; all error bars represent s.e.m.
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proliferation and microvascular density (Fig. 3¢, d and Supplementary
Fig. 9). VEGF overexpression in TECs also caused a major expansion
of the CD34™ CSC population, increased the proliferation of CD34*
CSCs, and the proportion of symmetric CSC division (Fig. 3e-i and
Supplementary Fig. 10), altogether expanding the CD34" CSC pool.
Moreover, even though VEGF overexpression did not completely
abrogate tumour cell differentiation, it did significantly delay tumour
cell differentiation in vitro and in vivo (Supplementary Figs 10 and 14).
Altogether, increased VEGF production by TECs enhanced tumour
growth, not only by stimulating angiogenesis (and the formation of a
vascular niche for CSCs) but also by promoting CSC renewal.

To underscore further the notion that VEGF altered the stemness
properties of CD34" CSCs and to determine the molecular mechan-
isms of how VEGF promotes the renewal of CD34" CSCs, we
transcriptionally profiled control and VEGF-overexpressing, FACS-
isolated, CD34™ CSCs to determine any possible ‘VEGF signature’.
VEGF upregulated approximately 20% of the genes preferentially
expressed by CD34" CSCs as compared to CD34~ TECs (CD34"
signature), including genes known to regulate stemness (for example,
Sox2, Hmga2), proliferation (Ccndl, Cengl) and the interaction of
tumour cells with their microenvironment (Collal, Col3al), as well
as genes known to be expressed in squamous cell carcinoma (Krt13,
Anol) (Fig. 3j, k, Supplementary Table 1 and Supplementary Fig. 11).
Using qRT-PCR, FACS and immunostaining, we confirmed that
around 50% of these genes were upregulated by VEGF (Fig. 3k-n
and Supplementary Fig. 11). Thus, VEGF altered the transcriptional
signature of CD34" CSCs in a manner that would be expected to
promote cancer stemness. Consistent herewith, transplantation of a
limiting dilution of CD34 " TECs isolated from VEGF-overexpressing
mice into immunodeficient mice increased the number of grafts with
tumours compared to control CD34" CSCs, whereas the opposite
phenotype was observed when CD34" VEGE-deficient CSCs were
grafted (Supplementary Fig. 12). Thus, VEGF qualitatively altered
the stemness properties of CSCs.

It has been shown recently that deletion of VEGFRI1 (fItI) in
epidermal cells delays the appearance of skin papilloma in K5-Sos
transgenic mice', indicating that VEGF signalling in keratinocytes
can directly regulate the initiation of these skin tumours. To explore
whether VEGF signalling could affect tumour progression by directly
regulating cutaneous CSC properties, we sought to design an experi-
mental strategy to impair VEGF signalling in TECs. We first analysed
which of the VEGF receptors were expressed in CSCs from skin
papillomas. qRT-PCR and immunostaining showed that neuropilin
1 (Nrp1) was expressed at the highest level by CD34™ CSCs (Fig. 4a
and Supplementary Fig. 13). Besides its well-known role as co-receptor
of the VEGF receptors in endothelial cells, NRP1 is also expressed in
various human carcinoma cell lines and primary tumours™*.
Furthermore, overexpression of Nrpl promotes the growth of cancer
cell lines whereas anti-Nrp1 blocking antibodies can inhibit tumour
growth®. However, it remains unclear whether Nrpl can control
tumour initiation and stimulate tumour progression by promoting
VEGF receptor signalling in endothelial cells or, additionally, by
directly regulating VEGF signalling in TECs as previously suggested®.

To explore the role of Nrpl in skin tumorigenesis, we performed, as
a first step, a constitutive conditional deletion of Nrp1 in the epidermis
(K14-Cre:NrpP"~ mice, Fig. 4b). Mice lacking Nrp1 in their epidermis
are viable, develop normally and have normal skin (Supplementary
Fig. 13). Chemical skin carcinogenesis was then initiated in Nrpl-
deficient mice and their respective littermate controls. After DMBA/
TPA treatment, 100% of the control mice developed skin papilloma
after 25 weeks of TPA treatment, whereas, notably, mice lacking Nrp1
in their epidermis did not develop any papilloma at this time point
(Fig. 4c, d). These results indicate that Nrpl expression in epidermal
cells is critical for skin tumour initiation.

