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The ability to control the differentiation of adult hematopoi-
etic stem cells (HSCs) would promote development of 
new cell-based therapies to treat multiple degenerative 
diseases. Systemic injection of NaIO3 was used to ablate 
the retinal pigment epithelial (RPE) layer in C57Bl6 mice 
and initiate neural retinal degeneration. HSCs infected 
ex vivo with lentiviral vector expressing the RPE-specific 
gene RPE65 restored a functional RPE layer, with typical 
RPE phenotype including coexpression of another RPE-
specific marker, CRALBP, and photoreceptor outer seg-
ment phagocytosis. Retinal degeneration was prevented 
and visual function, as measured by electroretinography 
(ERG), was restored to levels similar to that found in nor-
mal animals. None of the controls (no HSCs, HSCs alone 
and HSCs infected with lentiviral vector expressing LacZ) 
showed these effects. In vitro gene array studies dem-
onstrated that infection of HSC with RPE65 increased 
adenylate cyclase mRNA. In vitro exposure of HSCs to a 
pharmacological agonist of adenylate cyclase also led to 
in vitro differentiation of HSCs to RPE-like cells expressing 
pigment granules and the RPE-specific marker, CRALBP. 
Our data confirm that expression of the cell-specific gene 
RPE65 promoted fate determination of HSCs toward RPE 
for targeted tissue repair, and did so in part by activa-
tion of adenylate cyclase signaling pathways. Expression 
by HSCs of single genes unique to a differentiated cell 
may represent a novel experimental paradigm to influ-
ence HSC plasticity, force selective  differentiation, and 
ultimately lead to identification of pharmacological alter-
natives to viral gene delivery.

Received 17 June 2008; accepted 1 June 2009; published online  
7 July 2009. doi:10.1038/mt.2009.145

IntroductIon
Stem cells are defined as cells with extensive self-renewal  capacity 
and the ability to differentiate into a wide variety of cell types. 

Although embryonic stem cells have considerable plasticity and 
have been shown to be pluripotent, differentiating to all lineages 
including the germ line, adult stem cells are considered to be 
already committed to one or a few lineages and to be restricted 
in their capacity to differentiate. The ability of adult stem cells in 
a specific organ to generate cells of unrelated types decreases in 
the more committed progenitors. However, mounting evidence 
suggests that the initial differentiation into one specific cell type 
is not as irreversible as originally thought.1 Recent findings in 
bone marrow stem cells (BMSCs) suggest that the lineage com-
mitment of a stem/progenitor cell is not absolute.2 Furthermore, 
de- differentiation of fibroblasts to cells with characteristics of 
embryonic stem cells is also possible.3,4 Much effort has been 
devoted to deciphering the molecular mechanisms that regulate 
stem cell plasticity and to use this information to develop clinical 
therapies. To our knowledge, this is the first report using targeted 
gene manipulation to specifically program an adult stem cell in 
order to promote its selective differentiation.

Degenerative diseases of the eye, particularly those involving 
damage to or loss of the retinal pigment epithelium (RPE) or the 
retina, are a major health complication associated with aging and 
diabetes. There is a dire need for methods of repairing damaged 
RPE. Fortunately, mouse models exist for RPE damage that can 
be exploited for new experimental therapeutic cell-based strate-
gies. We hypothesized that in hematopoietic stem cells (HSCs), 
the expression of a gene that is both unique to a terminally dif-
ferentiated cell type and a transcriptional modulator would shift 
the balance toward differentiation of HSCs into that unique cell 
type. Thus, by promoting HSC differentiation more readily into 
the obligatory cell type, the repair process could be enhanced.

We selected the eye not only because of the increasing num-
ber of individuals with vision-threatening conditions, but also 
because the eye serves as an ideal model system; the retina is 
highly specialized, allowing precise identification and localiza-
tion of stem cell–derived tissue. The retina is critically dependent 
on RPE cells, which help to maintain neural retinal structure 
and function, and if damaged lead to retinal degeneration and 
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vision loss. One candidate for directing HSC differentiation into 
RPE is the RPE-specific protein RPE65. RPE65 is critical for the 
normal formation of 11-cis-retinal, and thus for photorecep-
tor function. In addition, RPE65 modulates the availability of 
retinoic acid, a known transcriptional regulator and differentia-
tion inducer.5–10 Interestingly, RPE65 has been identified in the 
yolk sac and has been expressed in nonocular tissues that are 
rapidly  proliferating.11 Furthermore, it is becoming exceedingly 
evident that proteins critical to a cell’s function, such as enzymes 
and chaperones, have secondary functions to help protect them 
from mutation.12,13 Thus, we reasoned it was possible that RPE65 
may “moonlight” as a transcriptional regulator or have other 
novel functions that enable it to regulate differentiation of HSCs 
to RPE cells. We report here that genetic manipulation of HSCs 
to express RPE65 promotes neuroepithelial cell differentiation, 
retinal repair and, most importantly, recovery of visual function 
in an animal model of RPE injury. These observations provide 
the first demonstration that adult stem cells can be programmed 
down a particular differentiation pathway by the expression of a 
protein that dictates cell specificity.

results
Ex vivo gene transfection of Hscs
We generated a recombinant lentivirus (LV)–expressing human 
(h)RPE65 gene under control of a chicken β-actin (CBA) promoter. 
A companion recombinant virus expressing LacZ was generated 
as a control. HSCs were infected with LV for 2 hours resulting 
in an infection efficiency of 65.5 ± 5.5%. Immunohistochemistry 
at 24 hours (Figure 1a) after infection confirmed expression of 
RPE65 protein in HSCs and green fluorescent protein (GFP) as 

cells were isolated from mice expressing GFP. Real-time PCR 
demonstrated a greater than sevenfold increase in expression of 
the hRPE65 gene within 1 hour after infection and this dropped to 
1.3-fold above baseline at 24 hours after infection (Figure 1b).

Programming of Hscs with hrPe65 promotes  
their recruitment to the subretinal zone
A single dose of 100 mg/kg of sodium iodate given intraperitone-
ally resulted in essentially total destruction of the RPE layer in the 
mice not treated with HSCs. Flat-mounted posterior cups from 
mice treated with HSCs showed varying degrees of GFP localiza-
tion depending on the experimental group examined (Figure 2 
and Supplementary Figure S3). When compared to posterior 
cup flat mounts of LacZ-infected HSCs (Figure 2a), there was a 
substantial increase in localized staining in mice injected with 
RPE65-infected HSCs (Figure 2b). This staining pattern was read-
ily seen at higher magnification, where the amount of GFP stain-
ing was considerably greater in mice receiving RPE65-infected 
HSCs (Figure 2d) than in mice receiving LacZ-infected HSCs 
(Figure 2c). Staining for the RPE-specific marker CRALBP (red 
staining) was detected on the apical surface of the RPE layer in 
cross-section where GFP staining was also observed (Figure 2e). 
Quantitation of colocalized GFP and CRALBP in the flat-mounted 
posterior cups confirmed that mice injected with hRPE65-infected 
HSCs resulted in the highest degree of colocalization for these 
markers, with a greater than sevenfold increase (P < 0.05) in area 
positive for both markers compared to other treatment groups 
(Figure 2f). Additional immunohistochemistry demonstrated 
that the GFP+ cells also express the RPE-associated developmen-
tal protein  microophthalmia-associated transcription factor14 
and tyrosinase which plays a critical role in RPE melanogenesis15 
(Supplementary Figures S4 and S5).

