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Summary

1.

Keywords

Wounds in fetal skin heal without scar, however the mechanism is unknown. We have
identified a novel group of protein and nucleotides-positive particles in fetal and adult mouse
blood and in human blood, and termed them “Dot cells”. Freshly isolated Dot cells
regenerate wounds with less scarring and can be cultured without feeder layers.

Because the morphology of Dot cells has never been described, in this study we describe
the specific characterizations of Dot cells, including their growth pattern in vitro, and their
expressions of stem cell markers using FACS analyses and immunofluorescent histology.
Our data indicates that cultured Dot cells express stem cell surface markers and embryonic
stem cell transcription markers, such as Oct4, Nanog and Sox-2. In addition, Dot cells
express VASA, the germ plasm specific marker.

To confirm if Dot cells maintain their wound regenerative activity after in vitro expansion,
in vitro cultured Dot cells were transplanted to wounded mice. Dot cells from albino mice
maintain their wound regenerative activities after intravenous transplantation to black-
background diabetic mice. Also, Dot cells regenerate both the epithelial and dermal cells
in the wounds of wild-type mice. The regenerated hair follicles, smooth muscle, and dermal
tissues express transiently to VASA.

Our data demonstrate that Dot cells are newly identified organisms located in the blood and
bone marrow of mammals. They express germ cell, embryonic stem cell and adult stem cell
markers. Dot cells maintain their regenerative function after in vitro expansion.

Stem cells; wound healing; VASA, tissue regeneration; germ plasm-like Dot cells

Introduction

The primordial germ cells (PGCs) are derived from germ plasm, the cytoplasmic substances

of the oocytes, in lower species (1-3). Germ plasm is morphologically distinct from the somatic
cytoplasm. The components of germ plasm is composed of aggregates of mitochondrial
derivatives and electron dense bodies or “nuage”, which are crucial for PGC formation (4-7).
It is now known that the electron dense granules in germ plasm are enriched in RNAs that are
stored in a translationally repressed state until needed for PGC development (8). Although
germ plasm is not the original source for PGCs in mammals, it could be very important for
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developing a fetus because the crucial materials needed for cloning a sheep are the germ plasm
of an oocyte and the nucleus of a somatic cell.

Bone marrow (BM) and blood are the important postnatal stem cell reservoirs for tissue
regeneration (9,10). Unfractionated BM stem cells can regenerate muscle, neurons,
hepatocytes, smooth muscle cells and other tissues (11-14). The successful bone marrow
transplantations suggest that the regenerative function of bone marrow is due to the presence
of the stem cells. Several types of bone marrow stem cells have been found: 1) hematopoietic
stem cells (HSCs) that express c-kit(+), lin(~) and scal(+), which differentiate into
hematopoietic tissues (15-17), and 2) mesenchymal stem cells (MSCs) that differentiate
towards osteogenic, adipogenic, myogenic, and chondrogenic lineages (18,19). Recently, a
group of very small embryonic like (VSEL) cells was identified (20,21). VSEL cells are about
3-5 um, with large nuclei and little cytoplasmic components; however, VSEL cells do not
grow in the absence of feeder layer cells. On the feeder layer cells, these VSEL cells
differentiate to mesenchymal-like cells within the first two or three days after culture. In
addition, a group of newly isolated monkey embryonic stem cells expressing VASA, a germ
plasm marker, has been reported (22).

Until now, scientists have had difficulties in maintaining the morphology and surface marker
expression of BM stem cells during their in vitro expansion. Isolated BM stem cells can only
been driven down to separate mesenchymal cellular lineages, but not to ectoderm- or
endoderm-derived lineages, by applying various chemicals and growth factors in vitro. In
culturing, BM stem cells change to mesenchymal-like cellular morphology, which do not
maintain the multi-lineage regenerative function after transplantation in vivo. Due to the
unsuccessful in vitro expansion of BM stem cells, only freshly isolated bone marrow cells are
used for transplantation (23). In addition, the mechanism of stem cell self-renewal is another
unknown question. The self-renewal of BM stem cells has only been detected in vivo after
freshly isolated BM cell transplantation (23). Although attempts to prospectively isolate BM
stem cells have been made for years, the results are still unclear and controversial (24,25).