To assess whether Nrpl might directly regulate cutaneous tumour
stemness, independently of an effect on the vascular niche, we
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Figure 4 | Nrpl is required for squamous tumour initiation and regulates
stemness of cutaneous cancer cells. a, qRT-PCR for NrpI in normal
interfollicular keratinocytes (IFE), CD34 " hair follicle bulge stem cells, CD34~
TECs and CD34" TECs; n = 3 tumours. b, Genetic strategy used to study the cell-
autonomous role of Nrp1 in skin tumour initiation (K14Cre:Nmp P ). ¢, Percentage
of control and Nrp1 cKO mice presenting skin tumours. d, Average number of
tumours per mouse 40 weeks after tumour initiation; Ctrl, n = 9;Nrp1 cKO,n = 11
mice. e, Genetic strategy used to study the role of VEGF-164 and Nrp1 in pre-
established skin tumour. f, Protocol of DMBA/TPA and tamoxifen administration.
g Tumour size (n = 30 tumours) 3 weeks after tamoxifen administration.

h, Microvessel density (n = 15 tumours) 3 weeks after tamoxifen administration.
i, Immunostaining for K5, CD34 and endoglin. j, FACS quantification of the
proportion of CD34™ TECs 3 weeks after tamoxifen administration (n = 9
papillomas). k, Quantification of the proportion of EdU*CD34" TECs (n =9
tumours) 3 weeks after tamoxifen administration in control, VEGF-overexpressing
and VEGF-overexpressing Nrp1-deficient TECs. 1, Quantification of the division
planes in control and VEGF-164-overexpressing, Nrp1-deficient papillomas

3 weeks after tamoxifen administration; n = 274 for VEGF-164/Nrp/” ™ and

1 = 224 for control mice. m, Cell growth of FACS-isolated CD34" and CD34 ™~
TECs after 1 week of in vitro culture and treated with indicated molecules; n =9
replicates. n, nRNA expression of 10 genes of the CD34 signature upregulated by
VEGF, from control, VEGF-164 and VEGF-164/Nrp1 cKO papillomas 3 weeks
after tamoxifen administration; # = 3 tumours. 0, Model of the dual role of VEGFin
regulating cutaneous cancer stemness. Hoechst nuclear staining is represented in
blue. All scale bars represent 50 pm; all error bars represent s.e.m.
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simultaneously deleted NrpI and overexpressed VEGF selectively in
TECs (Fig. 4e, f). Compared to VEGF overexpression in Nrp1 ™t~ cells
or VEGF overexpression in wild-type cells, VEGF overexpression in
NrpI™™ TECs no longer accelerated tumour growth (Fig. 4g).
This inefficiency of VEGF was not due to an unresponsiveness of
endothelial cells to paracrine VEGF, as VEGF overexpression by
Nrpl-deficient TECs still increased tumour angiogenesis (Fig. 4h
and Supplementary Fig. 14). However, by contrast, deletion of Nrpl
in VEGF-overexpressing TECs abrogated the ability of VEGF to
stimulate tumour cell proliferation, symmetric cell division and expan-
sion of the CD34 ™ CSC pool (Fig. 4i-1), indicating that Nrp1, in a cell-
autonomous manner, mediated the response of CSCs to autocrine
VEGF.