Adoptive transfer of Hscs expressing hrPe65 
promotes neural retinal and rPe repair in the sodium 
iodate ablation model of retinal degeneration
As previously shown, treatment of mice with a single dose of 
100 mg/kg of sodium iodate resulted in blebbing, rounding up, 
detachment, and loss of RPE cells by 7 days after treatment.16,17 
Compared to the confluent RPE monolayer in the uninjured eye 
(Figure 3a), the sodium iodate–treated eye demonstrated a pau-
city of RPE cells with only very occasional rounded RPE cells 
remained on the underlying Bruch’s membrane (Figure 3b) by 
day 28 after injection.

Animals receiving noninfected HSCs (i.e., naive) did not dem-
onstrate any significant improvement in retinal anatomy at either 
7 or 28 days (Figure 3c) and only minimal numbers of GFP+ cells 
with RPE morphology could be observed, as previously reported 
by us and others.16,18,19 These cells did not exhibit the morphologi-
cal or functional characteristics of the cells in the pigmented epi-
thelial layer achieved in the animals that received HSCs expressing 
hRPE65. Animals receiving cells infected with LV expressing LacZ 
showed infrequent recruitment of HSCs to the RPE layer and no 
recruitment to the neural retina by 28 days (Figure 3d).

By contrast, mice receiving HSCs infected with the hRPE65 
gene exhibited retinal morphology similar to normal untreated 
mice by 28 days. Although a rudimentary and poorly pigmented 
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Figure 1 Hematopoietic stem cells (Hscs) infected with RPE65-
lentivirus construct for 2 hours resulted in expression of rPe65 
mrnA and protein. (a) Immunofluoresence micrograph shows RPE65 
protein expression by infected HSCs. The large image is a merge of the 
 separate channels shown in the insets. Blue is nuclear staining from  
4′,6-diamidino-2-phenylindole, green is native green fluorescent pro-
tein, and red is RPE65 detected by anti-RPE65 antibody followed by 
rhodamine- conjugated second antibody. (b) Time course of mRNA 
expression for HSCs infected with RPE65 lentivirus. mRNA was har-
vested from the infected cells either immediately after the 2-hour infec-
tion period ended, 1, 24, 48, and 72 hours after the end of the 2-hour 
infection period. The mRNA was reverse transcribed using WT-Pico Kit 
(NuGEN, San Carlos, CA) and amplified using real-time PCR with the 
human gene–specific primers for RPE65 (TaqMan; ABI). Data were nor-
malized to GSTp1 (detected by GeneChip as having a very low coeffi-
cient of variation throughout the experiment) and expressed as relative 
copy number (RCN). Note that even after 72 hours, the level of expres-
sion remained in the 5 × 106 range. For the same time points, the mouse 
RPE65 was not detectable by TaqMan assay (data not shown).
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monolayer of epithelial-like cells was observed at day 7 (Figure 3e), 
by 28 days the RPE layer had developed into a mature highly pig-
mented epithelial layer on Bruch’s membrane (Figure 3f). This 
layer stained for both GFP at 28 days, but not at 7 days, thus con-
firming that the cells were HSC-derived and the cells were positive 
for CRALBP, an RPE-specific marker (Figure 2e).

The thickness of the neural retina was also evaluated on 
cross-sections, and results of those measurements are shown in 
Figure 4. Twenty-eight days after sodium iodate treatment retinal 
thickness decreased by 31.3%, from 176.7 ± 19 µm in untreated 
control mice to 121.4 ± 17 µm in mice injured with sodium iodate 
(P < 0.05). Thinning of the retina was a combination of a reduction 
of the inner and outer nuclear layers and an almost complete loss 
of photoreceptor inner and outer segments. Retinal thickness in 
the mice injected with HSCs expressing hRPE65 was substantially 
greater than in mice treated with sodium iodate only, and was 
reduced by only 12% (154 ± 11 µm) compared to that in untreated 
controls (P < 0.05), with normal thickness of the inner and outer 

nuclear layers but a slight reduction remaining in the length of the 
photoreceptor outer segments (P < 0.05).

Immunolocalization and transmission electron microscopy 
studies confirmed that the newly pigmented epithelial layer 
demonstrated many of the morphological and functional char-
acteristics of native RPE, including polarization through apical 
immunolocalization of CRALBP (Figure 2e), phagocytosis of rod 
outer segments, formation of secondary lysosomes, attachment 
to Bruch’s membrane, basal infoldings of the plasma membrane, 
apical microvilli, and mature and premelanosomes located toward 
the apical surface (Figure 5a). GFP identified by clusters of immu-
nogold particles (Figure 5a, arrowheads) indicated that these 
cells, which are morphologically similar to RPE cells, were indeed 
derived from GFP+ HSCs (Supplementary Figure S1). Figure 5b 
shows a panoramic view—at high magnification at light level—of 
the posterior segment of an injured eye from an injured animal 
28 days after receiving HSCs expressing RPE65. Note the restora-
tion of the RPE monolayer with near-normal anatomy. Previously 
using this model, we excluded the possibility of cell fusion using 
XY fluorescent in situ hybridization. After examining over 150 
clearly identified HSC-derived RPE we did not observe fusion.16 
While this approach does not completely rule out the possibility of 
fusion, it strongly indicates that fusion is not the primary mecha-
nism by which the HSC-derived cells are contributing to the RPE 
layer. To further exclude the possibility of fusion in this study, we 
used the CRE/loxP LacZ reporter system, wherein the host has 
a STOP region flanked by loxP sites. The host underwent NaIO3 
injury as described but received donor HSCs expressing cycliza-
tion recombination protein (CRE). The CRE expressing HSCs were 
injected systemically and the mice were killed on day 28 and their 
posterior cups were prepared. In the presence of CRE, the STOP is 
removed and LacZ is expressed by the cytomegalovirus promoter. 
The expression of LacZ was monitored by immunohistorchem-
istry with the chromogenic substrate X-gal. No β-galactosidase 
activity was detected in the RPE layer of any of these mice (data 
not shown) further confirming that no fusion occurred.
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Figure 2 Immunohistochemistry localized GFP+ cells coexpressing 
the retinal pigment epithelium (rPe)-specific marker crAlBP to the 
correct anatomical locale in the sodium iodate–injured eye. All of the 
images, as well as the quantitative data, were derived from eyes taken 
28 days after injury. (a,b) Whole, flat-mounted posterior cups from ani-
mals injected with hematopoietic stem cells (HSCs) expressing LacZ or 
hRPE65, respectively. The images are density slices of colocalized CRALBP 
and green fluorescent protein (GFP) fluorescence. (c,d) Representative 
fluorescent micrographs of flat-mounted posterior cups that were stained 
for CRALBP (red) and GFP (green). Panel c is from a mouse injected 
with LacZ-infected HSCs whereas d is from a mouse injected with HSCs 
infected with lentivirus expressing RPE65. Note the significantly greater 
presence of GFP+ cells in d. The insets in c and d are split red and green 
channels of the exact image shown in the respective panel, albeit at 
reduced size, and are included to demonstrate the pattern of localization 
of each antigen. The cross-section in e shows localized green (GFP+) and 
red (CRALBP+) cells at the RPE layer. Note the apical localization of the 
CRALBP staining. (f) Bar form quantitative changes among the treat-
ment groups in areas that are positive for both GFP (HSCs) and CRALBP 
(RPE). Posterior cups such as those depicted in a and b were used to 
determine the area of colocalized staining. Again, note the percentage 
of GFP+ cells that are mature and express CRALBP is much higher in 
the animals receiving RPE65-expressing HSCs than in any of the other 
conditions. Each bar represents the mean ± SD of at least four eyes per 
treatment condition. *P < 0.05 versus control (no cells).
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Gene expression characteristics in vitro
In the in vitro gene array study, HSCs were infected with either 
LacZ or hRPE65, maintained in culture, and mRNA was isolated 
at 1, 24, or 72 hours after infection. In this study, there was a sig-
nificant effect on the genes involved in cellular development at the 
1-hour time point in the HSCs infected with hRPE65 compared to 
the HSCs infected with LacZ (Supplementary Table S1a). Indeed 
most of the genes identified belong to this category. Top canoni-
cal pathways included chemokine signaling and B-cell receptor 
signaling. Genes showing the greatest increases included pigment 