We isolated a group of E-cadherin-positive small dot-shaped particles from mouse blood, BM,
and from human blood. Initially, we thought that these particles were small eukaryotic cells
and therefore named them “Dot cells”(26). The ratio of Dot cells in fetal mouse blood is more
than twenty times higher than in the adult blood. Freshly isolated Dot cells regenerate skin
wounds and reduce scar formation in postnatal mice after transplantation via tail vein. Freshly
isolated Dot cells strongly express E-cadherin, integrin f1/CD29, CXCR4, CD34, CD13 (low)
and Scal (low) (26).

Here we provide new evidence that Dot cells have a unique rapid self-renewal pattern in culture.
They form colonies and spheroids, similar to that described for embryonic stem cells. Dot cells
also express embryonic stem cell transcription markers, such as Oct4, nanog and Sox-2. In
addition, Dot cells express germ plasm marker VASA. In vitro expanded Dot cells maintain
their wound regenerative activity and do not induce host rejection after transplantation to
different strains in mice. These data also provide evidence that Dot cells may have therapeutic
regenerative potential.

Experimental Procedures

Animals and materials

Four-week-old male, 8 to 10 week old female Balb/C mice and diabetic (B6.Cg-m +/+ Leprdb/
J, Jackson lab) mice were bred or maintained in the Stanford Animal Care Laboratory. Mice

received food and water ad libitum. All procedures with animals were conducted in accordance
with Stanford University Administrative Panel on laboratory Animal Care (APLAC)-approved
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protocols according to NIH guidelines. VASA, E-cadherin, integrin g1, Oct3/4, Nanog, Sox-2
and c-kit antibodies were from Santa Cruz biotechnology (Santa Cruz, CA). CD34 and CD90
antibodies were from Abcam. CD45, Sca-1 and c-kit antibodies were from BD Pharmingen
(San Diego, CA). Alexa Fluor goat anti-rabbit IgG was from Molecular Probes (Eugene, OR).
Anti-rabbit 1gG-conjugated magnetic beads and columns were from Miltenyi Biotech Inc.
(Auburn, CA). Other chemicals were from Sigma Chemical Co., (St. Louis, MI).

Dot cell isolation and in vitro expansion

Blood collected from 4-week old Balb/C or GFP transgenic mice through cardiac puncture was
diluted with PBS before passing through a cell strainer and followed by incubation in red blood
cell lysis buffer. Magnetic bead cell sorting was followed per manufacturer’s instructions.
Sorted E-cadherin positive cells were cultured on collagen coated plates in a-MEM containing
20% FBS and antibiotics in a 5% CO2 humid incubator at 37°C. After cell colonies reached
sub-confluence, cells were trypsinized and passaged to fresh collagen coated plates.

Wound creation and cell transplantation

For diabetic mouse wound healing, mice were evenly distributed into two groups according to
their body weights. Three mice were used in each group. One 1.5 cm x 1.5 cm open wound
was created on the dorsal skin of each diabetic mouse. Although the cutting surface was
measured as 1.5 cm x 1.5 cm, the wound surface was immediately stretched to about 5 cm?
due to the gravitation. The body weight of the mouse for the Dot cell treated and control groups
was evenly distributed. One and a half million cultured Dot cells from passage-2 were then
immediately transplanted through tail vein to each wounded diabetic mouse. The control group
received saline through tail-vein injection. Wound surface of each mouse was measured every
day or every other day until the wound was closed by the double-blind method. Animals were
sacrificed on 25-day post-wound when all wounds were healed. For wild-type mouse wound
healing studies, 8 to 10 week-old Balb/C mice were anesthetized. Two 0.6 cm diameter
excisional wounds were made with a biopsy punch on the dorsal skin. One million cultured
GFP-labeled Dot cells in 100 pl normal saline were then injected with 26-gauge needle through
the tail-vein of each wounded mouse.

