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The occurrence of clonal perturbations and leukemia 
in patients transplanted with gamma-retroviral (RV) 
 vector–transduced autologous hematopoietic stem and 
 progenitor cells (HSPCs) has stimulated extensive inves-
tigation, demonstrating that proviral insertions may 
perturb adjacent proto-oncogene expression. Although 
enhancer-deleted lentiviruses are less likely to result in 
insertional oncogenesis, there is evidence that they may 
perturb transcript splicing, and one patient with a benign 
clonal expansion of lentivirally transduced HPSC has been 
reported. The rhesus macaque model provides an oppor-
tunity for informative long-term analysis to ask whether 
transduction impacts on long-term HSPC properties. We 
used two techniques to examine whether  lentivirally trans-
duced HSPCs from eight rhesus macaques transplanted 
1–13.5 years previously are perturbed at a population 
level, comparing telomere length as a measure of replica-
tive history and gene expression profile of  vector positive 
versus vector negative cells. There were no  differences in 
telomere lengths between sorted GFP+ and GFP− blood 
cells, suggesting that lentiviral (LV) transduction did not 
globally disrupt replicative patterns. Bone marrow GFP+ 
and GFP− CD34+ cells showed no  differences in gene 
expression using unsupervised and principal compo-
nent analysis. These studies did not uncover any global 
long-term perturbation of proliferation, differentiation, 
or other important functional parameters of transduced 
HSPCs in the rhesus macaque model.
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publication 13 August 2013. doi:10.1038/mt.2013.168

INTRODUCTION
The two decades since the first patient was transplanted with 
genetically modified hematopoietic stem and progenitor cells 
(HSPCs) have progressed from initial expectations of success, 
through disappointment over insufficient gene transfer efficiency, 
to elation when improvements in vectors and transduction condi-
tions resulted in clear clinical evidence for amelioration of serious 
genetic disorders, followed by major concerns with the realization 
that insertional activation of proto-oncogenes resulted in clonal 
expansion and leukemia in some patients.1–3 Intensive investiga-
tion of the integration patterns for standard gamma-retroviral 
(RV) vectors and the degree of risk related to proviral insertional 
mutagenesis when targeting HSPCs has resulted in a reassessment 
of the risk profile for these vectors, more regulatory constraints, 
and a search for safer vectors to use for further clinical gene ther-
apy applications targeting HSPCs.4–8

Lentiviral (LV) vectors derived from the human immunode-
ficiency virus (HIV) or the simian immunodeficiency virus have 
been explored as alternatives. LV vectors have an integration pat-
tern distinct from that of RV vectors, with a lower propensity to 
integrate near transcription start sites, and are thus predicted to 
have a lower risk of insertional gene activation.6,9–11 LV vectors 
also have the strong viral enhancer in the long-terminal repeat 
(LTR) deleted to avoid recombination with endogenous HIV, 
and to decrease the risk of enhancer-mediated adjacent proto-
oncogene activation. LV vectors were significantly less likely than 
RV vectors to transform HSPCs, as assessed by in vitro immor-
talization of murine bone marrow or leukemia induction in 
tumor-prone mice.12,13 In rhesus macaques and other nonhuman 
primates, LV vector transduction of HSPCs resulted in long-term 
polyclonal vector–derived hematopoiesis, without dominance of 
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clones containing insertions near proto-oncogenes, in contrast to 
results with RV vectors.6,10,14,15 However, there remains a finite risk 
of insertional mutagenesis associated with any integrating vec-
tor, given the thousands of genes being disrupted or potentially 
impacted by vector insertions, as revealed by murine and cell 
immortalization assays.12,13 Some overrepresentation of LV inser-
tion sites near proto-oncogenes occurs in transduced HSPCs is 
expected, because proviral insertions in open areas of chromatin, 
within or near genes highly expressed in HSPCs, including proto-
oncogenes, are favored.9,14

