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To investigate multitissue engraftment of human primitive hema-
topoietic cells and their differentiation in goats, human CD34�Lin�

cord blood cells transduced with a GFP vector were transplanted
into fetal goats at 45–55 days of gestation. GFP� cells were
detected in hematopoietic and nonhematopoietic organs including
blood, bone marrow, spleen, liver, kidney, muscle, lung, and heart
of the recipient goats (1.2–36% of all cells examined). We identified
human �2 microglobulin-positive cells in multiple tissues. GFP�

cells sorted from the perfused liver of a transplant goat showed
human insulin-like growth factor 1 gene sequences, indicating that
the engrafted GFP� cells were of human origin. A substantial
fraction of cells engrafted in goat livers expressed the human
hepatocyte-specific antigen, proliferating cell nuclear antigen, al-
bumin, hepatocyte nuclear factor, and GFP. DNA content analysis
showed no evidence for cellular fusion. Long-term engraftment of
GFP� cells could be detected in the blood of goats for up to 2 yr.
Microarray analysis indicated that human genes from a variety of
functional categories were expressed in chimeric livers and blood.
The human�goat xenotransplant model provides a unique system
to study the kinetics of hematopoietic stem cell engraftment, gene
expression, and possible stem cell plasticity under noninjured
conditions.

hematopoietic stem cell � transplantation � plasticity � microarray

Hematopoietic stem cell (HSC) transplantation can compensate
for tissue damage elicited by a wide variety of disorders,

including malignant and�or inherited diseases (1–5). However,
broader clinical application is still limited because of a number of
biological and technical problems. For example, allogeneic HSC
transplantation may require immunosuppressive treatment to pre-
vent engraftment failure, increasing the risk of life-threatening
infection. One new approach is to generate chimeras via in utero
transplantation using allogeneic or xenogeneic HSCs (6, 7). The
fetus is incapable of rejecting transplanted allogeneic cells because
of its immunological incompetence or tolerance of non-self anti-
gens. Thus, the need for immunosuppression and myeloablation
used for postnatal transplantation can be avoided. Allogeneic and
xenogeneic chimerism has been generated by in utero transplanta-
tion procedures, and fetal engraftment of allogeneic and xenoge-
neic HSC has been tested in mouse, sheep, and monkey and more
recently in pigs and goats (8–12). Questions remain regarding the
engraftment, homing, and differentiation of allogeneic or xenoge-
neic HSC, as well as the gene expression of the engrafted cells in
different tissues of the recipients. There is also the concern that
transplant and host cells may fuse, producing a significant popula-
tion of undesirably altered or pathogenic hybrid cells. Mouse
models were recently developed by using retroviral transduction
with an MSCV-IRES-GFP (MIG) vector to study the expansion of
adult HSCs and engraftment of lymphoid-myeloid cells from ES
cells (13, 14). The resulting GFP� cells are easily detected and
can be directly identified in various organs as cells of human origin

in the transplant animals. In the present study we generated
human�goat xenogeneic chimeras transplanted with human
CD34�Lin�GFP� cord blood (CB) cells.

Results
Engraftment of GFP� Cells in Multiple Organs of the Recipient Goats.
Five of 14 recipient goats transplanted with MIG-transduced hu-
man CB CD34�Lin� cells were live-born. Engraftment of GFP�

human cells ranged from 1.5% to 4% in blood of all MIG-transplant
goats up to 2 yr after birth (Table 1). The engrafted cells specifically
expressed surface markers of human myeloid, B- and T-lymphoid,
and erythroid lineage cells at 3, 6, 12, and 24 mo of age, indicating
the long-term engraftment and slow expansion of primitive human
CB cells in this xenograft model.

To determine the tissue distribution of engrafted cells, goats
MIG-1 and MIG-2 were examined 3 mo after birth. Kidney, muscle,
liver, spleen, heart, and lung sections were examined by fluores-
cence microscopy. As shown in Fig. 1A, a large number of GFP�

cells were observed in various tissues. This and all subsequent tissue
sections represent regions containing the highest GFP� densities
observed; GFP� cells were unevenly distributed in all tissue types
tested (see Fig. 2D for an example of similar uneven distribution at
lower magnification). There was no fluorescence signal in tissues of
the normal goats. Distributions of engrafted human GFP� cells
were further measured by FACS analysis. Recipient livers con-
tained the highest number of grafted cells (�27%) among all
tissues. GFP� cells could also be found in kidney, muscle, lung, and
heart and comprised 1.2–36% of total cells examined (Fig. 1B). In
perfused liver from goat MIG-3, the number of GFP� cells
remained high (37%) after 2 yr, indicating that the long-term
engrafted cells detected in the liver were not due to contamination
by peripheral blood or other circulating cells (Fig. 1C; and see
supporting information, which is published on the PNAS web site).