Immunofluorescent staining

For fluorescent studies, cultured Dot cells were fixed, washed, blocked and then reacted with
different antibodies at dilutions ranging between 1:50 and 1:200 in blocking buffer over night
at 4°C. Cells were then washed and reacted with a fluorescent conjugated secondary antibody
for 1 hour. After washing, cells were counterstained with DAPI and photographed by confocal
microscopy (Leica DM IREZ2). For tissue studies, wounds were collected from 1-day to 7-day
post-wounding, fixed and then embedded in OCT for frozen section. Sections were blocked
and reacted with anti-VASA (1:100 dilution) overnight at 4°C. After washing, sections were
counterstained with DAPI and photographed by confocal microscopy (Leica DM IRE2) or
standard fluorescent microscopy (Axioplan 2 microscope, Zeiss). All control groups were
treated without primary antibody. The scanned confocal images were further analyzed with
Volocity software for 3 dimensional and 360-degree rotation movie images.

Fluorescent cell sorting (FACS)

Dot cells from either freshly sorted or collected from culture plates were washed with PBS and
blocked with 1% normal horse serum (NHS) for one hour. Then, cells were labeled with
different antibodies in the dilution from 1:50 or 1:100 in 100 pl PBS with 1% NHS for 30 min
and followed with washes in PBS with 1% NHS and reacted with secondary antibody
conjugated with either FITC (fluorescien isothiocyanate) or PE for 30 min on ice. After
washing, the ratio of positive labeling was analyzed using the LSR FACS machines at the
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Stanford Shared FACS Facility. Flow cytometry data was acquired with CellQuest software
(BD Biosciences) and analyzed with FlowJo software (FlowJo, Palo Alto, CA). Isotope
antibody labeled cells were used for non-specific labeling control. Three separate experiments
were performed to confirm the reproducible results.

GFP transfection

Ten pg of lentiLox 3.7 (pLL3.7) vector, together with 6.5 pg of CMVARS.74 plasmid and 3.5
ug VSV.G plasmid, were transfected to 5 x 108 293T cells in 100 mm plate using calcium
precipitation method. Medium was changed with Iscove’s medium containing 10% FBS 16
hours after transfection. After 24 hours, medium was collected from 293T cells and infected
to the cultured Dot cells, together with 6 pg/ml Polybrene. After overnight infection, medium
was replaced with fresh medium (20% FBS in a-MEM). Cells were collected 48 hours after
the infection. The infection efficiency was analyzed by fluorescent microscopy; about 70% of
cells were GFP positive.

Statistical analysis

Results

The sizes of wound surface on each mouse on day 0 were not same due to the skin stretch by
the difference of the body weights. Therefore, the wound surface on each post-wounding day
was calculated as the ratio of day 0, which was represented as 1. The ratio of the wound surface
in each group was calculated as mean + SD (N=3). The differences between two groups at the
same time period were analysis using 2-tailed Standard t-test by the software Microsoft Excel
2004. The p-value < 0.05 was considered significant (*).

Dot cells have a unique self-renewal pattern in vitro

Dot cells were sorted using anti-E-cadherin antibody and cultured on collagen-coated plates.
Although few eukaryotic cells were initially present with the Dot cells, only Dot cells survived
after one passage. Blood-derived Dot cells have a unique self-renewal pattern in vitro. Before
Dot cells reach confluence, multiple newly produced Dot cells were released from the large
colony and rapidly spread in the culture plate (Fig. 1A). These circular masses of Dot cells
migrated away from the colony and scattered on the culture plate, observed under lower
magnification (Fig. 1B). The self-renewal pattern of Dot cells suggests that their replication is
not through mitotic division. When Dot cells become confluent, large spheroids formed on top
of the Dot cell monolayer, which were releasing grouped Dot cells (Fig. 1C). The large
spheroids composed of Dot cells have similar morphology to that described for embryonic
stem cells. Figure 1D shows a large spheroid on top of the confluent Dot cell monolayer. A
shell-like structure comprised the outer layer of this spheroid. Multiple un-attached (white dots)
and attached (dark dots) Dot cells were observed in the background. Due to the small size of
Dot cells, it is difficult to distinguish the detailed morphology of the cultured spheroids.
Confocal microscopy shows a 3-dimensional image of a cultured spheroid using high
magnification (Fig. 1E). The spheroid was composed of numerous small bodies of DAPI-
positive nuclear material.

