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by high mobility group box 1 (HMGB1) to regenerate
injured epithelia

Katsuto Tamai*", Takehiko Yamazaki®, Takenao Chino?, Masaru Ishii®, Satoru Otsuru®, Yasushi Kikuchi®, Shin linuma?,
Kotaro Saga®, Keisuke Nimura®, Takashi Shimbo?, Noriko Umegaki¢, Ichiro Katayama®, Jun-ichi Miyazaki, Junji Takeda®,

! 7 e R

John A. McGrath', Jouni Uitto%, and Yasufumi Kaneda®'

“Division of Gene Therapy Science, and Departments of ‘Dermatology, “Nutrition and Physiological Chemistry, and ®Environmental Medicine, Osaka
University Graduate School of Medicine, Osaka 565-0871, Japan; PLaboratory of Biological Imaging, WPI-immunology Frontier Research Center, Osaka
University, Osaka 565-0871, Japan; 'St. John's Institute of Dermatology, King's College London, Guy’s Hospital, London SE1 9RT, United Kingdom; and
9Department of Dermatology and Cutaneous Biology, Jefferson Medical College, Philadelphia, PA 19107

Edited by Darwin J. Prockop, Texas A&M Health Science Center, Temple, TX, and approved March 18, 2011 (received for review November 10, 2010)

The role of bone marrow cells in repairing ectodermal tissue, such
as skin epidermis, is not clear. To explore this process further, this
study examined a particular form of cutaneous repair, skin graft-
ing. Grafting of full thickness wild-type mouse skin onto mice that
had received a green fluorescent protein-bone marrow transplant
after whole body irradiation led to an abundance of bone marrow-
derived epithelial cells in follicular and interfollicular epidermis
that persisted for at least 5 mo. The source of the epithelial pro-
genitors was the nonhematopoietic, platelet-derived growth fac-
tor receptor a-positive (Lin"/PDGFRa*) bone marrow cell population.
Skin grafts release high mobility group box 1 (HMGB1) in vitro and
in vivo, which can mobilize the Lin"/PDGFRa* cells from bone mar-
row to target the engrafted skin. These data provide unique in-
sight into how skin grafts facilitate tissue repair and identify
strategies germane to regenerative medicine for skin and, per-
haps, other ectodermal defects or diseases.

epidermolysis bullosa | skin injury | stem cells | keratinocyte | tissue
regeneration

Bone marrow (BM) cells contribute a substantial proportion of
cells, both inflammatory and noninflammatory, that have
roles in tissue homeostasis, repair, and regeneration. Such cells
may be derived from either hematopoietic or mesenchymal stem
cell populations, and subpopulations thereof can differentiate
into both hematopoietic and mesenchymal lineage cells (for re-
view, see refs. 1 and 2).

In skin, studies have shown that BM provides fibroblast-like
cells in the dermis (of hematopoietic and mesenchymal lineages)
and that the number of these cells increases after skin wounding
(3,4). BM can also generate epithelial cells, i.e., keratinocytes, in
the epithelia, although the precise derivations and mechanisms
to raise BM-derived keratinocytes are not fully known (3, 5-16).
Human/mouse studies involving transplantation of sex-mismatched
or genetically tagged BM cells have shown that keratin-positive
bone marrow-derived cells can be found in skin epidermis, hair
follicles, and sebaceous glands (6, 8, 9, 11, 12, 14, 16), sites that
harbor skin stem cell niches (17). Moreover, in humans who have
undergone BM transplantation (BMT), donor cells that have
differentiated into keratinocytes can be detected in the epider-
mis for at least 3 y (8).

BM cells also contribute to skin development: Infusion of
green fluorescent protein (GFP) BM cells in utero in mice leads
to accumulation of a subpopulation of GFP-positive cells in
nonwounded skin dermis, particularly in association with de-
veloping hair follicles (18). With regard to skin injury, both
embryonic and postnatal transplantation of BM cells into mice
lacking the skin protein, type VII collagen (Col 7) as well as
postnatal studies in mice lacking type XVII collagen, basement
membrane components that normally help secure adhesion be-
tween the epidermal and dermal skin layers, have demonstrated
the capacity of BM to promote skin wound healing and to correct

www.pnas.org/cgi/doi/10.1073/pnas. 1016753108

the intrinsic basement membrane defect (18-20). Most recently,
a clinical trial of allogeneic whole BMT in humans lacking Col 7
(who have the inherited blistering skin disorder, recessive dys-
trophic epidermolysis bullosa, RDEB; OMIM?226600) (21) has
demonstrated that BM cells can repair fragile skin and restore
Col 7 expression in skin basement membrane (22).