Detection of Human Genomic DNA in GFP� Cells from Transplant
Goats. GFP� cells were sorted from the perfused liver of the
MIG-transplant goat; enrichment was �98% (Fig. 3A). Standard
FACS cell-cycle analyses were performed to measure the DNA
content of cells from perfused human, normal goat, and MIG-
transplant goat livers. Diploid human cells containing 46 chromo-
somes can be easily distinguished from normal goat cells with 2n �
60 (Fig. 3B a and b). As shown in Fig. 3Bc, chimeric liver produced
two peaks representing both human and goat cell populations.
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Sorted GFP� cells were highly enriched for human diploid DNA
content, with a small shoulder to the right of the main peak, which
likely results from the �2% contaminating normal goat cells
(Fig. 3Bd).

To complement the total DNA content analysis, individual loci
were assayed to confirm the presence of human sequences in GFP�

cells. PCR primer sets were designed to amplify the insulin-like
growth factor 1 (IGF-1) gene from human, goat, or both species.
Human and goat IGF-1 sequences were concurrently amplified
from liver DNA of three MIG goats (Fig. 2A), and the FACS-sorted
GFP� cell population (see lane 7) produced predominantly human
IGF-1 amplicons with a minor amount of goat PCR product (again
likely because of contaminating cells). Sequence analysis of the
amplified products confirmed these results.

Human RNA and Protein Expression in Multiple Hematopoietic and
Nonhematopoietic Organs. RT-PCR analysis revealed the presence
of human hepatocyte nuclear factor 3� and human serum albumin
(hALB) mRNA in livers of MIG-transplant goats, and no such
transcripts were detected in the liver of normal goats or human
blood cells (Fig. 2B).

Tissue-specific protein expression was detected by immunohis-
tochemistry in lung, kidney, spleen, and liver (Fig. 2C). Cells

expressing human �2 microglobulin can be found in the kidney,
lung, and spleen of the transplant goats as well as in humans, but
not in control goats. hALB, human hepatocyte-specific antigen, and
human proliferating cell nuclear antigen-positive cells were found
in the chimeric liver, but not in normal goat. As stated previously,
human-like cells were distributed unevenly in the various chimeric
organs, with patches of high-density engraftment surrounded by
normal goat cells (Fig. 2D). GFP� cells were also detected in the
MIG-transplant goats but not in control goats using anti-GFP,
which provides better cell resolution than GFP fluorescence de-
tection (Fig. 2E).

Gene Expression Profile from Blood and Liver RNA. To provide
systematic evidence of human gene expression, a microarray anal-
ysis was performed. The RNA expression data were filtered to
identify human gene probes that hybridized to very little or no RNA
from normal goat but detected significantly more hybridization in
transplant goat samples. A total of 133 human transcripts were
specifically detected in RNA from blood samples, and 86 were
detected in liver samples of the transplant goats (Fig. 4A). Inter-
estingly, only five of the detected mRNAs were coexpressed in both
liver and blood, indicating that the engrafted human cells express
distinct patterns of genes in different tissues. A subset of these

Table 1. Percentage of human marker-positive cells detected in blood from individual MIG-transplant goats