Dot cells express embryonic stem cell markers

Specific transcription factors have been used to reprogram somatic cells to multipotent stem

cells (27,28). Expression of Oct4, Nanog and Sox-2 in cultured Dot cells was examined. Figure
2 shows that Dot cells express Oct4, Nanog, and Sox-2. However, the expression of Sox-2 was
not directly adjacent to the DAPI stains, suggesting Sox-2 is located on the surface of Dot cells.
Nanog and Oct4 were expressed close to the DAPI stains, suggesting that these two molecules
are located inside Dot cells and close to the nuclear material. The different locations of these
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factors in Dot cells suggest that these factors may function differently in the Dot cell-derived
eukaryotic cells. The DAPI staining showed that some Dot cells were in the rod shape, instead
of the dot shape. The rod shape is similar to that of the chromosomes. To clarify that Dot cells
are not chromosomes, we stained chromosomes of differentiated cells using karyotyping
method, and also obtained the images of chromosomes in a differentiated cells during mitotic
division. Supplementary data 1A shows the morphology of the chromosomes obtained from
karyotyping method. Supplementary data 1B shows the chromosomes of DAPI stains in a
differentiated cell during mitotic division. Both images indicate that the morphology of
chromosomes is different from the DAPI stains of Dot cells in Figure 2. Also, the size of each
Dot cells is smaller than a single chromosome. These data suggest that Dot cells, although they
are not eukaryaotic cells, express embryonic stem cell markers. Although the detailed
information on the mechanism of the stem cell formation is still unclear, one stem cell may be
formed by one Dot cell aggregate. We also, noticed that only aggregated Dot cells, but not the
Dot cells in the colonies or spheroids (as these in Fig. 1), express the embryonic transcription
markers.

Cultured Dot cells change the expression of surface markers

We have previously reported that Dot cells freshly isolated from blood express E-cadherin,
CXCR4, integrin f1, CD34 but low to CD13 and Scal(26). They do not express CD45 and c-
kit. Dot cells expanded in culture were collected and their surface marker expression was
examined using FACS. Figure 3 shows the FACS analysis of surface markers on in vitro
expanded Dot cells. FACS data of freshly isolated Dot cells (26) were used for comparison.
After one month in culture, the fraction of Dot cells that expresses E-cadherin, integrin f1 and
CD184 was significantly reduced, and the fraction that expresses CD90 and CD34 remained
the same. Interestingly, a significant number of Dot cells started to express c-kit and CD45,
but none expressed Scal. The surface marker change suggests that the differential stage of Dot
cells in long-term culture is different from freshly isolated Dot cells. About 13% of freshly
isolated Dot cells express CD13, while none of the cultured cells express CD13, a marker for
the differentiated cells, suggesting that freshly isolated Dot cells are more mature than the
culture-expanded Dot cells.

In vitro expanded Dot cells maintain their regenerative activity

In our previous report, we found that freshly sorted Dot cells regenerate wounds with less
scarring (26). Dot cells specifically migrate to the wound beds to regenerate damaged tissues.
However, because some eukaryotic cells that also stain positive to E-cadherin were isolated
together with Dot cells, it is not clear which is the true regenerative factor during wound healing.
To answer this question, cultured Dot cells that show uniform morphology without any
eukaryotic cell contamination, were transplanted to wounded adult diabetic mice via tail vein
injection. Because the healing speed in diabetic mice is relatively slow, we chose diabetic mice
for this experiment to easily examine the regenerative function of Dot cells. Three diabetic
mice were used in each group for the wound study. A 1.5 cm square wound was created in the
dorsal skin of each diabetic mouse immediately before Dot cell-transplantation. Figure 4A
shows 12-day unhealed wounds, and 4B shows healed wounds in both Dot cell-transplanted
and control mice. On the 12-day post-wounds, all three Dot cell-transplanted mice showed
smaller wound surfaces compared to the control mice, suggesting that accelerated healing
occurs in Dot cell-transplanted mice. After wounds were healed, newly grown hair was
observed at the scar periphery of Dot cell-transplanted mice but not at the scar periphery for
the saline control group. In addition, the scar tissues in the Dot cell-transplanted mice were
smaller compared to the control group. Wound area of each diabetic mouse was measured
every one or two days until complete healing occurred. Quantitative wound size analysis
confirmed that significantly accelerated healing was detected in Dot cell-transplanted diabetic
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mice by the tenth day after wounding (Fig. 4C). These data indicate that cultural-expanded Dot
cells not only reduce scarring, but also increase reepithelialization and hair growth.