To investigate this molecular mechanism further, we cultured FACS-
isolated CD34" and CD34~ TECs in vitro and exposed them to VEGF,
in the presence or not of anti-Nrp1 blocking antibodies®. VEGF sti-
mulated the proliferation of CD34™ but not CD34~ TECs, and this
effect was suppressed by an anti-Nrp1 antibody that blocks its binding
to VEGF, demonstratin§ that Nrpl cell-autonomously mediated the
effect of VEGF on CD34™ CSC proliferation. This effect was specific for
VEGF-Nrpl, as an anti-Nrpl antibody that blocks the Nrpl-
semaphorin interaction was ineffective (Fig. 4m). Comparative qRT-
PCR analysis of FACS-isolated CD34" CSCs expressing or lacking
Nrpl showed that Nrpl was required for the upregulation of most
stemness and proliferation genes in response to VEGF (Fig. 4n and Sup-
plementary Fig. 15). Thus, autocrine production of VEGF and Nrpl
expression by the TECs regulates the stemness of cutaneous tumours
and the expansion of the CSC pool, which, together with the pro-
angiogenic activity of VEGF, contribute to enhanced tumour growth.

Our results indicate that VEGF has a dual role in the initial stage of
skin tumour promotion. First, VEGF signalling through VEGFR2 in
endothelial cells is critical to sustain angiogenesis and to create a
vascular niche for CSCs. Whether endothelial cells in the perivascular
niche produce angiocrine signals to foster stemness remains to be
determined. Second, VEGF also acts directly on epidermal cells and
cutaneous CSCs through a cell-autonomous mechanism depending on
Nrpl, and hereby also increases the stemness and renewal potential of
CSCs; this autocrine loop contributes to skin tumour initiation and CSC
expansion in early skin tumours (Fig. 40). Such a dual role for VEGF in
promoting stemness of CSCs in vivo by regulating both the vascular
microenvironment and intrinsic stem-cell properties has important
implications for the prevention and treatment of epithelial cancers.

METHODS SUMMARY

Tumour formation was performed by DMBA/TPA administration. Inhibition of
VEGFR2 was performed by administrating anti-VEGFR2 antibodies to mice bearing
papillomas. Gain and loss of VEGF and Nrpl function in skin tumours was per-
formed by administrating tamoxifen to K14CreER:VEGF™, K14CreER:RosaVEGF-
164 and K14CreER:RosaVEGF-164:Nrp?"~ mice bearing skin tumours. The
measurement of tumour size, cell proliferation, plane of cell division, apoptosis,
differentiation and frequency of cancer stem cells were performed as described in
Methods.

After enzymatic digestion of the tumours, CD34™ TECs were isolated or quan-
tified by FACS using a combination of monoclonal antibodies. Secondary tumour
assays were performed by transplanting CD34™ TECs into immunodeficient mice
treated with tamoxifen. mRNA expression was quantified by Affymetrix Mouse
Genome 430 2.0 Array or real-time RT-PCR using the primers and protocol
indicated in Methods. FACS-isolated CD34" and CD34~ TECs were cultured
in vitro and treated with VEGF, anti-VEGF and anti-Nrp1 blocking antibodies.
For further details see Supplementary Methods.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

Mice. FVB/N mice were obtained from Charles River Laboratories. KI14Cre (ref.
26) and K14CreER (ref. 27) transgenic mice were provided by E. Fuchs. K14CreER
and K14Cre mice were mated with Rosa26-VEGF-164, Vefg"" (ref. 28) and
NrplﬂF (ref. 29) mice. Mouse colonies were maintained in a certified animal
facility in accordance with European guidelines. For each time point, at least three
mice from two different litters were used to characterize the different phenotypes.