Marker
MIG-1,
3 mo

MIG-2,
3 mo

MIG-3 MIG-4 MIG-5

3 mo 6 mo 1 yr 2 yr 3 mo 6 mo 1 yr 2 yr 3 mo 6 mo 1 yr 2 yr

GFP 2.1 3.7 4.1 6.3 1.9 1.1 3.7 3.6 2.1 1.7 2.5 1.7 1.7 1.4
CD34 0.5 0.5 0.6 1.6 0.7 0.5 1.4 1.5 1.3 1.4 2.1 1.5 1.3 1.3
GPA 3.3 7.4 6.7 9.7 3.8 3.8 6.6 3.4 2.1 1.4 9.9 4.7 4.1 6.6
CD14 0.4 0.8 1.7 4.8 0.6 0.9 5 7.9 7 7.2 1.9 1.5 1.1 1.1
CD20 0.1 1.2 1 1.1 0.4 0.4 8.5 1.1 0.8 0.8 1.9 1 0.5 0.4
CD15 0.3 0.2 0.5 0.6 0.4 0.4 0.3 0.3 0.2 0.2 0.6 0.7 0.6 0.4
CD7 0.4 0.6 1 1.4 0.9 1.4 1.6 1.9 1.1 1.2 0.6 2 0.5 0.5
CD45 0.3 0.2 0.4 0.6 0.4 0.3 0.7 0.8 0.8 0.6 0.6 0.6 0.5 0.3

MIG-1 and MIG-2 goats were dissected at the age of 3 mo. No human marker-positive cells were detected in normal goats of the same age.

Fig. 1. Detection of human GFP� cells in various tissues of the MIG goats. (A Upper) Fluorescence emission and hematoxylin�eosin (HE) staining in tissue sections
of a representative goat transplanted with MIG-GFP-transduced CD34�Lin� CB cells. (Magnification: �400.) (A Lower) Tissue sections were prepared from a
normal (negative control) goat. (Magnification: �400.) (B) GFP� human cells were detected by FACS analysis in hematopoietic and nonhematopoietic organs
of the recipient goats (MIG-1 and MIG-2). The GFP� cells comprised a wide range (1.2–36%) of the examined cell populations. (C) FACS analysis of GFP� cells from
the perfused liver of goat MIG-3 2 yr after birth. The histogram shows number of cells vs. GFP fluorescence units.
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human genes showed particularly consistent signals markedly
higher than the nontransplant background (Table 2). Each goat is
considered a separate transplantation event, so variance between
transplant individuals is expected. For example, the KIAA0494
gene was detected with a 7-fold greater signal in TG-1 livers and a
3-fold greater signal in TG-2 livers compared with background
signal in normal goat liver; in blood, however, it was not present in
TG-1 and TG-2 yet was highly detected in TG-3. Eighteen such
genes displayed tissue specificity; the five human transcripts de-
tected in both transplant liver and blood included signal recognition
particle (9 kDa), transmembrane protein 14B, histamine N-
methyltransferase, KIAA0494, and SSR1. Three candidates were
tested by conventional and quantitative RT-PCR (Fig. 4B) for
verification. Specific detection of human RNAs, without amplifi-
cation of goat RNA, was confirmed by sequencing of the PCR
products. The results were in agreement with the microarray
analysis, confirming expression in both blood and liver of the
transplant goats.

Discussion
To investigate whether human HSCs can survive and differentiate
in various tissues and organs of in utero transplantation goats, this
study used a retroviral vector to deliver the GFP transgene into
human CB CD34�Lin� cells. Although the number of GFP� cells
detected in the recipients’ blood was relatively low, examination of

various organs demonstrated that GFP� cells were present in liver,
spleen, kidney, lung, heart, and skeletal muscle. These GFP� cells
comprised 1.2–36% of the total cells examined by FACS analysis.
This finding implies that the transplanted human primitive CB cells
can survive and engraft in the recipient goats. A large number of
GFP� cells were detected in a liver perfusion experiment, which
avoids GFP signal from contaminating non-liver cells�factors in the
circulation system. Immunohistochemical assays and Southern blot
analysis (supporting information) further support that human do-
nor cells were seeded and survived in multiple tissues. The GFP�

cells were isolated from perfused chimeric liver by FACS, and DNA
content analysis showed that this enriched population is composed
mainly of human cells. Human-specific but not goat-specific IGF-1
gene sequences were identified in FACS-enriched GFP� cells from
perfused chimeric liver. This finding further demonstrated that the
GFP� cells engrafted in MIG-transplant goats were of human
origin.