Cultured Dot cells accelerate reepithelialization

VASA is a RNA binding protein that is specifically expressed in germ plasm to regulate germ
cell differentiation (29). The expression of the specific germ plasm marker VASA was tested
in cultured Dot cells that were co-cultured with fibroblasts for 10 days. After the fibroblast
induction, VASA expression appeared on the surface of Dot cells. Figure 5A shows a group
of Dot cells that expressed VASA on their surface. The control section in 5B shows no positive
stain. To understand the mechanism of the increased healing by cultured Dot cells, VASA
expression was examined on the wound sections. Figure 5C shows a 3-day post-wound section
of Dot cell transplanted mouse. Strong VASA-expressing cells were migrating along the
epidermal layer. These cells were rebuilding the epithelial layer and hair follicles. However,
no VASA-positive cell migration along the epidermis was observed in the control wound
section (Figure 5D). Figure 5D also shows that although VASA-positive cells were observed
in the 3-day wound bed of the control sections, their number was much less than that of Dot
cell-transplanted wounds. This data support the results in Figure 4C, that significant small
wound surface was detected on day 10 in Dot cell transplanted mice.

Cultural expanded Dot cells regenerate dermis

The effects of cultured GFP-labeled Dot cells on postnatal wound repair were examined in
Balb/C mice. Figure 6A shows HE stains of 7-day wound sections from in vitro expanded Dot
cell-transplanted and the control mice. Wounds in Dot cell-transplanted mice healed with less
scarring compared to the saline injected mice. The control wound was filled with fibroid tissue,
i.e. the scar. Figure 6B compares the wound regenerative activities of freshly sorted and in
vitro expanded Dot cells. The freshly sorted Dot cells represent the Dot cells that were freshly
isolated from GFP-transgenic mice and immediately transplanted to wounds. The cultural
expanded Dot cells represent the Dot cells that were isolated from GFP-transgenic mice and
then cultured and passaged. The GFP expression in the wounds was similar between the freshly
sorted and cultural expended Dot cells. Again, lung and liver of cultured GFP-labeled Dot Cell
transplanted mice were examined. No GFP positive cells were identified in these organs. The
appearance of GFP-expressing cells in the wound indicates that Dot cells migrated to the
wounds and differentiated to the dermal cells.

We have noticed that cultured GFP-mouse-derived-Dot cells did not express GFP unless they
were induced by the co-presence of the differentiated cells. This observation indicates that
cultural expanded Dot cells do not express GFP at the time when they are transplanted. The
supplementary data 2 shows a mixed population of GFP-mouse-derived-Dot cells and
differentiated cells. The differentiated cells express GFP. However, only the Dot cells that
attached to the differentiated cells or Dot cells that initiated the differentiation express GFP
(arrows). The GFP expression in the Dot cells that initiate the differentiation was stronger
compared to the fully differentiated cells.

E-cadherin is the epithelial cell marker. Under physiological condition, E-cadherin is mainly
expressed on the epithelial cells. Because Dot cells express E-cadherin, the co-localization of
GFP and E-cadherin was examined in the wounds of Dot cell transplanted mice. Figure 6C
shows that both GFP and E-cadherin were expressed on the dermal cells. GFP and E-cadherin
co-localized in the areas where the regeneration was occurring. These data provide evidence
that in vitro expanded Dot cells migrate specifically to the wound beds to regenerate damaged
dermal tissue.
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In vitro expanded Dot cells show multipotent regeneration

