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Abstract
We have recently shown that the neural-stem cell marker
nestin is expressed in hair follicle stem cells and the blood
vessel network interconnecting hair follicles in the skin of
transgenic mice with nestin regulatory element–driven green
fluorescent protein (ND-GFP). The hair follicles were shown to
give rise to the nestin-expressing blood vessels in the skin. In
the present study, we visualized tumor angiogenesis by dual-
color fluorescence imaging in ND-GFP transgenic mice after
transplantation of the murine melanoma cell line B16F10
expressing red fluorescent protein. ND-GFP was highly
expressed in proliferating endothelial cells and nascent blood
vessels in the growing tumor. Results of immunohistochemical
staining showed that the blood vessel–specific antigen CD31
was expressed in ND-GFP–expressing nascent blood vessels.
ND-GFP expression was diminished in the vessels with
increased blood flow. Progressive angiogenesis during tumor
growth was readily visualized during tumor growth by GFP
expression. Doxorubicin inhibited the nascent tumor angio-
genesis as well as tumor growth in the ND-GFP mice
transplanted with B16F10-RFP. This model is useful for direct
visualization of tumor angiogenesis and evaluation of angio-
genic inhibitors. (Cancer Res 2005; 65(6): 2337-43)

Introduction
We report here a new model of tumor angiogenesis where we

show that new blood vessels vascularizing a melanoma trans-
planted to the skin are derived from hair follicles in nestin-driven
green fluorescent protein (ND-GFP) transgenic mice.

Recently Taylor et al. (1) reported that hair follicle bulge stem
cells are potentially bipotent because they can give rise to not only
cells of the hair follicle but also to epidermal cells. Other
experiments (2) also have provided new evidence that the upper
outer-root sheath of vibrissal (whisker) follicles of adult mice
contains multipotent stem cells, which can differentiate into hair
follicle matrix cells, sebaceous gland basal cells, and epidermis.

Fuchs et al. (3) engineered transgenic mice to express histone
H2B linked to GFP which is controlled by a tetracycline-
responsive regulatory element as well as by a keratin-5
promoter. During anagen, newly formed GFP-positive popula-
tions, derived from the bulge stem cells, formed the outer-root
sheath, hair-matrix cells, hair, and inner-root sheath. Also, in
response to wounding, some GFP-labeled stem cells exited the

bulge, migrated, and proliferated to repopulate the infundibulum
and epidermis (3). Morris et al. (4) used the keratin-15 promoter
to drive GFP in the hair-follicle bulge cells. They showed that
bulge cells in adult mice generate all epithelial cell types within
the intact follicle and hair during normal hair follicle cycling.
After isolation, adult keratin-15-GFP-positive cells could recon-
stitute the cutaneous epithelium.

We previously reported that nestin, a marker for neural progenitor
cells, is also selectively expressed in hair follicle stem cells (5). Follicle
bulge cells, labeled with GFP driven by regulatory elements of the
nestin gene (ND-GFP), behave as stem cells, differentiating to form
much of the hair follicle each hair growth cycle.

We recently reported that many of the newly-formed nestin-
expressing vessels in the skin originate from hair-follicle cells
during the anagen phase. These are labeled in transgenic mice by
ND-GFP. The ND-GFP vessels emerging from follicles vascularize
the dermis. Their follicular origin is most evident when
transplanting ND-GFP-labeled follicles to unlabeled nude mice.
After transplantation of the ND-GFP hair follicles, fluorescent
new blood vessels originate only from the labeled follicles. The
vessels from the transplanted ND-GFP follicles responded to
presumptive angiogenic signals from healing wounds. The ability
to form new blood vessels must be added to the pluripotency of
hair follicle stem cells (6).

In the present study, we found that nestin is a marker for
proliferating endothelial cells in the nascent blood vessels
vascularizing the B16F10 melanoma expressing red fluorescent
protein (RFP) transplanted in the skin of ND-GFP mice.

Materials and Methods

ND-GFP Transgenic Mice.Transgenic mice carrying GFP under the
control of the nestin second-intron enhancer (ND-GFP mice) were from
Dr. G. Enikolopov (Cold Spring Harbor Laboratory, Cold Spring Harbor, NY;
refs. 5, 6).

Visualization of Nestin Expression in Anagen Mouse Skin. Six- to
8-week-old mice with almost exclusively telogen (resting) hair follicles,
were anesthetized with tribromoethanol (i.p. injection of 0.2 mL per 10 g of
body weight of a 1.2% solution). The mice were depilated with a hot
mixture of rosin and beeswax to induce anagen. Samples were excised
from dorsal skin under anesthesia before depilation and at 48 and 72 hours
after depilation, when the hair follicles were in early anagen. The skin
samples were divided into three parts, one for fluorescence microscopy
and the others to make frozen sections or air-dried fragments. The samples
for frozen sections were embedded in tissue-freezing embedding medium
(DAKO, Carpinteria, CA) and frozen at� 80j C overnight. Frozen sections
5-Am thick were cut with a CM1850 cryostat (Leica, Deerfield, IL) and were
air-dried.

RFP Vector Production. The RFP (DsRed-2) gene (BD Biosciences
Clontech, Palo Alto, CA) was inserted in the retroviral-based mammalian
expression vector pLNCX (BD Biosciences Clontech) to form the pLNCX
DsRed-2 vector (7). Production of retrovirus resulted from transfection of
pLNCX DsRed-2 into PT67 packaging cells, which produce retroviral
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supernatants containing theDSRed-2gene. Briefly, PT67 cells were grown as
monolayers in DMEM supplemented with 10% FCS (Gemini Biological
Products, Calabasas, CA). Exponentially growing cells (in 10-cm dishes)
were transfected with 10Ag expression vector using a LipofectAMINE Plus
(Life Technologies, Grand Island, NY) protocol. Transfected cells were
replated 48 hours after transfection and 100Ag mL� 1 G418 was added 7 hours
after transfection. Two days later, the medium was changed to 200Ag mL� 1

G418. After 25 days of drug selection, surviving colonies were visualized under
fluorescence microscopy and RFP-positive colonies were isolated. Several
clones were selected and expanded into cell lines after virus titering on the
3T3 cell line.

RFP Gene Transduction of Tumor Cell Lines. For RFP gene
transduction, 70% confluent rodent B16F10 melanoma cells were
incubated with a 1:1 precipitated mixture of retroviral supernatants of

Figure 1. Hair-follicle origin of tumor
angiogenic blood vessels. B16F10-RFP
cells were transplanted s.c. in the ND-GFP
mice. Fresh biopsied tissue was observed
under fluorescence microscopy. ND-GFP
vessels (yellow arrows ) are visualized
originating from the hair follicle bulge area
and vascularizing the B16-F10-RFP tumor
(white arrows ). Nestin-GFP–expressing
hair follicle bulge area contains the
hair-follicle stem cells (blue arrows ).

Figure 2. Early angiogenesis of tumor. A, day 1 after implantation of B16F10-RFP cells. ND-GFP vessels are visualized at the periphery of the tumor (white arrows ).
B, day 2 after implantation of tumor cells, ND-GFP blood vessels (white arrows ) are visualized in the tumor. Bars , 100 Am.
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