Despite the years of experimentation and optimization of RV 
vectors in the laboratory, and >10 years of clinical experience, it 
was a surprise when some patients in X-SCID gene therapy trial 
developed leukemia following RV gene therapy. It is important 
therefore to maximally and creatively use all available experimen-
tal models and early clinical trial data to ask whether LV gene 
therapy targeting HSPCs is associated with any significant onco-
genic risk. To date, only a few patients have received HSPCs trans-
duced with LV vectors, with limited follow-up. Two patients with 
adrenoleukodystrophy have received CD34+ cells transduced 
with LV vectors, and have been reported to maintain highly poly-
clonal LV-containing hematopoiesis for up to 2.5 years.16 A single 
patient treated with LV-transduced CD34+ cells for thalassemia 
has developed a highly dominant clone with aberrant splicing and 
overexpression of a gene linked to myeloproliferation in a murine 
model,17,18 and a recent in vitro study suggested that integrated LV 
vectors do have a propensity to disrupt transcript splicing.19

An alternative approach to investigating the impact of LV 
transduction on HSPC behavior is to compare fundamental prop-
erties of cell proliferation and gene expression in engrafted trans-
duced versus nontransduced HSPCs long term. We have focused 
on the rhesus macaque as the best available model for predicting 
HSPC behavior in humans.20,21 Telomere shortening in HSPCs 
reflects the number of prior cell divisions, and can be used as a 
“replicative clock,”22,23 uncovering differences in replicative his-
tory between LV-transduced and nontransduced cells, in rhesus 
macaques transplanted years previously. Global gene expression 
profiling of rhesus CD34+ cells engrafted in vivo long term fol-
lowing transplantation, comparing LV-transduced and nontrans-
duced cells, may uncover HSPC perturbations resulting from LV 
transduction. These two complementary approaches can provide 

insights into the impact of LV transduction on HSPCs, and inform 
risk/benefit assessments of future human clinical gene therapy 
trials.

RESULTS
Subject selection
A total of eight rhesus macaques were studied. All were trans-
planted with LV-transduced autologous CD34+ cells a median of 
3.75 years (range 1–13.5) before the collection of samples for the 
current study. Table 1 summarizes the characteristics of the ani-
mals, including the specific vectors used, cell doses transplanted, 
age at time of transplant, length of follow-up before sample collec-
tion for the current study, and the level of marking at the time of 
sample collection. All vectors were third generation and consisted 
of modified HIV or simian immunodeficiency virus backbones, 
an internal viral promoter, and a green fluorescent protein (GFP) 
transgene unlikely to impact on cellular behavior. The transduc-
tion conditions, vector characteristics, and follow-up on six of the 
eight animals have already been published, as listed in Table  1. 
Several of the animals have been followed in detail regarding the 
pattern of vector integration sites, and all remain highly poly-
clonal, without evidence for any development of progressively 
more dominant clones suggesting insertional mutagenesis.6,14,24

Telomere length of GFP+ and GFP− peripheral blood 
cells
The mean telomere length was measured in sorted GFP+ and 
GFP− peripheral blood (PB) granulocytes and mononuclear 
cells (primarily lymphocytes) at the longest possible time point 
following transplantation of autologous lentivirally transduced 
CD34+ cells, following ablative total body irradiation. There 
were no significant differences in telomere length in the GFP+, 
vector-containing granulocytes or lymphocytes compared with 
paired GFP− samples from the same time point and cell lineage 
(Figure 1).

Although we do not have an equivalent set of sorted trans-
duced versus untransduced samples to analyze from rhesus 
macaques transplanted with RV-transduced HSPCs, measurement 
of the telomere lengths in available samples from one animal that 
progressed to an overt clonal RV-vector–related myeloid tumor is 
potentially instructive. Rhesus macaque 95E113 had a telomere 

Table 1 Rhesus macaque transplantation and transduction characteristics

Animal
Date of trans-

plant
Age at trans-

plant Vector
CD34+ cells 
transplanted

Time after 
transplant

GFP+ % in 
blood Grans/

MNCs by FACS
GFP+ % in mar-

row by FACS Reference

95E132 8/5/1999 4.10 years HIV-GFP 39 million 13.5 years 4/11 ND An et al.45

2RC003 11/22/2002 2.75 years HIV-GFP 30 million 10.2 years 4/7 ND Sander et al.46