The wound regenerative function of Dot cells was examined using confocal microscopy on 3-
day and 5-day wound sections. Circular-shaped VASA expression, frequently in grouped
patterns, and less often in scattered patterns, was observed in the wound areas. VASA was
expressed in hair follicles, dermal tissues and smooth muscle, representing ectoderm and
mesoderm lineages. In two differentiated hair follicles (Figure 7A), VASA was expressed in
the inner sheath area of the hair follicles. This data is consistent with our GFP-labeled Dot cell
transplantation data in Figure 8A. In Figure 7B, VASA was expressed in the dermal wound
area near, but not related to, the cell nuclei. Faint DAPI stains were detected in the areas where
VASA was positive. This data suggests that the faint DAPI stains are Dot cell RNAs that
undergo degradation during the tissue regeneration. VASA stains also expressed in a circular
pattern, suggesting the contents inside each circular pattern are the degraded Dot cells. Figure
7C shows VASA expression in smooth muscle tissue. VASA was expressed in the area
surrounded by smooth muscle fibers. Weak DAPI stains were colocalized with VASA stains,
again, suggesting the weak DAPI stained materials are RNAs that have undergone the
degradation. Only a few nuclei appeared in these large VASA positive areas, suggesting that
few Dot cells undergo nuclear programming to become final nuclei of this smooth muscle
tissue, instead most Dot cells are degraded together with the transiently expressed VASA
protein. The large VASA positive areas suggest that transplanted Dot cells fuse into large
spheroids for tissue regeneration. These data also suggest that the expression of VASA is
initiated when the Dot cell-spheroids initiate the tissue regeneration. Both VASA and RNA
are degraded when the tissue regeneration is completed. Figure 8A shows that the newly formed
hair follicles are GFP positive. GFP is expressed in almost every cell in the undifferentiated
hair follicles, but only expressed in the cells at the inner sheath area of the differentiated hair
follicles.

Differentiated cells are regenerated from Dot cell spheroids in vivo

The mechanism of Dot cells tissue regeneration was examined. One million GFP labeled Dot
cells were transplanted to each wounded mouse through tail vein injection. We found that
transplanted Dot cells formed spheroids in vivo. Large cells were embedded inside or on the
surface of these spheroids. Figure 8B shows a spheroid from the 3-dimensional Movie 1. Large
nuclei are embedded in this GFP-expressing spheroid, suggesting they are eukaryotic cells
formed inside the spheroid. Figure 8C shows a confocal image of a GFP positive spheroid.
GFP image show a large GFP-positive spheroid that has hollows inside. DAPI image shows
that the area around these large nuclei stains positively for DAPI, however much weaker
compared to the DAPI stains of the nuclei. The merged image suggests that these nuclei are
embedded inside the GFP spheroid. The weak DAPI stain is evenly distributed, which is
different from the DAPI stains of the spheroid in Figure 1E. The in vitro spheroid in Figure
1E contains numerous small DAPI particles. The differences of the DAPI stains between the
in vitro and in vivo spheroids suggest that under in vivo condition, the nuclear material of Dot
cells in the spheroid fuse and reprogram and from that, the eukaryotic cells are derived. This
suggestion is supported by the different sizes of the nuclear particles inside the in vitro spheroid
in Figure 1E and the in vivo spheroid.

Discussion

Our previous data demonstrates that Dot cells are present in the blood and bone marrow of
humans, rats and mice (26). We believe that Dot cells are an unidentified group in bone marrow
and blood. Dot cells are difficult to identify due to their small size (~ 0.5 — 1.5 um) and their
low ratio in blood (about 0.02% of total blood cells in adult mouse). In addition, Dot cells
rapidly differentiate when they are co-present with other differentiated cells. Due to these
special characteristics, Dot cells have not been recognized or studied until recently. Here we
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show that although Dot cells are not truly eukaryotic cells, they have most BM stem cell
characteristics. First, unlike other BM isolated stem cells, which differentiate to mesenchymal
morphology within the first 2 or 3 days after in vitro culture, Dot cells can grow without feeder
cells for up to ten passages, or after storage in liquid nitrogen, and keep their unique morphology
without mesenchymal cell-like differentiation. This suggests their strong self-renewal ability.
Second, Dot cells express most well-known stem cell markers and embryonic stem cell
transcription markers, such as CD34, CD90, CXCR4, Oct4, Nanog, and Sox-2. Third, Dot cells
express VASA, the germ plasm RNA-associate protein, suggesting they contain mainly RNA
and are more primitive than any BM stem cells. Also, Dot cells regenerate epithelial and
mesenchymal cells during wound healing, suggesting their multi-lineage potential. And finally,
in vitro expanded Dot cells maintained their strong regenerative activity after transplantation.
Their regenerative function is through a process, including Dot cell aggregation, fusion and
nuclear programming. Some Dot cells form large spheroids in vitro and in vivo that regenerate
eukaryotic cells.