For carcinogenesis, mice were treated with DMBA and TPA as previously

described™®. Briefly, mice from the FVB/N background and from each Cre or
CreER line were treated with DMBA at postnatal day 23, 25 and 27 with DMBA
(9,10-dimethyl-1,2-benzanthracene) and then treated twice, weekly for several
weeks with TPA (12-O-tetradecanoyl phorbol-13-acetate). Seven-week-old mice
were treated again twice with DMBA. After 25 weeks of treatment, more than 99%
of the mice of each genotype develop skin tumours except for the NrpI cKO mice,
which fail to develop tumours. After 25 weeks, mice were treated with antibodies or
tamoxifen and the size of tumours was followed by direct measurement.
Measurement of tumour growth. Skin tumours were measured using a precision
calliper allowing discrimination to size modifications >0.1 mm. Tumour volumes
were measured the first day of treatment and every week until the day that they
were humanely killed with the formula V= n[d* X D]/6, where d is the minor
tumour axis and D is the major tumour axis.
Histology, immunostaining and imaging. Tissues from FVB/N, CreER and Cre
mice were either embedded in OCT and sections were fixed in 4% paraformalde-
hyde for 10 min at room temperature, or pre-fixed for 2 h in 4% paraformaldehyde
and embedded in OCT. Samples were sectioned at 4-6-um sections using a
CM3050S Leica cryostat (Leica Microsystems).

The following primary antibodies were used: anti-CD34 (rat, 1:100, BD), anti-
K5 (rabbit, 1:2,000, Covance), anti-B4 (rat, 1:200, BD Biosciences), anti-Ki67
(rabbit, 1:200, Abcam), anti-E-cadherin (rat, 1:1,000, Invitrogen), anti-K10
(rabbit, 1:2,000, Covance), anti-endoglin (goat, 1:500, R&D), anti-Nrpl (goat,
1:100, R&D), anti-VEGFR2 (rat, 1:100, eBioscience), anti-active caspase 3 (rabbit,
1:600, R&D) anti-BrdU (Rat, 1:100, BD), anti-K13 (mouse, 1:100, Abcam), anti-
Hmga2 (rabbit, 1:500, Santa Cruz). EdU staining was performed following the
manufacturer’s instructions (Invitrogen). BrdU or EdU were injected 4 h before
mice were humanely killed. Sections were incubated in blocking buffer (PBS/NDS
5%, BSA 1%, Triton 0.2%) for 1h at room temperature. Primary antibodies were
incubated overnight at 4 °C. Sections were rinsed three times in PBS and incubated
with secondary antibodies diluted at 1:400 for 1h at room temperature. The
following secondary antibodies were used: anti-rabbit, anti-rat, anti-goat conju-
gated to Alexa Fluor 488 (Molecular Probes), to rhodamine Red-X (Jackson
ImmunoResearch) or to Cy5 (Jackson ImmunoResearch). Nuclei were stained
in Hoechst solution (1:1,000) and slides were mounted in DAKO mounting
medium supplemented with 2.5% Dabco (Sigma).

Pictures were acquired using Axio Imager M1 Microscope, AxioCamMR3
camera and using Axiovision software (Carl Zeiss).

Isolation of tumour epithelial cells. Tumours from FVB/N mice and mice from
each Cre line were digested in collagenase I (Sigma) for 2 h at 37 °C on a rocking
plate. Collagenase I activity was blocked by addition of EDTA (5mM) and then
rinsed in PBS supplemented with 2% FCS. After tumour digestion, cells were first
incubated in PBS complemented with 30% FCS to block Fc receptors for 15 min at
room temperature. Immunostaining was performed using biotin-conjugated anti-
CD34 (clone RAM34; BD Pharmingen), FITC-conjugated anti-o6-integrin (clone
GoH3, BD Pharmingen), PE-conjugated anti-CD45 (clone 30F11, eBioscience),
PE-conjugated anti-CD31 (clone MEC13.3, BD Pharmingen), PE-conjugated
anti-CD140a (clone APAS5, eBiosciences), and APC-Cy7-conjugated anti-Epcam
(clone G8.8, Biolegend) by incubation for 30 min on ice. A biotin-coupled
VEGFR2 antibody (clone avasl2al, eBioscience) was used to determine the
expression of VEGFR2 on the different cell populations. Cells were washed and
stained using APC-conjugated Streptavidin (BD Pharmingen) for 20 min on ice.
Living tumour cells were selected by forward scatter, side scatter and by Hoechst
dye exclusion. Fluorescence-activated cell sorting analysis was performed using
FACSAria and FACSDiva software (BD Biosciences). Sorted cells were collected
either in culture medium for in vitro culture experiments or directly in the lysis
buffer provided by the manufacturer (Microprep kit, RNAeasy, Stratagene), and
RNA extraction was performed according to the manufacturer’s protocol. The
entire procedure was repeated in at least three biologically independent samples.
Microarray analysis. Total RNA was analysed using mouse whole-genome 430 2.0
array from Affymetrix at the VIB microarray facility. Three different biological
samples from CD34" and CD34~ TECs were analysed and we compared
CD34" to CD34~ TECs. The merge of the genes upregulated (>1.5 times) in
two among three samples provided a list of 526 genes described in the manuscript
as the ‘CD34™ signature’. The same analysis was performed on CD34" TECs
isolated by FACS from K14CreER:Rosa-VEGF-164 and control mice. The genes