Higher levels of engraftment occurred in solid organs compared
with blood. Unlike previous transplantation systems that delivered
stem cells by i.v. injection into irradiated recipients, in utero
transplantation was used to inject CD34�Lin� CB cells into the
abdominal cavities of the fetal goats at a preimmune stage. We
hypothesize that the transplanted human hematopoietic cells un-
dergo adaptive processes for survival in recipient goats triggered by
the local host microenvironment. Despite their CB origin, these

Fig. 2. Identification of specific human genes in MIG-transplant goats. (A) IGF-1 genes were detected in MIG-transplant goats and sorted GFP� cells by PCR
analysis using primer sets specific for unique human or goat sequences, or a shared sequence (internal control). M, molecular weight DNA marker. Lanes 1–3,
amplicons from liver DNA samples from three different normal goats. Lanes 4–6, liver DNA samples from three different MIG goats. Lane 7, the liver DNA sample
from sorted GFP� cells. Lanes 8–10, liver DNA samples from three humans. (B) RT-PCR analysis of human gene transcripts for hepatocyte nuclear factor 3� and
serum albumin (hALB) expressed in the transplant liver tissue but not in the control goats. GAPDH is used as internal control. Lane 1, normal goat RNA. Lanes
2–4, RNA from three MIG goats. Lane 5, blank. Lane 6, positive control from human liver. Lanes 7 and 8, RNA from human CB cells. (C) Immunohistochemistry
analysis for human �2 microglobulin antigen, hALB, proliferating cell nuclear antigen, and hepatocyte-specific antigen; brown staining shows positive cells in
various tissues of transplant goat (TG) and human (H) samples. No positive cells are found in control goats (NG). (Magnification: �400.) (D) Staining for hALB
was performed on sections of human, MIG-transplant goat, and normal goat livers and is shown at �50 and �200 magnification. Although the human tissue
is uniformly positive and normal goat is entirely negative, the chimeric liver contains regions of high staining density surrounded by nonstaining cells. The margin
of one such region is shown with further magnification of adjacent positive and negative areas. (E Upper) Anti-GFP staining (brown) was present in the liver cells
(cytoplasm) of MIG-transplant goat (TG) but not in human or normal goat (NG). (Magnification: �100.) (E Lower) GFP� cells in the liver of TG with
immunohistochemistry staining, and corresponding images with fluorescence emission. (Magnification: �400.)
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stem cells apparently adapt to goat microenvironments through
mechanisms that are more efficient for expansion in other tissues,
such as liver and kidney, rather than blood. Even within a single
organ, engrafted cells were unevenly distributed. It would be
interesting to investigate whether this observation reflects the

distribution pattern of progenitor cells, the existence of microen-
vironment niches favorable for engraftment, or other mechanisms.
Transgenic tagging and lineage tracking experiments could be
performed to determine whether cells within engraftment foci are
clonal, indicating they arose from a single xenotransplant progen-
itor cell. Alternatively, many progenitor cells may populate a fetal
organ but only the subset engrafted within a favorable niche
survive.

Several lines of evidence have shown that mammalian adult stem
cells display ‘‘plasticity,’’ the ability to transdifferentiate into other
tissue types (15–18), although the mechanism remains controversial
(19). It was hypothesized that stem cell plasticity may result from a
cell fusion mechanism (20–22). Recent reports also show that adult
stem cells, including HSCs, are able to give rise to nonhematopoi-
etic cells independent of a cell fusion mechanism (23–26). All of
these studies transferred adult stem cells into adult recipients, which
may lack certain developmental cues that exist only in embryonic�
fetal stages. Whether the CD34�Lin� cells derived from CB have
the potential to transdifferentiate into other types of nonhemato-
poietic tissues in the fetal stage remains largely unexplored. Wang
et al. (27) reported that human albumin-expressing hepatocyte-like
cells can be developed in the livers of immune-deficient and
CCl4-injured mice that received transplants of human HSC, sug-
gesting that human ‘‘hematopoietic’’ stem�progenitor cells have the
capacity to respond to the injured liver microenvironment by
inducing albumin. A more recent study reported that human HSCs
can efficiently (20%) generate functional hepatic cells in the
human�sheep model (28). In addition, Sato et al. (29) observed that
mesenchymal stem cells prepared from human bone marrow could
be directly engrafted in allylalcohol-treated rat liver without ap-
parent cell fusion. We show that the engrafted CD34�Lin� cells
have a great plasticity in goats because we detected human-like cells
in various tissues where they express nonhematopoietic tissue-
specific markers, including hALB, hepatocyte-specific antigen, and
hepatocyte nuclear factor 3� in goat liver. There was no evidence
that this plasticity was a result of cell fusion. FACS analysis was able
to discriminate human and goat cells by DNA content, and GFP�

cells clearly showed normal human ploidy levels. Cell fusion typi-
cally produces a variety of cells containing portions or full com-