Figure 3 Hematoxylin and eosin–stained cross-sections showed gross 
damage from sodium iodate and apparent rescue of retinal pigment 
epithelium (rPe) and neural retina anatomy by RPE65-transfected 
hematopoietic stem cells (Hscs). All images are of paraffin-embed-
ded whole globes, cut at 10 µm thickness. (a) A normal uninjured eye 
with integrity of the RPE layer and photoreceptors. (b) An eye that was 
injected with 100 mg/kg sodium iodate but was not given any rescuing 
HSCs. Note the complete absence of the photoreceptor outer segments, 
near absence of any RPE cells (indicated by lines), and profound decrease 
in the retinal thickness. (c–f) Cross-sections of eyes from animals that 
were all given the same dose (100 mg/kg) of sodium iodate, and were 
also given (c) uninfected HSCs, (d) LacZ-infected HSCs, or (e,f) RPE65-
infected HSCs. Animals receiving uninfected HSCs demonstrated only 
occasional RPE cells on Bruch’s membrane at 28 days (c). Animals receiv-
ing LacZ-infected HSCs showed a small increase in cells compared to 
uninfected HSCs but large patches of Bruch’s membrane were devoid of 
cells even at 28 days (d). By contrast, animals receiving RPE65-infected 
HSCs demonstrated abundant cells on Bruch’s membrane. Seven days 
after treatment, a disorganized and poorly pigmented monolayer of cells 
was observed (e) and by 28 days (e), a mature highly pigmented epithe-
lial layer had formed on Bruch’s membrane. This layer exhibited all the 
characteristics of native RPE; photoreceptor outer and inner segments 
were also apparent. Bar = 70 µm. CH, choroid; INL, inner nuclear layer; 
IPL, inner plexiform layer; ONL, outer nuclear layer; OPL, outer plexiform 
layer; PR, photoreceptor inner and outer segments.
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Figure 4 retinal thickness measurements showed marked reduction 
in sodium iodate–treated animals and increased thickness in mice 
injected with RPE65-transfected hematopoietic stem cells (Hscs). 
Thickness of the full neural retina (full), inner nuclear layer (inner), outer 
nuclear layer (outer), and photoreceptor inner/outer segment layer 
(photoreceptor) were taken between 2 and 4 mm temporal to the optic 
nerve head. Thinning of the retina in the sodium iodate–treated animals 
was a combination of a reduction in thickness of the inner and outer 
nuclear layers and an almost complete loss of photoreceptor inner and 
outer segments. Mice injected with HSC-infected hRPE65 (solid bars) 
were similar to that in healthy controls (open bars) with normal thickness 
of the inner and outer nuclear layers but a slight reduction in the length 
of the photoreceptor outer segments. NS, not significant.

Figure 5 Hematopoietic stem cells (Hscs) effect a functional and ana-
tomically correct repair to retinal pigment epithelium (rPe) damaged 
by sodium iodate. (a) Ultrastructural analysis localized green fluorescent 
protein (GFP) to functional RPE cells in sodium iodate–damaged eyes. 
Transmission electron micrograph shows colloidal gold localized GFP within 
cells in a retina from a mouse treated with sodium iodate and  subsequently 
given RPE65-infected GFP+HSCs. GFP localization is indicated by 18-nm 
 colloidal gold particles (arrowheads) in the RPE cell. The phagocytosed outer 
segments indicate a functioning RPE. The circle indicated the enlarged area 
in the inset. BM, Bruch’s membrane; CH, choroid; OS, outer segment; PG, 
melanin pigment granule. (b) Light-level panoramic view at high magnifi-
cation of a section from the posterior segment of a sodium iodate–injured 
eye 28 days after the animal received RPE65-infected HSCs. Note the resto-
ration of the RPE monolayer with near normal anatomy.
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epithelium–derived factor, which regulates RPE differentiation.19 
At 1 hour after infection in the HSCs infected with hRPE65, gene 
clusters including those involved in cell signaling and cell inter-
actions (CXCL2, Jag1, Lepr, PPP1r12b) were upregulated. NF-κB 
signaling cascades as well as expression of a number of immu-
noglobulin-associated genes were observed in a pattern reminis-
cent of the multipotent lymphoid myeloid progenitors.20 There 
was a significant downregulation of clusters of proliferation and 
cell cycle genes, which appeared to recover at later time points. 
Thus, this immediate drop is likely due to the effects of viral 
transfection. There was also a downregulation of negative regu-
lators of proliferation and of endothelial-, erythrocyte-,  neural-, 
and neutrophil-specific differentiation genes suggesting that the 
cells are not being driven down these differentiation pathways 
but rather toward other differentiation pathways including RPE 
(Supplementary Table S1).