upregulated (>2 times) in VEGF-164 CD34" TECs compared to control CD34 ™"
TECs provided a list of 938 genes (the VEGF signature). The merge of the two
comparisons—CD34 ™ signature and VEGF signature—highlighted a list of 122
common genes. Analysis of the microarray was performed by the VIB microarray
facility.

Reverse transcription and quantitative PCR (QPCR). Total RNA extraction and
DNase treatment of samples were performed using the microprep kit (Stratagene)
according to the manufacturer’s recommendations. After nanodrop quantifica-
tion, purified RNA was used to synthesize the first strand cDNA in a 50 pl final
volume, using Superscript II (Invitrogen) and random hexamers (Roche). Control
of genomic contaminations was measured for each sample by performing the same
procedure with or without reverse transcriptase. qPCR analysis was performed
with 4 ng of cDNA reaction as a template, using a Brilliant IT Fast SYBR QPCR
Master Green mix (Stratagene) and an Agilent technologies Stratagene Mx3500P
real-time PCR system. Relative quantitative RNA was normalized using the house-
keeping genes f3-actin and Hprt. Primers were designed using Lasergene 7.2 soft-
ware (DNAStar) and are presented below. Analysis of the results was performed
using Mxpro software (Stratagene) and relative quantification was performed
using the AAC, method using B-actin as a reference. The entire procedure was
repeated in three biologically independent samples. Error bars represent standard
error of the mean (s.e.m.). Results were presented as the fold change over CD34 ™~
TECs isolated from the same tumours.