Collectively, however, these animal and human studies have
shown that BM-derived keratinocytes are an extremely rare
finding in the epidermis. Indeed, analyses in two different murine
models have shown that BM-derived keratinocytes comprise only
~0.0001-0.0003% of all keratinocytes in the new epidermis (13).
The relative scarcity of such cells therefore raises questions
about their biological significance. For example, it is not known
whether these cells have a physiological role in epithelial re-
generation and, if they do, under what circumstances? Moreover,
it is not clear which particular cells in BM contribute to the
epithelial repair. Furthermore, there is little awareness of the
mechanisni(s) through which the damaged epithelium signals to
invoke mobilization and recruitment of the key BM cells. In this
study, we have begun to address these questions, and here report
identification of a specific subset of BM cells with epithelial
differentiation potential as well as a unique in vivo mechanism
through which these cells contribute to epithelial regeneration
and maintenance.

Results

We first examined the contribution of BM-derived cells to epi-
thelial regeneration in murine skin wounds. The wounds were
created by using a scalpel and involved excision of a piece of full-
thickness skin (i.e., including epidermis and dermis) thus creat-
ing an ulcer. The mice selected for wounding had received lethal
dose irradiation followed by GFP-BMT, thereby allowing us to
evaluate the contribution of GFP-BM cells to skin regeneration
after injury (Fig. 14). At 4 wk after the injury, GFP-positive
keratinocytes were not obvious (Fig. 1B), indicating a minimal, if
any, contribution of BM cells to epithelial regeneration, findings
comsistent with previous data (13). We then used the same
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Fig. 1. BM-derived cells contribute to epidermal and follicular renewal in
skin grafts, but not in skin wounds. (A) Schematic outlining details of the
skin wound mode! on GFP-BMT mice. (B) Confocal-laser microscopy of skin
sections from the reepithelialized wounds. Green fluorescence in the dermis
represents BM-derived cells. Note that there is no GFP fluorescence within
the regenerated epithelia. (C) Schematic outlining details of the skin en-
graftment of GFP-BMT mice. (D) Confocal-laser microscopy of skin sections
from the 4-wk skin graft. Green fluorescence in the epidermis and the dermis
represent BM-derived cells. Arrows indicate EPU-like structures that are
composed of BM-derived epithelial cells emanating from the basal layer
(white arrows) within the epidermis to the horny layer (red arrowheads). ()
Confocal-laser microscopy pictures of skin sections from the 5-mo skin graft.
Green fluorescence in the epidermis, the hair follicles, and the dermis rep-
resent BM-derived cells. Arrows in Upper indicate sustained BM-derived epi-
thelial cells emanating from the basal layer (white arrows) to the horny layer
(red arrows). White arrows in Lower indicate sustained BM-derived follicular
cells. Note that hair shafts show nonspecific auto-fluorescence (asterisks).
White dotted lines indicate the dermal-epidermal and dermal-follicular
junctions. (Scale bars: 50 pm.)

mouse model to examine a different form of skin repair, skin
grafting, to further explore the potential contribution of BM cells
(Fig. 1C). Surprisingly, we noted that significant numbers of
GFP-positive cells expressing skin-specific keratin 5 formed
epidermal proliferative unit (EPU)-like clusters in the epidermis

6610 | www.pnas.org/cgi/doi/10.1073/pnas. 1016753108

of the skin graft in biopsies taken 4 wk after the engraftment
(Fig. 1D and Fig. 514). Furthermore, the BM-derived GFP-
positive keratinocytes were maintained in the epidermis and hair
follicles 5 mo after the engraftment (Fig. 1F and Fig. S1B).
Given that mouse epidermis is renewed every 2-3 wk by epi-
thelial stem cell-derived keratinocytes, those long-residing GFP
BM-derived epithelial cells in the 5-mo-old graft are likely to
contain epithelial progenitor/stem cells.