Fig. 3. Detection of human DNA in MIG-transplant goat. (A Top) FACS of
samples from perfused liver to enrich for the GFP population. The resulting cell
pool was reanalyzed by FACS to assess enrichment, producing the cytogram of
cell counts vs. fluorescence. (A Middle and Bottom) Individual cells from the
sorted pool were observed under light (Middle) and fluorescence (Bottom)
microscopy and compared to normal goat liver cells. (B) FACS to measure DNA
content discriminated goat and human cells by total chromosome number.
DNA content is shown for perfused human liver (a), normal goat liver (b), MIG
goat liver (c), and sorted GFP� cells from perfused MIG goat liver (d). H, human,
2n � 46 chromosomes; G, goat, 2n � 60 chromosomes.

Fig. 4. Gene expression analysis
from human cells in transplant
goats. (A) Microarray transcript
profiles are shown for selected hu-
man genes. The panels plot the ex-
pression levels of detected human
transcripts in normal goats (NG),
transplant goats (TG), and human
(H) with low or no detection in nor-
mal goats and at least 2.5-fold
higher expression in transplant
goats. (B) Real-time quantitative
RT-PCR confirmed expression levels
of three candidate genes from the
microarray profiles. LOC285292
was assayed from blood samples,
and EPB41L2 and SSR1 were as-
sayed from liver samples. GAPDH
cDNA is used as an internal control.
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plements of both precursor genomes, and this fusion results in
multiple new peaks when analyzed by FACS for DNA content. No
peaks other than those for normal goat or human diploid cells were
detected. These results support the notion of clinically meaningful
transdifferentiation of human hematopoietic cells under appropri-
ate cues and without requiring organ damage. Thus, the present
study offers an in vivo model system for exploring the differentiation
potential of human adult cells.

The human gene expression profile in the transplant goats was
investigated by microarray analysis. RNA transcript profiling was
performed for two purposes: to identify additional human markers
indicative of HSC survival and to determine whether the method
may have future use for assaying the expression and regulation of
human genes against a background of goat RNA. RNA markers are
useful because RNAs are generally turned over much more quickly
than are proteins and therefore indicate the presence of metabol-
ically active human cells, and RNA expression can report on the
activity of genes across a wide range of functions. Even though
cross-hybridization between homologous goat and human gene
sequences would occur, we expected that many probes to human
transcripts would hybridize with more affinity to human than goat
targets and would have sufficiently higher detection levels beyond
the background of nonspecific or crossreacting goat RNA. The
results from comparative analyses of gene expression profiles in

blood and liver samples of transplant goats, normal goats, and
humans using Affymetrix GeneChips did reveal specific and de-
tectable expression of human genes in the chimeras. Only five
transcripts were coexpressed in both liver and blood. This finding
suggests that the survival of human donor cells is associated with
different expression profiles in different tissues. Transcript profiling
on human cell populations enriched by cell sorting or laser capture
microdissection from chimeric tissues should dramatically increase
signal-to-noise ratios and provide detection of many more genes.

The human transcripts detected represent a variety of functional
categories, including signal transduction, membrane proteins and
receptors, and transcription factors. These results provide new and
specific markers for detecting viable human HSC-derived cells.
Short oligonucleotide GeneChip microarrays are capable of dis-
criminating a subset of human transcripts against a background of
goat RNA, providing a system for in-depth gene expression pro-
filing and molecular analysis of the responses of human cells in
goats.

Using DNA, RNA, and protein assays, the current study shows
that a substantial fraction of human cells engraft in goat livers and
other tissues and express human proteins. Thus, human�goat
chimerism could potentially be used as a bioreactor to produce
human proteins for therapeutic or other clinical uses. Xenogeneic
chimerism may offer models to evaluate clinical potential for the

Table 2. RNA expression levels for selected human genes

Gene name
GenBank

accession no.