Gene expression analysis at 24 hours (Supplementary 
Table S1b) showed increases in genes of the cell cycle, genes respon-
sible for cellular development, cellular function, and maintenance, 
genes responsible for RNA trafficking and RNA post-transcriptional 
modifications, and genes responsible for post-translational modifi-
cations. Canonical pathways activated included interferon signal-
ing, chemokine signaling, and epidermal growth factor receptor 
signaling. Gene expression analysis at 72 hours (Supplementary 
Table S1c) demonstrated upregulation of cell proliferation genes and 
top canonical pathways including phototransduction and hemato-
logical systems.

One gene that demonstrated increased expression at all 
three time points was adenylate cyclase. Interestingly, adenylate 
cyclase has been associated with promoting the transition of 
de- differentiated fibroblastic RPE to epithelial cells in culture.21 
In an effort to identify conditions that induce differentiation of 
HSCs to RPE in vitro, we tested whether pharmacological activa-
tion by adenylate cyclase treatment would have the same effect as 
expression of RPE65. As shown in Figure 6, using phase contrast 
microscopy, HSCs maintained in culture and treated for 3 days 
with forskolin and rolipram exhibited characteristics of RPE pig-
mentation. Using immunohistochemistry, the cells were examined 
for the RPE-specific marker CRALBP. Most of the pigmented cells 
also expressed CRALBP to a high degree as shown in Figure 6c 
(which is positioned over its corresponding location on the phase 
contrast image as the inset of Figure 6b). Figure 6d depicts the 
nuclear staining resulting from 4′,6-diamidino-2-phenylindole. 
Figure 6e,f shows that some, but not all, cells outside of the large 
clusters of pigmented cells express CRALBP even though they do 
not, perhaps yet, have pigment granules.

Gene expression characteristics in vivo
Gene array and real-time PCR analysis of retina/RPE/ choroid 
preparations (posterior segments) demonstrated the absence of 
hRPE65 expression at day 28 and a reappearance of mouse RPE65 
gene, suggesting silencing of the programming hRPE65 and its 
replacement with the endogenous mouse RPE-specific gene. A 
number of genes of interest, which met criteria of P < 0.05 and 
fold change as low as ±1.2, were confirmed by  real-time RT-PCR.22 
These include genes important in the RPE-dependent retin-
oid cycle (transthyretin): (i) for degradation of photoreceptors 

by the RPE (tripeptidyl peptidase, cathepsin D), (ii) for  retinal 
development and enhanced incorporation of HSCs into the 
retina ( colony-stimulating factor 1 receptor),23 and (iii) for tran-
scriptional regulation by retinoic acid (src-like adaptor) were 
significantly upregulated in eyes 28 days after treatment with 
hRPE65-infected HSCs compared to animals which received 
HSCs infected with LacZ. The increased expression of these genes 
in mice injected with HSCs infected with hRPE65 suggests that 
there was a functioning RPE-dependent retinoid cycle and lyso-
somal system by day 28.

In addition, there was regulation of genes involved in cell 
adhesion, maturation, survival, cell growth, and viability. Top 
canonical pathways include CXCR4, interleukin-8, and integrin 
signaling (Supplementary Table S2).

hrPe65-programmed Hscs recover visual  
function in sodium iodate–treated mice
To evaluate whether the morphologic and phenotypic identity 
of the HSC-derived RPE cells was translated into visual function 
recovery, electroretinography (ERG) was performed (Figure 7). 
Mice treated with sodium iodate alone demonstrated an almost 
complete loss of neural retinal function by 28 days as indicated by 
a nonresponsive ERG. Of critical note is the scale for the amplitude 

Figure 6 Activation of adenylate cyclase promotes differentiation 
of hematopoietic stem cells (Hscs) to “retinal pigment epithelium–
like” cells. (a) Mouse Sca+ lin– HSCs were treated for 3 days with for-
skolin (10 µmol/l) and rolipram (1 µmol/l) to stimulate adenylate cyclase 
activity. HSCs exhibited pigmentation after such treatment. These 
same cells were fixed and stained with primary antibody directed to 
CRALBP and then exposed to fluorescently labeled secondary antibody. 
(b) Image from c overlain on the image from a to show the colocaliza-
tion of intense CRALBP staining with the pigmented cells. (c) CRALBP 
reactive cells in red and cell nuclei stained in blue with 4′,6-diamidino-
2-phenylindole (DAPI) (d shows DAPI only channel). Many of the cells 
outside of the clumped pigmented cells also expressed CRALBP (e,f), 
suggesting partial differentiation. Bar = 50 μm.
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axes in Figure 7a (RPE65-expressing HSC) as compared to the 
inset (sodium iodate injury alone). By 28 days in mice treated with 
HSCs infected with hRPE65, ERGs had returned to levels similar 
to those observed in normal untreated mice and demonstrated 
typical scotopic A- and B-wave form (Figure 7a). The A-wave 
amplitude of the mice treated with HSCs infected with hRPE65 
was 57% of the amplitude of the naive controls (Figure 7b), 
whereas the B-wave amplitude was even higher than the naive 
controls (127%, Figure 7c). There was no significant increase in 
ERG signal observed for animals injected with naive HSCs or 
HSCs expressing LacZ (Figure 7b,c).

dIscussIon
To enhance the reparative capacity of adult HSCs, we approached 
the process by programming the HSCs for the cellular fate required 
to repair the specific injured tissue—in this case, the RPE cells of 
the injured RPE layer. This process requires not only precise dif-
ferentiation into RPE cells but also sufficient HSC recruitment and 
proliferation at the site of injury to restore proper tissue function.

Previous studies have shown that BMSCs have the  ability for 
limited differentiation into nonhematopoietic cell types, including 
glial and neuronal,24,25 skeletal muscle,26 fibroblasts/myofibroblasts,27 
hepatocytes and hepatic oval cells,28,29 endothelium,30 and cardio-
myocytes.31 We and others have also shown that, in the retina, 
subpopulations of BMSCs can differentiate into endothelial cells, 
extramural pericytes, astroglia, and RPE cells.16,30,32–34 However, 
the differentiation of HSCs to endothelial cells occurs with 

greater frequency.35 Thus, considerable evidence supports the 
 participa tion of BMSCs in repair of both aberrant and healthy 
 tissue as well as the ability of these cells to differentiate into a 
 variety of cell types.

The physiological significance of this differentiation capacity 
is still unclear. For most cell types, the contribution of HSCs is 
quite limited and occurs primarily after severe injury. Although 
very unlikely, given the abundant presence of the GFP marker in 
the transplanted retina, this finding leaves open the possibility 
that the RPE65-infected HSCs are gradually replaced with cells 
of similar identity derived from the recipient. It is also possible, 
but again, unlikely, that the donor cells have fused with or were 
phagocytosed by resident cells.

Previously, using the sodium iodate model and GFP chimeric 
mice, we have excluded the possibility of fusion by use of fluo-
rescent in situ hybridization for the sex chromosomes (XY fluo-
rescent in situ hybridization).16 In that study, we used a reporter 
system in which β-galactosidase would have identified HSCs that 
fused with host RPE cells; however, we did not find evidence of 
β-galactosidase-positive RPE. Thus, we interpreted the lack of 
β-galactosidase-positive RPE in our study to support the absence 
of any HSC fusion with host RPE after sodium iodate injury.