Our in vitro data describe how Dot cells maintain their population by self-renewal. This could
explain the self-renewal pattern of Dot cells in their bone marrow-and blood-based niches. In
bone marrow, they may stay in an isolated environment to maintain self-renewal and also to
release Dot cells in the grouped pattern to blood for tissue regeneration. We have found that
freshly sorted Dot cells do not, but cultured Dot cells do, express CD45 and c-kit. This
difference could be due to that freshly sorted Dot cells contain some eukaryotic cells. We have
found that co-culture with eukaryotic cells induces Dot cell differentiation. The freshly isolated
Dot cells are derived from a mixed eukaryotic cellular environment, which can be the reason
to explain that freshly isolated Dot cells are more mature than cultured Dot cells. This
conclusion is also supported by the FACS data that small portion (~ 13%) of freshly isolated
Dot cells expresses CD13, a marker for more differentiated cells (30), while none of the
cultural-expanded Dot cells express CD13. We have observed that when eukaryotic cells are
isolated together with Dot cells, these cells did not proliferate in long-term culture. This
observation suggests that Dot cells release inhibitory factors to inhibit large cell proliferation.
However, when there are more eukaryotic cells present, they release some factors that induce
Dot cell differentiation. These regulatory factors between Dot cells and differentiated cells will
be studied in our future investigation.

In our previous publication (26), we have shown that freshly isolated Dot cells migrate to the
wound beds by a mechanism possibly involved in their strong expression to CD184/CXCR4,
the receptor for stromal cell-derived factor-1 (SDF-1), an important chemokine for stem cell
migration (31). Wounds increase the expression of SDF-1, which in turn, leads to the homing
of circulating stem cells (32). We have not observed any GFP-labeled Dot cells that migrate
to lung or other organs, which had been reported on other transplanted cells, in our more than
one hundred mice that received Dot cell-transplantation between the range from 0.5 to 10
million Dot cells/ 100 pl saline.

Our data demonstrate that in vitro-expanded Dot cells can be transplanted to other mouse strains
without signs of rejection. Dot cells from white Balb/C mice show significant increased skin
regeneration in black diabetic wounded mice. Also, Dot cells from GFP-transgenic mice show
skin cell regeneration in Balb/C mice. These data indicate that Dot cells may have potential
for therapeutic uses. Our data show that Dot cells regenerate both epithelial and dermal cells.
The cell lineage regeneration of Dot cells is determined by the microenvironment. The
regulatory factors in the microenvironment for Dot cell lineage determination may be via
physical contact between Dot cells and local cells or due to release of intracellular organelles
by the local cells, to which Dot cells then respond. Further investigation will be carried out to
identify the regulatory factors for Dot cells differentiation.
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We believe that Dot cells are more primitive than other previously reported bone marrow stem
cells. Dot cells perform their self-renewal through an unknown replication mechanism. In
addition, Dot cells undergo nuclear programming before becoming differentiated cells. Dot
cells will be a useful therapeutic modality for clinical treatment of injured tissues. Because
cultural-expanded Dot cells have comparable repair effects to freshly sorted Dot cells, the
amount of blood needed for isolation of Dot cells in future clinical applications will be reduced.
Moreover, because postnatal blood-derived Dot cells have a regenerative function, political
and ethical barriers for embryonic stem cell therapy will not be an issue.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

The unique morphology and replication pattern of Dot cells. Dot cells were sorted using E-
cadherin antibody from adult mouse blood and then cultured in aMEM with 20% FBS. Dot
cells have an unusual self-renewal pattern. The newly replicated Dot cells group as circular
shape (arrows), and are released from the colony (1A). These grouped Dot cells migrate away
from the colony and spread in a scattered pattern throughout the plate (1B). When Dot cells
reach confluence, large spheroids forms on top of the monolayer (1C). This spheroid constantly
releases grouped Dot cells (arrows) that migrate away. A large spheroid is located on top of
the Dot cell monolayer with a shell-like structure at the outer layer of this spheroid (arrow in
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1D). Using 100x oil lens plus 1.5x zoom, 1E shows a merged confocal image of a cultured
spheroid. Bars in 1A, 1C and 1D =40 um; bar in 1B = 160 pum; bar in 1E = 10 pm.
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Red Control [FITC control

Dot cells express embryonic stem cell markers. Cultured Dot cells were examined by
immunofluorescent methods for the expression of Oct3/4, Nanog and Sox-2. The images were
cropped from 4000x confocal microscopy images. Bars = 2 um.