Liver Blood

NG TG1 TG2 H NG TG1 TG2 TG3 H

Shared
Signal recognition particle

9 kDa
NM_003133 19 � 8 44 � 3 64 � 22 867 � 146 6 � 5 52 � 81 37 � 36 574 1,120 � 108

Transmembrane protein 14B NM_030969 6 � 5 137 � 131 55 � 5 260 � 48 28 � 27 53 � 14 57 � 16 257 259 � 76
Histamine N-methyltransferase BC005907.1 14 � 2 94 � 19 43 � 1 239 � 135 17 � 3 71 � 39 85 � 56 51 121 � 17
KIAA0494 gene product AK001487.1 19 � 13 137 � 1 54 � 11 128 � 6 17 � 3 78 � 76 19 � 1 116 257 � 49
SSR1 signal sequence receptor � AI016620 16 � 8 213 � 183 39 � 11 101 � 13 19 � 15 56 � 31 49 � 39 178 116 � 24

Liver-specific
Solute carrier family 16 NM_004731 9 � 0 81 � 78 93 � 33 195 � 32
Microtubule-associated protein 7 T62571 11 � 8 87 � 38 52 � 53 169 � 21
Erythrocyte membrane protein

band 4.1-like 2
NM_001431 8 � 3 122 � 162 89 � 60 168 � 62

Septin10 BF981643 10 � 1 52 � 14 54 � 17 89 � 42
Hypothetical protein NM_024510 9 � 3 136 � 159 67 � 69 78 � 27
Hypothetical protein BF219234 7 � 4 70 � 42 80 � 63 66 � 12
Glycoprotein VI (platelet) AB043821.1 10 � 2 123 � 151 64 � 6 64 � 17
Hypothetical protein NM_017792 12 � 9 236 � 171 31 � 12 62 � 6
cAMP-regulated guanine

nucleotide exchange factor
NM_007023 3 � 0 78 � 25 59 � 37 53 � 13

Glioblastoma amplified
sequence

NM_001483 9 � 1 136 � 151 70 � 37 51 � 9

Blood-specific
Dicer1 homolog (Drosophila) BG109746 7 � 5 86 � 65 56 � 9 24 421 � 34
Similar to heterogeneous

nuclear ribonucleoprotein A3
(hnRNPA3) (LOC285292)

BE867771 6 � 4 57 � 72 47 � 52 465 322 � 96

Phosphatidylinositol binding
clathrin assembly protein

AL135735 3 � 1 42 � 38 34 � 7 212 225 � 76

Estrogen-related receptor
�-like 1

NM_018010 8 � 7 91 � 72 33 � 21 71 82 � 3

Hypothetical protein AI809961 7 � 7 24 � 9 88 � 34 102 89 � 48
Integrin �5 AI335208 4 � 0 49 � 39 25 � 11 253 83 � 24
5-Azacytidine-induced

gene 2
NM_022461 6 � 6 83 � 71 21 � 22 535 79 � 30

Cofactor required for Sp1
activation subunit 2

AI971089 5 � 1 61 � 94 18 � 19 396 51 � 2

Affymetrix signal levels are shown for human genes that were consistently detected in blood or liver from at least one transplant goat. Data columns for normal
goats (NG), transplant goats (TG), and normal human (H) are shown with the mean and standard deviation of three replicate GeneChip assays (except for TG3,
where only one sample was assayed). Genes that showed specific and consistent expression (low standard deviation for the individual mean) in at least one
transplant goat are listed. Additional annotations are available by using the GenBank accession number (www.ncbi.nlm.nih.gov�entrez). Genes confirmed in
Fig. 4 are indicated in bold.
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prenatal treatment of a number of human genetic diseases, cell or
tissue repair, and xenogeneic organ transplantation. Human�goat
chimerism provides a unique system for studying immune tolerance
as well as the kinetics of stem cell engraftment, homing, differen-
tiation, gene expression, and possible plasticity under noninjured
conditions.