The concept of targeted gene manipulation to specifically 
promote differentiation has been established for embryonic 
stem cells.36–38 Moreover, developmental studies suggest that a 
number of critical genes regulate embryonic cell differentiation, 
e.g., Pax-6, Nanog, and Olig1 and that targeted gene manipulation 
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Figure 7 electroretinography (erG) response demonstrated the RPE65-transfected Hsc-driven rescue of visual function after sodium iodate 
damage. (a) Typical ERG traces from untreated (naive) control mice and from sodium iodate–injured animals 28 days after receiving HSCs expressing 
hRPE65. Sodium iodate alone causes a complete loss of normal ERG response. In marked contrast eyes from animals that received HSCs expressing 
hRPE65 have retinal function that is almost identical to the naive control, in both the A-and the B-wave amplitude. Each of the traces represents 
the averaged signal from five flashes at a light intensity of −1.84 log cd·s·m2. (b,c) The mean A-wave and B-wave amplitudes, respectively, for low and 
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statistically significant improvement in both A- and B-wave response compared to animals receiving either uninfected HSCs or HSCs expressing LacZ. 
*P < 0.05.
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of embryonic stem cells with specific transcription factors pro-
motes cell-specific differentiation.36–38 However, the drivers for 
adult stem cell differentiation are more elusive but include retinoic 
acid39 and growth factors.40

Attention has been given to de-differentiation and reprogram-
ming of somatic cells to pluripotent stem cells. Such induced pluri-
potent stem cells have been generated from mouse fibroblasts by 
retroviral transduction of four transcription factors: Oct3/4, Sox2, 
Klf4, and c-Myc4 and from human fibroblasts.3 Unlike our one-
step-one-gene protocol in adult HSCs, the use of induced pluripo-
tent stem cells requires a multiple step process: de-differentiation, 
reprogramming, and differentiation, with each step potentially 
having inherent difficulties.

Furthermore, the recognition that gene products such as growth 
factors can act as transcriptional regulators, either directly or via 
metabolites, implies that proteins unique to a cell phenotype may 
play a critical role in the terminal differentiation to that particular 
cell type. RPE65 has secondary functions and important roles in 
development11 that enable it to serve outside the visual cycle, and 
as suggested by our data may modulate differentiation of HSCs 
toward RPE-like cells. Manipulation of differentiation regulators 
to direct stem cells to a specific phenotype offers a novel therapeu-
tic approach to repair damaged tissues. In particular, neurodegen-
erative diseases such as Alzheimer’s disease, age-related macular 
degeneration, and amyotrophic lateral sclerosis require replace-
ment of highly specialized cell types. Avenues to achieve this have 
been largely restricted to allogeneic transplantation of terminally 
differentiated cells of either embryonic or adult origin, requiring 
invasive surgical procedures and long-term immunosuppression, 
even then with limited outcomes.

Systemic delivery of a cell population that has ability to home 
to injured tissue and differentiate into the correct cell type would 
be a major advance in therapeutic intervention for chronic degen-
erative diseases. BMSCs offer just such an approach as they repre-
sent an endogenous source of stem cells and can be easily removed 
and re-administered after pharmacological or gene manipulation, 
thus allowing for autologous transplantation. Ex vivo pharmaco-
logical manipulation of HSCs may be sufficient to direct differen-
tiation and would not be associated with potential risks of viral 
gene delivery to HSCs. Furthermore, adoptive transfer of these 
stem cells is minimally invasive. Adult stem cells also have an 
advantage over embryonic stem cells which, despite their robust 
ability to proliferate as well as differentiate, have at times resulted 
in unfavorable outcomes such as development of teratomas and 
neoplasia.41

Cell type–specific transcriptional regulators initiate cellular 
differentiation during development. In this study, we have taken 
this developmental paradigm and applied it to undifferentiated 
adult cells capable of terminal differentiation. We selected infec-
tion of the HSCs with a viral vector containing hRPE65 to test 
the concept that genetic manipulation by forced expression of a 
terminal differentiation marker unique to that particular cell type 
could promote HSC differentiation toward RPE cells and confer 
RPE cell specificity.

Although we have not identified the mechanism by which 
RPE65 expression leads to HSC differentiation, we can  surmise 
that RPE65 may directly activate the critical transcription factors 

needed for this transition. The in vitro array analysis supports this 
by demonstrating that many transcription factors were upregu-
lated, however, it must be noted that an equal number were down-
regulated suggesting a unique activation pattern prompted by 
RPE65. Equally likely, however, is that RPE65 may indirectly acti-
vate differentiation by interacting with retinoic acid.8,9,42 Retinoic 
acid is a potent activator of transcription factors, regulates stem cell 
division, and serves as a differentiation factor.43 In our array stud-
ies, many members of the retinoic acid family were upregulated 
including retinoic acid receptor and retinoid X receptor. RPE65 
may regulate the availability of retinoic acid or may “moonlight” 
as a transcriptional coactivator. Moreover, forced expression of 
RPE65 led to increased expression of adenylate cyclase 1, 3, and 
5 and exposing HSC to forskolin, an agent that increases intrac-
ellular cyclic adenosine monophosphate levels, induced HSC dif-
ferentiation toward an RPE-like phenotype with pigment granule 
accumulation and CRALBP expression. This suggests that increas-
ing RPE 65 expression may activate adenylate cyclase, increase 
cyclic adenosine monophosphate, and RPE differentiation. Our 
observations corroborate the studies of Neuhuber and co- workers 
which showed that increasing intracellular cyclic adenosine 
monophosphate transitioned mesenchymal stem cells toward a 
“neuronal linage.”44

In the 1 hour gene array study, we observed the downregulation 
of the transcription factors E2F, which promotes cell proliferation, 
and Ets, which promotes vascular differentiation and these may 
help to block certain differentiation pathways. Based on the gene 
array data, we concluded that expression of hRPE65 induced HSC/
hematopoietic precursor cells to differentiate toward the common 
lymphoid progenitor multipotent progenitor pathway and induced 
the NF-κB signaling cascade. We also observed expression of a 
number of immunoglobulin-associated genes in a pattern remi-
niscent of the multipotent lymphoid myeloid progenitors initially 
characterized at the single cell level by Cumano et al.20

Morphological and ERG studies showed that the small num-
ber of infected HSCs administered was sufficient for amplification 
and tissue repair. The ultrastructural analyses of the genetically 
modified HSCs and vision-related functional studies confirmed 
the phenotype of these cells. Our studies suggest that (i) program-
ming HSCs with RPE65 is essential for successful tissue repair 
and upregulation of other genes involved in the visual cycle and 
(ii) mRNA for the human gene remained for <1 month, at which 
point endogenous mouse RPE65 was expressed, indicating a func-
tional RPE. Others have shown that without ex vivo programming, 
using even three times the number of c-kit+ or Sca1+c-kit+ cells 
used in this study, along with facilitating cells, fails to achieve a 
significant rescue of RPE damage.16,18