Figure 2.
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Figure 3.

Stem cell surface markers on cultured and freshly isolated Dot cells. The FACS analysis data
of the freshly isolated Dot cells (26) was used for the comparison. Dot cells were in culture for
more than one month and collected from passage 1. The expression of E-cadherin, integrin
1/CD29 and CD184 on Dot cells was decreased. A significant number of cultured Dot cells
expressed c-kit and CD45, which were not detected on freshly sorted Dot cells. Most cultured
Dot cells express CD90. N=3.
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Figure 4.

In vitro expanded Dot cells accelerate wound healing in diabetic mice. A 1.5 cm? open wound
was created on the dorsal skin of each diabetic mouse before 1.5 million cultured Dot cells
were transplanted through tail-vein injection. The control group received saline. Three mice
were used for each group. 12-day (4A) and 24 day (4B) healed wounds on Dot cell-transplanted
and control diabetic mice. Newly grown hairs (arrows) surrounded the scar of each Dot cell-
transplanted mouse. 4C shows quantitative wound area during the healing. The surfaces of
wound areas were measured daily or every another day and the data was calculated. Accelerated
healing was observed in Dot cell-transplanted diabetic mice by the tenth day after wounding.
*P value = < 0.05 was considered significant.
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Figure 5.

VASA-expressing Dot cells regenerate epithelial cells. VASA expression on Dot cells was
induced after 10 day co-cultured with dermal fibroblasts. 5A shows a group of Dot cells that
express VASA on their surface. The control section in 5B shows no positive stain. Figure 5C
shows a 3-day post-wound section of Dot cell transplanted mouse with strong VASA-
expressing cells along the epidermal layer (between arrows in 5C). 5D shows VASA expression
in the saline control mouse wound. Bar in 5A =5 pm; bar in 5B = 2 um; bars in 5C and 5D =
200 pm.
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E-cadherin

Figure 6.

Cultural expanded Dot cells regenerate dermis. Figure 6A shows HE stains of 7-day wound
sections from in vitro expanded Dot cell-transplanted- (Dot cells) and the control (saline) mice.
Figure 6B shows that GFP expression in the dermal regenerated areas has similar pattern
between cultured Dot cells and freshly isolated Dot cells on 5 day wound sections. Figure 6C
shows that both GFP and E-cadherin are expressed in the dermis. GFP and E-cadherin located
in the area where the regeneration is not fully recovered. Bars in 6A = 150 um; bars in 6B =
20 um; bar in 6C = 50 um.
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Figure 7.

Dot cells regenerate epithelial and dermal cells. One million Dot cells were transplanted via
tail vein into skin-wounded adult mice. Wounds were stained using rabbit anti-VASA antibody
and followed with fluorescent-labeled secondary antibody. VASA expression was examined.
Confocal images indicate that the expression of VASA is found in hair follicles (7A), in the
dermal wound area near by, but not related to, cell nuclei (arrows in 7B), and in the area that
was surrounded by smooth muscle fibers (arrows in 7C). Bars = 20 um.
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Figure 8.

Differentiated cells are released from Dot cell spheroids in vivo. Figure 8A shows that both
hair follicles and dermal cells express GFP. The GFP was expressed in whole follicle cells in
the undifferentiated hair follicles (thick arrows), but only expressed in the cells at the inner
sheath area of the differentiated hair follicles (thin arrows). A merged image shows a GFP
spheroid with DAPI stained nuclei embedded inside (arrows in 8B). Figure 8C shows the
confocal images of a 5-day wound section after GFP-labeled Dot cell-transplantation. Bar in
8A =50 um. Image in 8B was taken by 100 x oil lens and 2x zoom. Bar in 8C = 10 um.
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