To assess whether the BM-derived epidermal cells might have
functional significance, we then searched for BM-derived cells in
the skin of Col 7-null mice engrafted onto the GFP-BMT mice
(Fig. 24). Because these mice have complete detachment of the
epidermis after birth due to extensive skin and mucous mem-
brane fragility (Fig. 24) (23), we anticipated a potentially greater
contribution of BM-derived cells in the regenerating epithelia of
the engrafted Col 7-null mouse skin. The engrafted Col 7-null
mouse skin initially showed extensive subepidermal detachment,
similar to the skin pathology seen in human patients with RDEB
(21). At 4 wk after the engraftment, we noted an even greater
contribution of GFP-positive cells expressing keratinocyte-
specific keratins in the regenerating epidermis and hair follicles
of the engrafted Col 7-null mouse skin (Fig. 2 B-D and Fig, S2).
Moreover, new Col 7 protein was present at the cutaneous
basement membrane zone in the engrafted Col 7-null mouse skin
(Fig. 2E). Notably, Col 7 labeling was maximal in the basement
membrane adjacent to GFP-BM-derived epithelial cells. Bvi-
dence for BM-derived epithelial cells was further confirmed by
demonstration of GFP-positive individual keratinocytes from the
grafted skin by means of both flow cytometric analysis and cell
culture (Fig. 2 F and G).

Collectively, these data showed that a subpopulation of BM
cells contribute to epithelial regeneration and maintenance in
these murine skin graft models. Analyses of sex chromatin num-
bers and fusion-dependent enhanced GFP expression in BM-
derived epithelial cells in the grafted skin did not show any evi-
dence for cell fusion, suggesting differentiation of the BM-derived
cells as the likely mechanism for raising BM-derived keratinocytes
in the skin graft (Figs. S3 and $4). Reverse wild-type BMT in
a GFP mouse, followed by engrafting Col 7-null mouse skin onto
the back of this mouse, excluded other possible extrinsic sources of
keratinocytes in the skin graft besides the BM (Fig. S5).

We then investigated the subpopulation of BM cells that has
the potential for epithelial differentiation. Recent studies have
shown that the PDGFRa-positive nonhematopoietic BM cell
population contains ectoderm-derived mesenchymal stem cells
(MSCs) (24-26), indicating that perhaps PDGFRa " BM cells might
be a putative source of BM-derived keratinocytes in the skin graft.
To test this hypothesis, we examined BM from a heterozygous
knock-in mouse in which a histone H2B-GFP fusion gene was
inserted into the locus of the PDGFRu gene (PDGFRa-H2BGFP
mouse); this knock-in results in accumulation of GFP fluores-
cence within the nuclei of PDGFRa-expressing cells. We found
that the PDGFRo* BM cells were exclusively enriched in the
Lineage-negative (Lin™) cell population from the knock-in mouse
BM (Fig. S6) and that the Lin~ population provided proliferating
PDGFRa™ fibroblastic cells in culture (Fig. 34). Lin~ indicates
negativity for the cell surface antigens CD35, B220, CD11b, Gr-1,
74, and Ter-119 and excludes mature hematopoietic cells, such
as T cells, B cells, monocytes/macrophages, granulocytes, and
erythrocytes/their committed precursors from BM. Flow cyto-
metric analysis indicated that the Lin~ and PDGFRa™ (Lin™/
PDGFRa™) cells were independent from the Lin7/c-kit™ cell
population, which includes a hematopoietic stem cell pool (Lin™/
c-kit*/Sca-1") in BM (Fig. 3B and Fig. S7). We found that Lin~
cell populations collectively accounted for ~5.6% of the total
number of BM cells (Fig. 3B). The Lin"/PDGFRa /c-kit* and
Lin™/PDGFRa™/c-kit™ BM cells comprised ~2.28% and ~3.11%
of total BM cells, respectively. We observed that the Lin™/
PDGFRa™ BM cells (=0.22% of the total BM cells) could ex-
clusively generate BM-derived epithelial cells expressing keratin
5 in culture after supplementation with skin soaked buffer (SSB),

Tamai et al.
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Fig. 2. BM cells substantially contribute to the repair of grafted Col 7-null
epidermis. (A) Schematic picture of the Col 7-null skin engraftment on GFP-
BMT mice (Left); hematoxylin-eosin staining of Col 7-null mouse skin (Left
Center). Asterisks indicate separation of the epidermis (E) from the dermis
(D); Col 7 immunostaining in the Col 7-null skin (Right Center). (Right)
Arrows indicate dermal-epidermal junction, Col 7 staining of wild-type
mouse skin. Green color indicates Col 7 staining. (B) Accumulation of GFP
fluorescence (Lower) within the region of the Col 7-null skin graft (Upper).
The white dotted line indicates the margins of the skin graft. (C and D)
Confocal-laser microscopy pictures of sections from the Col 7-null mouse skin
that had been surgically grafted. Blue color indicates DAPI staining. Green
fluorescence in the epidermis and the dermis represents BM-derived cells.
Red labeling indicates keratin 5 (K5; C) or keratin 10 (K10; D) immunofiuo-
rescence. Yellow color image represents BM-derived cells that express both
GFP (green) and K5 (red; C) or K10 (red; D). (E) Col 7 expression in grafted
Col 7-null mouse skin. White dotted lines indicate dermal-epidermal and
dermal-follicular junctions. White arrows indicate immunofluorescence for
Col 7 (red) at the basement membrane zone. (Scale bars: 50 um.) (F) Flow
cytometric analysis for K5 and GFP in the epidermal cell suspension of Col 7-
null skin engrafted onto a GFP-BMT mouse (Upper Left), wild-type mouse
skin (Lower Left), and the GFP-transgenic mouse skin (Lower Right). Upper
Right shows isotype controf for K5 in the epidermis of the grafted Col 7-null
skin. (G) Confocal-laser micrographs of cultured BM-derived epithelial cells
isolated from the epidermis of the Col 7-null skin graft labeled with GFP or K5.