Tissue injury with its resultant loss of cellular function and loss 
of tissue architecture recapitulates aspects of development. Tissue 
repair re-establishes cellular order and functional specialization 
much like cellular differentiation does in development. Both tis-
sue repair and development use immature undifferentiated cells 
that transform under the influence of transcriptional activators in 
a specific temporal pattern.45 Thus, in our study using the sodium 
iodate ablation model of retinal degeneration, we observed that 
gene modulation of adult stem cells provides an efficient source 
of RPE cells that could potentially be used in treatment of RPE 
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diseases. Furthermore, the same paradigm (well-established in 
development) can be used to program uncommitted adult stem 
cells to express cell type–specific genes. Turning on transcrip-
tional activators at specific times by cell type–specific proteins 
may allow HSCs to be a feasible cellular therapy for a wide variety 
of diseased tissues.

MAterIAls And MetHods
Animals. All animal studies were conducted under an approved proto-
col by the Institutional Animal Care and Use Committee, and in accor-
dance with guidelines set forth by the National Institutes of Health 
and the Association for Research in Vision and Ophthalmology. Adult 
(7–10-week-old) female C57BL6.J mice were purchased from Jackson 
Laboratories, Bar Harbor, ME.

LV constructs. The hRPE65-LV construct was prepared using a previously 
reported method.46 Briefly, a DNA expression plasmid containing the 
hRPE65 gene was kindly provided by William Hauswirth (CBA-RPE65). 
CBA is a ubiquitous strong promoter composed of a cytomegalovirus 
immediate-early enhancer (381 bp) and a CBA promoter–exon1–intron1 
element (1,352 bp). The CBA-RPE65 plasmid was digested with NotI to 
remove the hRPE65 gene. The hRPE65 restriction fragment was ligated into 
pHEF to yield pTVd1.EFehRPE65. The pTFd1EFehRPE65 was digested 
with XhoI and EcoRI and the restriction fragment was ligated into a 
XhoI–Eco R1 digested pTY(SIN) plasmid to yield pTY(SIN)hRPE65. 293T 
cells were cotransfected with pTY(SIN)hRPE65, pHP, and pHEF-VSVG 
plasmids and virus was concentrated by centrifugation and filtration. Viral 
titers were determined by immunohistochemical staining for RPE65.

HSC isolation and infection. Ex vivo HSC gene transfer with either retro-
virus or LV is typically followed by drug resistant selection in order to 
ensure that 100% of the infected HSCs are expressing the transgene and 
to expand the cell population prior to administration to ensure sufficient 
numbers of cells to repair the damaged tissue. This approach requires cell 
proliferation without induction of cell differentiation. This is where our 
protocol differs and offers a potential advantage. The LV infection protocol 
minimized exposure of the cells to ex vivo culturing conditions. We com-
pensated for the lack of drug selection by infecting the cells with multiplic-
ity of infection that yielded >50% gene transfer efficiency.

Bone marrow from tibiae and femurs of homozygous, in-house 
colony mice transgenic for GFP were obtained aseptically, and then HSCs 
were isolated by three-color fluorescence-activated cell sorting using 
antibodies to Sca1 and c-kit (both from BD Pharmingen, San Diego, CA) 
as previously described.30,33,47

Specifically, the cells were centrifuged at 300g for 5 minutes, the 
supernatant removed, and the cells resuspended in Dulbecco’s modified 
Eagle’s medium (high glucose), polybreen (10 µg/ml) plus 10% fetal bovine 
serum to a final cell concentration of 5 × 104 cells/ml. For the infection, 
the HSCs were split into three 1 × 105 cell aliquots. One control aliquot 
was not infected with any virus but had 5 µl of phosphate-buffered saline 
(PBS), pH 7.4 added to the cells. The second aliquot was infected with 5 µl 
of LacZ recombinant LV (TYF-EZ-LacZ) at a multiplicity of infection of 
~50. The third aliquot was infected with 2 µl of hRPE65-LV (TYF-RPE65) 
for a multiplicity of infection of ~50. Cells were centrifuged at 23 °C at 
150g for 2 hours. All experiments that included cell infection with virus 
were produced in the identical manner. Cells were then washed with PBS 
2× by centrifugation and then injected into the mice as described below.

mRNA isolation. After infection, the cells were washed and cultured in 
Iscove’s modified Dulbecco’s media (Gibco, Carlsbad, CA) containing 10% 
fetal bovine serum, 20 ng/ml interleukin-6 (R&D Systems, Minneapolis, 
MN), 50 ng/ml stem cell factor (R&D Systems), and 20 ng/ml interleu-
kin-3 (R&D Systems). The cells were kept in culture and mRNA was har-
vested immediately after infection (actually 2 hours after initial exposure 

to virus, due to the 2-hour infection protocol as described above), 1, and 
24 hours after infection (actual 3 and 26 hours after initial exposure to 
virus, see previous comment). mRNA was harvested using the total aurum 
RNA kit (Bio-Rad Laboratories, Hercules, CA) per manufacturer’s proto-
col. The mRNA was reverse transcribed and amplified by real-time PCR 
using gene-specific primers for hRPE65 (Applied Biosystems, Foster City, 
CA). All samples were normalized using gene-specific primers for TATA-
binding protein (Applied Biosystems). For gene array studies, the cells 
were harvested for mRNA at 1, 24, and 72 hours after infection.

Immunohistochemical analysis of RPE65 protein expression in HSCs. 
For immunohistochemistry, hRPE65-transfected HSCs were cultured 
overnight at 37 °C on chamber slides coated with human fibronectin (BD 
Biosciences, San Jose, CA). The following day, cells were washed with PBS 
and incubated in fixative solution containing 2% formaldehyde, 0.2% glu-
taraldehyde in PBS, for 10 minutes at room temperature. After three washes 
in PBS, cells were permeabilized with 0.1% Triton X-100 for 4 minutes 
at room temperature. Samples were then washed and blocked by incuba-
tion with 10% normal rabbit serum in PBS for 1 hour at room tempera-
ture, and incubated with mouse anti-RPE65 (1:200 in blocking solution) 
(Novus Biologicals, Littleton, CO) overnight at 4 °C. After three washes 
in PBS, cells were incubated with Alexa Fluor 594 rabbit anti-mouse IgG 
(1:200 in blocking solution) (Invitrogen, Carlsbad, CA) for 1 hour at room 
temperature. After extensive washing with PBS, cells were mounted with 
VectaShield DAPI (Vector Laboratories, Burlingame, CA) for nuclear 
staining and a coverslip. Negative control samples were processed in the 
same manner except for the omission of the primary antibody. The cells 
were examined using an Axiovert 135 fluorescence microscope (Carl Zeiss, 
Thornwood, NY) with identical settings for laser intensity, gain, etc.