List of primers used. Vegfr2 mRNA forward 5'-cagtggtactggcagctagaag-3',
reverse 5'-acaagcatacgggcttgttt-3'; Vegfa mRNA forward 5'-aaaaacgaaagcgcaag
aaa-3’, reverse 5'-tttctccgetctgaacaagg-3'; Krt5 (K5) mRNA forward 5'-cagagcetg
aggaacatgcag-3', reverse 5'-cattctcagccgtggtacg-3'; Cdh3 mRNA forward 5'-
ccttggaggtggaaggaact-3', reverse 5'-tgtccagecaaggctacttt-3'; Cdhl mRNA forward
5'-cagaatgacaacaggccaga-3', reverse 5'-ttcatcacggaggttcctg-3'; Krtl mRNA for-
ward 5'-tttgectecttcatcgaca-3’, reverse 5'-gttttgggtccgggttgt-3'; Krt10 mRNA for-
ward 5'-cgtactgttcagggtctggag-3', reverse 5'-gcttccagegattgtttca-3'; Nrpl mRNA
forward 5'-ccacacacagtgggcttg-3', reverse 5'-ggtccagctgtaggtgcttc-3'; CD34
mRNA forward 5'-gcaccactggttatttcctga-3', reverse 5’-ttttcttcccaacagcecate-3';
TnC mRNA forward 5'-gggctatagaacaccgatge-3', reverse 5’'-catttaagtttccaat
ttcaggttc-3’; Epha7 mRNA forward 5'-ttaaaattgagcgtgtgattgg-3', reverse 5'-
tcaaacgaccactgcaaact-3'; Aen mRNA forward 5'-acgtgaaacctgggaaagc-3', reverse
5'-agccagctcacaggttgg-3'; Ank3 mRNA forward 5'-cgaatgtcaacctgagcaataa-3',
reverse 5'-ccacattcactcggtcttctt-3'; Anln mRNA  forward 5'-acaatccaagga
caaacttgc-3’, reverse 5'-gcgttccaggaaaggctta-3'; Anol mRNA forward 5'-
accaaggccaagtacagcat-3', reverse 5’'-tgcagctgagtatacgccatt-3'; Anxa3 mRNA for-
ward 5'-aggctgatctttcaccttcg-3', reverse 5'-aagccgagatcacagcaatc-3'; Atpl0d
mRNA forward 5’-gaggtggtgaaattggttcg-3', reverse 5'-atcattggcaccgtcacc-3';
Cadm4 mRNA forward 5’-tgtgctgtcacagggaacc-3', reverse 5'-caggccaggtagegt
gag-3’, Camkld mRNA forward 5’-cctctacctggtcatgcaact-3', reverse 5'-
ctgtgtaaaaccccttcteca-3'; Cecna2 mRNA  forward  5'-cttggetgeaccaacagtaa-3,
reverse 5'-caaactcagttctcccaaaaaca-3'; Cendl mRNA forward 5'-gagattgtgcecatc-
catgc-3', reverse 5'-ctcctcttegeacttetget-3'; Cengl mRNA forward 5'-tggaca
gattcttgtctaaaatgaag-3', reverse 5'-cagtgggacattcctttecte-3’; CDI33 mRNA
forward 5'-gaaggagcccagcttagagg-3', reverse 5’-ggtcattcactcaaagtaccatcc-3';
Cdci4b mRNA forward 5'-acttcgggccectgaaaag-3', reverse 5'-tcagcacagct
aggggacat-3'; Krt13 (K13) mRNA forward 5'-agtcccagctgagcatgaa-3', reverse 5'-
gatgagcccctggatctgt-3'; Cdc5l mRNA forward 5'-aacgcagtggaggaccatt-3', reverse
5'-gtcectttgggeagttttg-3';  Cdkn2a  mRNA  forward — 5'-gggttttcttggtga
agttcg-3', reverse 5'-ttgcccatcatcatcacct-3'; Cep55 mRNA forward 5'-tttcgget
cctttgaacttg-3', reverse 5'-tctggaactcactacgtaacttgg-3'; Cldn4 mRNA forward 5'-
gagggctggggacctaga-3’, reverse 5'-gcaagacagtgcggaaaag-3'; Crabp2 mRNA for-
ward 5'-ttgaggaaatgctaaaagctctg-3’, reverse 5'-tcctgtttgatctcgactget-3'; Cyp4f39
mRNA forward 5'-aaagaagaaagccaagagaattga-3’, reverse 5'-tgcaacaggtagtcggtg
ag-3'; Ddit4] mRNA forward 5'-ctggtggtctccccacac-3', reverse 5'-tcattgcagt
aagaggcacact-3'; Dmrta2 mRNA forward 5'-agtctttggctcggtttge-3', reverse 5'-
ttctgeaatttggectetg-3'; Ecml mRNA forward 5'-tccagageagecttgatctt-3', reverse
5'-atctctegetggtctgaage-3'; Eomes mRNA forward 5'-accggcaccaaactgaga-3’,
reverse 5’-aagctcaagaaaggaaacatge-3'; Ephx3 mRNA forward 5'-tcccatgtcagtgatce
aag-3’', reverse 5'-tggaagtcagacatagacaacagc-3'; Esml mRNA forward 5'-cagtatgc
agcagccaaatc-3', reverse 5'-gatgctgagtcacgetetgt-3'; Exoc4 mRNA forward 5'-
tgaccaacatcaccatgtca-3’, reverse 5'-gctgtgttgtacagcatctcg-3'; Fads2 mRNA for-
ward 5'-attcgggagaagatgctacg-3', reverse 5'-aagaacttgcccacgaagtc-3'; Fami29a
mRNA forward 5'-tacggctcatgggaaatgac-3', reverse 5'-gctcctccatcaccagetta-3';
Farl mRNA forward 5'-cactgtgcggctactgtaaga-3', reverse 5'-agctgtcgtgtagctatc
acattt-3'; Gpx2 mRNA forward 5'-gttctcggetteecttge-3', reverse 5'-ttcaggatcte
ctegttetga-3'; Grhl3 mRNA forward 5'-aaggaagatgtcgaatgaacttg-3’, reverse 5'-
tegtectcattactgtagggaaa-3';  Gstal mRNA  forward 5'-cttctgaccecttteectet-3',
reverse 5'-gctgccaggetgtaggaac-3'; Gsta2 mRNA forward 5'-cagagtccggaag
atttgga-3', reverse 5'-agaatggctctggtctgeac-3'; Hmga2 mRNA forward 5'-aaggc
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agcaaaaacaagagc-3', reverse 5'-ccgtttttctccaatggtct-3'; Igf2bp2 mRNA forward
5'-gggaaaatcatggaagttgacta-3', reverse 5'-cgggatgttccgaatctg-3'; Kennd mRNA
forward 5'-tctgcacgctgagatgttgt-3', reverse 5'-accaggagcaggtacagcac-3'; Krtl8
mRNA forward 5'-agatgacaccaacatcacaagg-3’, reverse 5'-tccagaccttggacttcctc-3';
Krt42 mRNA forward 5'-tgcagatcgagagcctga-3', reverse 5’ -acgaagggcattcatttcc-3';
Lrrfipl mRNA forward 5'-gtttgccgaagtgaaagagg-3', reverse 5’'-aatttaggatt
attccatgtttctcg-3'; Neto2 mRNA forward 5'-tccaccaaacaaggagtgtatct-3', reverse
5'-agcgttcatcaaaggtcage-3'; Nrp2 mRNA forward 5'-atggctggacacccaattt-3',
reverse 5'-atggttaggaagcgcaggt-3'; Phlda2 mRNA forward 5'-tcagcgctctgagtctg
aaa-3’, reverse 5'-tgggctectgtctgatge-3'; Prkg2 mRNA forward 5'-tttggcaaaagge
aaggt-3', reverse 5'-tcaactgtggctgatcatgg-3'; Ptgrl mRNA forward 5'-gactgagctce
cacccttaaa-3', reverse 5'-gtaaggatccacagagaggaaca-3'; Ptprzl mRNA 5'-ggcact
caggagtatccaaca-3', reverse 5'-gaccaatacgagactcatggcta-3'; Rapgef3 mRNA for-
ward 5’-ggtcaattctgecggtgat-3', reverse 5'-gttgagccccagggatgt-3'; Sox2 mRNA
forward 5'-tccaaaaactaatcacaacaatcg-3’, reverse 5'-gaagtgcaattgggatgaaaa-3';
Sppl mRNA forward 5'-ggaggaaaccagccaagg-3', reverse 5'-tgccagaatcagtc
actttcac-3'; Krt14 mRNA forward 5'-atcgaggacctgaagagcaa-3', reverse 5'-tcgatctg
caggaggacatt-3'; CD45 mRNA forward 5'-aatggctcttcagagaccacata-3', reverse
5'-agtcaggctgtggggaca-3'; CD31 mRNA forward 5'-cggtgttcagcgagatcc-3', reverse
5'-cgacaggatggaaatcacaa-3'; pdgfra mRNA forward 5'-gtcgttgacctgcagtgga-3’',
reverse 5'-ccagcatggtgatacctttgt-3; CDI11b mRNA forward 5'-aaggatgctggg
gaggtc-3', reverse 5'-gtcataagtgacagtgctctgga-3'; vim mRNA forward 5'-cca
accttttcttcectgaa-3', reverse 5'-tgagtgggtgtcaaccagag-3'; tek (tie2) mRNA forward
5'-cataggaggaaacctgttcacc-3', reverse 5'-cccacttctgagcttcacate-3'.