in which excised newborn mouse skin had been soaked in phos-
phate buffer saline (PBS) for 24 h (Fig. 3C and Fig. S8). The
Lin"/PDGFRa” cell population also contained adherent and
proliferative cells in culture, but none of these cells showed
differentiation into keratin S—positive keratinocytes with SSB
supplementation (Fig. SR). These data suggest that the BM-
derived keratinocytes are not of hematopoietic origin, but instead
are derived from a specific subpopulation of Lm”/PDGFRo: BM
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Fig. 3. Characterization of BM cells of the PDGFRa knock-in mouse dem-
onstrates that PDGFR«* subpopulation give rise to epithelial progenitors. (A)
Phase-contrast (Left) and GFP-fluorescent (Right) micrographs of the Lin™ BM
cells in culture. All adherent and proliferating Lin™ cells were positive with
PDGFRa-GFP labeling in their nuclei. (8) Flow cytometry analysis for PDGFRa-
GFP and c-kit expression on the Lin~ cells in total BM cells of the PDGFR«
knock-in mice. The number (%) in the chart represents the population of
each fraction in the total number of BM cells. Note that there is no pop-
ulation in the PDGFRa-positive and c-kit-positive fraction (upper right cor-
ner) in BM. (C) Confocal-laser micrographs of cultured bone marrow cells
(BMCs) from a heterozygous knock-in mouse with a histone H2B-GFP fusion
gene inserted into the PDGFRa gene locus. PDGFRa promoter-dependent
H2B-GFP expression was noted by accumulation of GFP fluorescence in the
nuclei (PDGFRa/H2B-GFP, indicated by white arrows; Upper Right) of cells
expressing K5 (Lower Left).

cells. In this context, additional flow cytometry analysis of the
Lin"/PDGFRo* BM cells did not show expression of CD146 or
CD271 (Fig. $9), both of which are established markers of human
BM MSCs (27), indicating different cell surface molecule profiles
for human BM MSCs and mouse Lin /PDGFRa™* BM cells.

We then investigated the mechanism through which the
transplanted skin graft is able to recruit LinT/PDGFRa™* cells
from the BM. Flrsl we established a Boyden chamber migration
assay to demonstrate that Lin”/PDGFRa™ BM cells migrate
toward one or more chemoattractants in SSB (Fig. 44). We then
assessed which molecules in the SSB have the capacity to induce
migration of Lin”/PDGFRa™ BM cells. We noted that a heparin-
binding fraction of SSB was able to induce robust migration of
the Lin"/PDGFRa™ BM cells (Fig. 4B). This finding supports the
notion that the excised skin graft can release hepann binding
molecules capable of attracting these particular BM cells. To find
the precise molecules involved, we fractionated SSB by heparin-
affinity chromatography and obtained several fractions with
strong activity for inducing Lin"/PDGFRa* BM cell migration
(Fig. S10). Some fractions had strong cell-migrating activity but
comparatively less protein expression: These [ractions were then
subjected to SDS/PAGE analysis (Fig. 4C). Three prominent
silver-stained proteins were observed in the gel, which were then
further analyzed by liquid chromatography/tandem mass spec-
trometry. They were identified as nucleolin, anti-thrombin III
(AT-II), and high mobility group box 1 (HMGB1) (Fig. 4C).
Nucleolin is a eukaryotic nucleolar phosphoprotein that is in-
volved in the synthesis and maturation of ribosomes in nucleoli
(28). AT-III is a well-characterized anticoagulant molecule gen-
erated in the liver, and which exists in blood plasma (29).
HMGBI, also known as amphoterin, is a nuclear protein that can
regulate chromatin structure and gene expression (30). It is also
released from necrotic cells and some apoptotic cells and acts
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