RQ2617 5/2/2003 4.66 years SIV-GFP 61 million 9.0 years 3/8 10 Hematti et al.42

RQ6897 6/12/2008 7.25 years XHIV-GFP 31 million 4.0 years 33/53 35 Uchida et al.43

RQ7387 11/26/2008 4.25 years XHIV-GFP 49 million 3.5 years 17/31 23 Uchida et al.44

RQ7280 5/20/2009 5.08 years XHIV-GFP 45 million 3.0 years 25/38 35 Uchida et al.44

A7E051 8/27/2011 4.33 years XHIV-GFP 90 million 1.0 years 8/11 ND NA, for vector47

DCJK 8/14/2011 4.75 years XHIV-GFP 23 million 1.0 years 10/17 ND NA, for vector47

Abbreviations: Grans, granulocytes; MNC, mononuclear cells; NA, not available.
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length of 22.2 kb in total granulocytes 3 years following transplan-
tation with RV-transduced autologous CD34+ cells, at a time that 
~3–5% of granulocytes were vector positive. Two years later, the 
animal developed a vector-related myeloid sarcoma in the abdo-
men characterized by insertional activation of the antiapoptotic 
gene BCL2A1, and also marked clonal dominance of granulocytes 
from the same clone in the PB.25 At that time point, the telomere 
length in both the blood granulocytes and the myeloid sarcoma 
tumor had dropped precipitously, to 7.9 and 9.0 kb respectively.

Gene expression profile of GFP+ and GFP− bone 
marrow CD34+ cells
In four animals, we were able to obtain sufficient bone marrow 
to allow sorting of GFP+ and GFP− CD34+ cells (Table 1), col-
lected a mean of 3.75 years after transplantation. Total RNA was 
extracted from each cell population, and used for gene expres-
sion profiling via rhesus Affymetrix arrays. Principle component 
analysis was used to group samples, and as shown in Figure 2a, 
no grouping of GFP+ versus GFP− samples occurred. Instead, 
the variation was much greater between both GFP+ and GFP− 
samples from different animals than between the GFP+ and 
GFP− samples from the same animal. A volcano plot (Figure 2b) 
does not show any genes with significant differences in expression 

between GFP+ and GFP− samples, including published Sanger 
cancer genes,26 as marked on the plot. An MvA plot (Figure 2c) 
shows that the Sanger cancer genes have quite high expression in 
CD34+ cells, but none are significantly differentially expressed 
between GFP+ and GFP− samples. The slightly greater distance 
between the GFP+/GFP− samples for animal RQ2617 in the prin-
ciple component analysis was due to minor technical variations 
rather than true biologic differences. No Sanger Cancer genes 
were greater than twofold altered in this animal, and none of the 
138 genes that were differentially expressed in GFP+ versus GFP− 
CD34+ cells in this animal were differentially expressed in the 
other three animals.

DISCUSSION
In this study, we have used telomere length primarily as a “mitotic 
clock” to ask whether the in vivo behavior of primitive nonhuman 
primate HSPCs are altered by transduction with LV vectors.21,27 A 
direct relationship between hematopoietic stem cell cycling and 
telomere shortening has been demonstrated via serial transplanta-
tion in mice.28 Laboratory mice start with much longer telomeres 
as compared with other mammals, and humans have somewhat 
shorter telomeres than macaques; however, the degree of shorten-
ing with each somatic cell division is similar in all species. In rhe-
sus macaques followed for as long as 13 years following an ablative 
autologous PB HSPC transplant with LV vector–transduced 
CD34+ cells, there were no significant or consistent differences 
in telomere lengths between circulating granulocytes and lym-
phocytes containing vector, and thus derived from LV-transduced 
CD34+ cells, and hematopoietic cells without vector, likely derived 
from CD34+ cells in the graft that remained nontransduced, given 
the high dose total body irradiation used for pretransplant condi-
tioning. We have previously documented that LV vectors are not 
silenced in macaque HPSCs or their progeny long term, validat-
ing use of GFP+ versus GFP− cell sorting as a methodology to 
separate transduced versus nontransduced cells.14 A number of 
studies have confirmed that telomere length in all blood lineages 
are closely correlated, and that mature PB telomere length corre-
sponds closely with CD34+ HSPC telomere length.29,30 Our results 
suggest that LV-transduced macaque HSPCs engraft and cycle 
equivalently to nontransduced HSPCs.