Sodium iodate treatment. The RPE of four groups of C57Bl6/J mice was 
 targeted for ablation by intraperitoneal injection of 100 mg/kg sodium 
iodate in water.48 Three groups of animals then received 5,000 Sca1+c-
kit+GFP+ HSCs [uninfected HSCs (n = 22), LacZ-LV (n = 17), or 
hRPE65-LV (n = 34)] in 100 µl of sterile saline injected into the left ret-
roorbital sinus 8 hours after administering sodium iodate. A fourth group 
was given sodium iodate but was not injected with HSCs (n = 14). A fifth 
group was neither given sodium iodate nor HSCs (n = 7).

Studies to evaluate cell fusion. The RPE of B6.129S4-Gt(ROSA)26Sortm1Sor/J 
mice was targeted for ablation by intraperitoneal injection of 100 mg/ kg 
sodium iodate.48 Sca1+ and c-kit+ HSCs were isolated from B6.C-Tg 
(CMV-cre)1Cgn/J mice and HSCs (5,000 cells) were injected into the 
left retroorbital sinus of the Gt(ROSA) mice 8 hours after administering 
sodium iodate (n = 10). A second group was given sodium iodate but was 
not injected with HSCs (n = 10). A third group was neither given sodium 
iodate nor HSCs (n = 10). All mice were euthanized on day 28. Eyes (n = 60) 
were enucleated and embedded in optimal cutting temperature compound 
and then frozen until processed. Ocular tissue was sectioned sagittally 
(10 μm) and sections were placed on gelatin-coated slides and allowed to 
air dry. Sections were then fixed for 5 minutes in 2% paraformaldehyde, 
0.125% glutaraldehyde in PBS. The fixative was aspirated and slides incu-
bated 3× 1 minute in PBS with 2 mmol/l MgCl2. Slides were then incubated 
for 2 minutes (3×) in PBS, MgCl2, NP40, desoxycholate, and then incubated 
2 minutes with staining buffer without X-gal. X-gal was then added to the 
staining buffer and incubated at 37 °C for 6 hours in a moist chamber. All 
sections were examined by light microscope for β-galactosidase-positive 
cells (blue color). Even in pigmented mice, such as those used in this study, 
β-galactosidase-positive RPE cells can be identified if present.49

Immunohistology. Twenty-eight days after sodium iodate treatment, the ani-
mals were euthanized and the eyes removed. The eyes from each treatment 
cohort were divided into four groups for further analysis. Some from each 
treatment cohort were processed for electron microscopy. The second group 
of eyes was preserved in Trump’s fixative for histology using hematoxylin 
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and eosin to observe and compare changes in RPE layer morphology and 
measure retinal thickness among the different treatment cohorts by light 
microscopy. Retinal thickness was measured on 7-µm wax-embedded hema-
toxylin and eosin-stained transverse sections of retina. A total of five sections 
per eye from four animals were analyzed by a masked observer using a light 
microscope. Digital photographs were taken between 2 and 4 mm temporal 
to the optic nerve head and the thickness of the full retina, the inner nuclear 
layer, the outer nuclear layer, and the photoreceptor inner/outer segment 
layer were determined morphometrically using Image Pro software.

The third group of eyes was preserved in 4% paraformaldehyde 
for 2 hours, embedded in optimal cutting temperature medium, then 
sectioned sagittally for immunohistochemistry to identify and localize 
GFP+CRALBP+ cells. CRALBP was detected by further reaction with anti-
CRALBP (Affinity Bioreagents, Golden, CO) followed by biotinylated goat 
anti-rabbit IgG (Sigma-Aldrich, St Louis, MO) followed by streptavidin-
conjugated rhodamine (Vector Labs, Burlingame, VT).

Two RPE developmental markers were also examined in these sections, 
and colocalized with GFP. Fluorescein isothiocyanate–conjugated goat 
anti-GFP (Abcam, Cambridge, MA) was first reacted and washed, followed 
by antibodies to either microophthalmia-associated transcription factor 
(rabbit anti-microophthalmia-associated transcription factor; Abcam) or 
tyrosinase (rabbit anti-tyrosinase; Abcam). The latter two antibodies were 
detected by secondary reaction to tetramethylrhodamine isothiocyanate–
conjugated goat anti-rabbit IgG (Abcam).

The final group of eyes was preserved in 4% paraformaldehyde for 
2 hours, dissected to remove the anterior segments and neural retina, 
and then the posterior cups were reacted with anti-CRALBP, secondary 
antibody, and streptavidin–rhodamine as above. The latter two groups of 
eyes were examined by epifluorescence microscopy with identical settings 
for laser intensity, gain, etc., detecting native GFP in the green channel 
and CRALBP in the red channel. Colocalization and morphometry 
were analyzed using ImageJ software (NIH Research Services Branch, 
Bethesda, MD). At least four posterior cups were examined for each 
treatment condition. Colocalization was determined using Manders 
correlation coefficient, and the colocalized area of each posterior cup was 
determined from calibrated digitized images.50 Mean colocalized area for 
each treatment was calculated and results reported as fold change relative 
to control (i.e., sodium iodate–treated mice that received no HSCs).

Transmission electron microscopy. Eyes were enucleated and fixed for 
1 hour in cold 4% paraformaldehyde–1% glutaraldehyde in 0.1 mol/l 
sodium cacodylate–HCl buffer, pH 7.4. Specimens were washed 4× 
15 minutes in 0.1 mol/l cacodylate buffer containing 0.1 mol/l glycine. 
Eyes were postfixed in 1% osmium tetroxide in 0.1 mol/l cacodylate buffer, 
dehydrated in a methanol series to propylene oxide, and infiltrated and 
embedded in epoxy resin.

Ultrathin sections on nickel grids were oxidized in 1% (wt/vol) 
aqueous periodic acid in a Biowave Microwave (Ted Pella, Redding, CA) at 
250 W power, 30 °C with a cycle of 2 minutes on, 2 minutes off, 2 minutes 
on. Grids were washed in PBS, pH 7.4 for 4× 1 minute followed by 
blocking with 4% (vol/vol) cold water fish gelatin in PBS at 250 W, 30 °C 
with a cycle of 2 minutes on, 2 minutes off, 2 minutes on. Grids were 
reacted with polyclonal chicken anti-GFP antibody (Aves Labs, Tigard, 
OR) at 250 W power, 30 °C with a cycle of 2 minutes on, 2 minutes off, 
2 minutes on followed by washing 2× 1 minute with PBS and 2× 1 minute 
with Tris-buffered saline. Grids were incubated with donkey anti-chicken 
IgY conjugated to 18-nm colloidal gold (Jackson ImmunoResearch, West 
Grove, PA) at 250 W, 30 °C with a cycle of 2 minutes on, 2 minutes off, 
2 minutes on. Grids were then rinsed with Tris-buffered saline 2× 1 minute 
followed by 3× 1 minute with deionized water followed by poststaining 
for 2 minutes with 2% (wt/vol) aqueous uranyl acetate. Controls were 
omission of the primary antibody and use of secondary antibody alone. 
Grids were examined and photographed in a JEOL 1200EX transmission 
electron microscope at an accelerating voltage of 100 kV.