Culture of tumour epithelial cells. 3T3 feeder cells were y-irradiated and plated
on 12-well plates. The next day, sorted CD34 " and CD34 ™ epithelial tumour cells
were plated on wells pre-cultured with 3T3 feeders cells in keratinocyte medium
(MEM medium supplemented with 15% FBS, 0.4 pugml™" hydrocortisone,
5ugml™" insulin, 10ngml™" EGF, 2 X 10~° M T3, 1% penicillin/streptomycin,
2 mM L-glutamine). Twenty-four hours later, the cells were left untreated (control)
or treated with VEGF (50 ng ml ™!, R&D), anti-VEGF-A (20 ng ml !, R&D) or
anti-Nrpl blocking antibodies (10 pgml ™', Genentech). We used two distinct
Nrpl-blocking antibodies: anti-Nrpla, which blocks binding of semaphorins, and
anti-Nrplb, which blocks binding of VEGF-A. The medium was changed every
other day for at least 1 week. At the end of the treatment, the feeders were blasted
using PBS + EDTA (1 mM). The keratinocytes were trypsinized and counted. For
induction of differentiation, untreated CD34 ™ clones were cultured overnight in
keratinocyte medium supplemented with only 2% of serum after blasting of the
feeder cells. The next day, the cells were cultured in 2% serum medium for 48 h
with 1.7mM Ca®" to induce differentiation or kept in a low Ca®>" medium
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(0.07mM). The keratinocytes were then trypsinized and RNA extraction was
performed as described above.