Materials and Methods
Cell Enrichment, Transduction, and Injection. CB cells were obtained
from consenting mothers undergoing cesarean delivery of normal,
full-term male and female infants. Low-density (�1.077 g�ml) cells
were isolated by using Ficoll�Hypaque (Amersham Pharmacia
Biotech), and a population of enriched cells (82 � 3% CD34�) was
obtained by immunomagnetic removal of lineage marker� (Lin�)
cells (StemSep, StemCell Technologies). The monoclonal antibod-
ies for removal of Lin� cells were anti-human CD2, CD3, CD14,
CD16, CD19, CD24, CD56, CD66b, and glycophorin A. An MIG
vector that contains the internal ribosome entry site and the GFP
under the control of the murine stem cell virus LTR was used to
introduce GFP into the CD34�Lin� cells. Transduction efficiency
was 28 � 5% (n � 3), which corresponds to the proportion of
CD34�Lin� cells after transduction (25 � 5%). Fourteen recipient
goats were obtained from the Experimental Animal Farm (Insti-
tute of Medical Genetics, Shanghai Children’s Hospital) with
approval from the Review Board of Shanghai Children’s Hospital.
Each fetal goat was injected with 5 � 104 MIG-transduced
CD34�Lin� cells into the fetal peritoneal cavity (MIG goat) by
using previously described methods (30). The same number of
nontransduced CD34�Lin� cells was injected to separately gener-
ate ‘‘TG’’ transplant goats for microarray analysis.

GFP� Cell Distributions. The liver, kidney, lung, heart, muscle, and
spleen were dissected from two goats (MIG-1 and MIG-2) 3 mo
after birth, and the left lobe of MIG-3 liver was removed 2 yr after
birth for perfusion. The tissue sections were stained with hema-
toxylin and eosin, and the GFP� cells were examined under a
fluorescence microscope. Suspensions of single cells were prepared
as described (31). One hundred thousand cells from each sample
were analyzed by flow cytometry (FACSCalibur and FACSVan-
tage SE, Becton Dickinson).

Molecular Detection of Genes. DNA and RNA were extracted from
various tissues of the transplant goats, and GFP, human IGF-1, or
goat IGF-1 DNA was detected by PCR and amplicon sequencing.
RT-PCR and quantitative RT-PCR were performed on RNA

samples to detect human hepatocyte nuclear factor 3�, hALB, and
candidates from microarray profiling; these amplicons were also
confirmed by sequencing. Immunohistochemistry assays were per-
formed according to the method reported by Tian et al. (32) by
using polyclonal antibodies against human �2 microglobulin anti-
gen, hALB, and GFP, as well as monoclonal antibodies specific for
proliferating cell nuclear antigen and hepatocyte-specific antigen.

DNA Content Measurements. Samples were derived from the per-
fused livers of MIG goat, nontransplant goat, human, and sorted
GFP� cells from perfused liver. A total of 700 �l of cold ethanol
was added dropwise to 1 � 106 cells in 300 �l of PBS while
vortexing, then incubated on ice for 2 h. After washing with PBS,
the cells were suspended in 1 ml of dye solution (PBS containing 20
�g of propidium iodide and 200 �g of DNase-free RNase) and
incubated at 37°C for 30 min in the dark. The cellular DNA content
was determined by flow cytometry cell-cycle analysis with MODFIT
software. In detail, two dot plots, forward scatter vs. side scatter and
FL2-W vs. FL2-A, were created. Gate R1 was drawn to enclose the
majority of liver cells on forward scatter�side scatter and then
reported on FL2-�FL2-A, whereas gate R2 was drawn around
singlet cells (to exclude contamination by doublet or triplet cells).
We defined gate G1 � R1 and R2 and show data for G1 on a
histogram with FL2-A as the x axis. We used propidium iodide to
stain DNA and the FL2 channel to detect propidium iodide. The
more signal detected in FL2 channel, the greater the DNA content.

Gene Expression Profile Analysis Using Microarrays. Total RNA was
extracted by the TRIzol method from the blood and liver tissues of
three transplant goats 6 mo after birth and submitted along with
normal goat samples and human liver biopsies to the Penn Mi-
croarray Facility for target preparation and hybridization to human
U133A GeneChips (Affymetrix) followed by microarray analysis as
described previously (33). Triplicate RNA samples from each tissue
were assayed. GeneChip tabular data are available at the Gene
Expression Omnibus (www.ncbi.nlm.nih.gov�geo), accession num-
ber GDS1023.

Additional details for all methods are provided in the sup-
porting information.
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