Gene expression and microarray studies. For gene array studies, the cells 
were harvested at 1, 24, and 72 hours after infection (actually 3, 26, and 
74 hours after initial exposure of cells to virus). Total mRNA from cells and 
retinas was isolated as described. Thirty nanogram of total mRNA were 
reverse transcribed and amplified using the Ovation RNA Amplification 
System (NuGEN Technologies, San Carlos, CA) then the cDNA was bio-
tin labeled and fragmented using the FL-Ovation cDNA Biotin Module 
V2 (NuGEN Technologies). At all steps, the quantity and quality of the 
preparations were controlled using NanoDrop (NanoDrop Technologies, 
Wilmington, DE) and the Experion Automated Electrophoresis System 
(Bio-Rad Laboratories). Mouse Genome 430 2.0 Arrays (Affymetrix, Santa 
Clara, CA) were hybridized with 3.75 µg cDNA in the hybridization oven 
640, washed and stained in the Fluidics Station 400, and scanned with the 
GeneChip Scanner 3000 (all instruments from Affymetrix). Data acqui-
sition and preliminary analysis were done with the GeneChip Operating 
Software v1.4.0.036, also from Affymetrix. All experiments were done in 
triplicate.

For data analysis, the presence call determined by GeneChip Operating 
Software was used to eliminate those genes that were not present or 
marginally present in at least two samples from at least one experimental 
condition. The remaining genes (74–78% for retina samples and 60–66% 
for HSC samples) were further analyzed using Partek Genomic Suite 
(Partek, St Louis, MO), using an RMA algorithm. Data distribution was 
checked for normality (Supplementary Figure S2) and experimental 
conditions grouping by principal component analysis (Supplementary 
Figure S2). Two-way analysis of variance was performed, followed by 
false discovery rate correction for multiple comparisons. The networks 
and functional analyses were accomplished using the Ingenuity Pathways 
Analysis (Ingenuity Systems, Redwood City, CA).

Real-time PCR validation of gene array studies. Selected genes 
(Supplementary Table S3) were validated by real-time PCR. The mRNA 
was reverse transcribed using WT-Pico Kit (NuGEN, San Carlos, CA) and 
amplified using real-time PCR with the human gene–specific primers for 
RPE65 (TaqMan; Applied Biosystems, Foster City, CA). Data were nor-
malized to GSTp1 (detected by GeneChip as having a very low coefficient 
of variation throughout the experiment) and expressed as relative copy 
number. We preferred to use relative copy number to measure the level 
of human RPE65 expression in infected cells because (i) other methods 
require that the respective gene expression in the control sample be greater 
than zero (which is not the case in mouse cells) and (ii) we can better 
examine the dynamics of gene copy numbers over time.51

For endogenous controls, we chose two genes that showed a minimal 
variation when analyzed by GeneChip: ribosomal protein S17 (GenBank 
accession no. NM_009092) and glutathione S-transferase pi 1 (GenBank 
accession no. NM_013541) (Supplementary Figure S2). The detection was 
done on the 7900HT Fast Real-Time PCR system (Applied Biosystems).

In vitro differentiation of HSC. RPE cells were grown to confluence on 
12-well transwell insert plates (Costar, St Louis, MO). Mouse Sca1+ cells 
were enriched from mouse bone marrow cells using the mouse progeni-
tor and Sca1 enrichment kits (StemCell Technologies, Vancouver, CA) per 
manufacturer’s protocol. The bottom chambers of the transwell plates were 
coated with fibronectin (Sigma-Aldrich) and 20,000 mouse Sca1+ cells 
plated. The mouse cells were maintained in Dulbecco’s modified Eagle’s 
medium (Mediatech, Herndon, VA), 10% fetal bovine serum (MIDSCI, 
St Louis, MO), 10 µmol/l forskolin (Sigma-Aldrich), 1 µmol/l rolipram 
(Sigma-Aldrich), and 100 ng/ml PEDF (Chemicon, Bellercia, MA). The 
transwell inserts were removed to image the differentiated mouse HSCs 
using an inverted Zeiss Microscope (Carl Zeiss, Thornwood, NY).

ERG. Scotopic flash ERGs were performed on the recipient mice (n = 6 
for each treatment condition of no cells and HSCs infected with LacZ, 
and n = 17 for the condition of HSCs infected with hRPE65) 28 days after 
sodium iodate treatment and adoptive transfer of transgenic HSCs as well 
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as on uninjured animals. The animals were adapted to total darkness for 
12–18 hours prior to ERG measurements. Mice were anesthetized and the 
pupils dilated with ophthalmic solutions of atropine and phenylephrine, 
after which they were subjected to sequences of scotopic flashes of −3.94 
and −1.84 log cd·s/m2, with measurements averaged over five flashes. 
Comparisons were made between treatment conditions for the mean of 
the maxima for A-wave and B-wave responses for the two sequences of 
five flashes at each intensity. Significance was calculated by independent 
samples t-test and checked by Levene’s test for equality of variances using 
SPSS software (SPSS, Chicago, IL).

suPPleMentAry MAterIAl
Figure S1. Electron micrograph of a section from a normal mouse 
eye reacted for colloidal gold staining of GFP and serving as control 
for this reaction.
Figure S2. Consistency of endogenous controls across experiments.
Figure S3. Fluorescence (a) and bright-field (b) images of the same 
6-μm section of tissue from a normal control (naive) mouse eye that 
was subsequently incubated with secondary antibody used to detect 
the primary antibody against CRALBP.
Figure S4. Immunohistochemical staining of 6 µm sections from mouse 
eyes injured with NaIO3 and then given HSC expressing RPE65 show 
microophthalmia-associated transcription factor (MiTF) expression.
Figure S5. Immunohistochemical staining of 6 µm sections from 
mouse eyes injured with NaIO3 and then given HSC expressing RPE65 
show tyrosinase expression.
Table S1. Table shows the principal genes (and their respective 
 accession numbers) that were either up-regulated or down-regulated 
1 hour following infection in HSCs infected with hRPE65 compared to 
the HSCs infected with LacZ.
Table S2. Table shows the principal genes (and their respective ac-
cession numbers) that were either up-regulated or down-regulated in 
posterior segments of mouse eyes 28 days after sodium iodate injury 
and injection of HSCs infected with hRPE65 compared to the HSCs 
infected with LacZ.
Table S3. Selected genes and respective primers that were used for 
real-time PCR validation of GeneChip data.
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