ELISA for VEGF-A. Control and K14CreER:Rosa26-VEGF-164 mice were killed
1 week after tamoxifen injection (15mg per week) and tumours were excised
and weighted before being dissociated mechanically at 4 °C in PBS supplemented
with a cocktail of protease inhibitors (Roche Diagnostics). Tumour lysates were
centrifuged at 13,000 r.p.m.min"" for 5 min and VEGF-A concentration was
assessed in the supernatant by ELISA (R&D Systems) following the manufac-
turer’s recommendations.

Secondary tumour assays. CD34" TECs were isolated by FACS from control,
K14CreER:Rosa26-VEGF-164 and K14CreER: VEGP™" mice 1 week after tamoxifen
injection (15 mg per week). Cells were harvested in 4 °C medium supplemented
with 20% serum and 1% penicillin/streptomycin. Cells were then washed in PBS
complemented with 1% penicillin/streptomycin and re-suspended in matrigel
(Sigma). 1,000 CD34 " TECs re-suspended in 50 pl of matrigel were injected sub-
cutaneously to Nude mice (Charles River). Three injections per mouse were per-
formed. Secondary tumours were detected by palpation and mice were killed
3 weeks after grafting when tumours reached 50 mm? to perform immunostainings.
Symmetry of cell division. To determine the plane of cell division, we performed
co-immunostaining for B4 integrin, which marks the basal lamina, and NuMA
(Novus), which marks the pair of centrosomes at the opposite side of cells in late
prophase/metaphase. Measurement of the angle formed by the basal lamina and
the centrosomes allows us to determine whether mitoses are symmetric (0-40°) or
asymmetric (50-90°). Angles between 40° and 50° have been counted and clas-
sified as ‘undetermined’ to limit false-positive results.

Statistics. Data represent mean * s.e.m. Statistical significance was calculated by
Student’s t-test, ANOVA or Fisher’s exact test where indicated (Origin 7.0), con-
sidering P < 0.05 as statistically significant.
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