Rhesus macaque telomeres shorten ~100–120 bps per cell 
division, as assessed in primary cells cultured in vitro.31–34 More 
relevant are estimates from population studies of telomere lengths 
in normal hematopoietic cells from monkeys across age cohorts. 
Rhesus and baboon adult hematopoietic stem cells have been esti-
mated to cycle every 23–52 weeks, with a loss of 100–150 bp at 
the telomeres per year in adult animals.21,33 Our qPCR assay reli-
ably detects differences of 500–1,000 bp or greater in average telo-
mere length within a population. Thus, in steady state, a global 
increasing in cycling of LV-transduced HSPCs of threefold would 
be detectable only after 3–4 years. However, a number of stud-
ies have demonstrated that very rapid telomere shortening occurs 
in the first year following autologous or allogeneic hematopoietic 
stem cell transplantation, due to rapid early sustained prolifera-
tion of the HSPCs to fill an empty compartment and regener-
ate sufficient HSPCs able to support robust hematopoiesis long 
term.35,36 Hematopoietic cells from human recipients of allogeneic 

Figure 1 Comparison of telomere lengths in transduced and 
untransduced blood cells. Quantitative PCR for mean telomere length 
was performed on genomic DNA from peripheral blood (a) GFP+ or 
GFP− granulocytes and (b) GFP+ or GFP− lymphocytes from eight 
rhesus macaques transplanted with lentivirally transduced autologous 
CD34+ cells 1–13.5 years before. The panels show the telomere length 
in kilobases (kb) on the y axis for GFP+ and GFP− (a) granulocytes or 
(b) lymphocytes from each animal. The time of sample collection after 
transplantation for each animal is given in Table 1. Each sample was 
run in triplicate, and the mean values are shown as individual points on 
the plots. There was no significant change in telomere length, calculated 
as the mean of the triplicate averages for changes in telomere length, 
between the GFP+ and GFP− cells in either the granulocyte (P = 0.1336) 
or lymphocyte (P = 0.5183) populations, via a paired Student’s t-test.
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HPSCs have telomeres that are 0.4–1.0 kb shorter than telomeres 
in donor hematopoietic cells before transplant, equivalent to an 
extra 10–15 years worth of telomere shortening. Assuming a 
similar magnitude HSPC expansion in rhesus recipients following 
ablative autologous transplantation, corresponding to 10 years of 
steady-state telomere shortening, even a twofold global increase 
in cycling of LV-transduced cells would be detectable even as 
early as 1 year after transplant. It would be of interest to examine 
telomere length in the patients transplanted with LV-transduced 
HSPCs to date, although neither the thalassemia nor the adreno-
leukodystrophy trial used LV containing a cell surface or other 
marker allowing separation of vector-containing versus untrans-
duced cells. The patient with thalassemia who recovered hemato-
poiesis and engrafted very slowly following busulfan conditioning 
would be predicted to have acceleration of telomere shortening, 

particularly in the single dominant clone, in contrast to the highly 
polyclonal pattern seen in our macaques and in the adrenoleuko-
dystrophy clinical trial.16,17

Our prior extensive experience using gamma-RV vectors in 
the rhesus macaque autologous transplantation model did not 
incorporate a cell surface or fluorescent selectable marker allow-
ing separation of transduced versus nontransduced cells, to ask 
whether with this more genotoxic vector system a difference in 
proliferative history manifested by telomere shortening could be 
detected. However, the limited data we do have on animal 93E113, 
which progressed to clonal dominance and full malignant trans-
formation of a subclone, demonstrates remarkable telomere 
shortening (equivalent to 30 years of steady-state hematopoiesis) 
in the clonal granulocytes and the tumor itself compared with 
2 years previously, looking at overall hematopoiesis when the 

Figure 2 Comparison of gene expression profiles between transduced and untransduced bone marrow CD34+ cells. (a) Principal component 
analysis of global gene expression patterns in GFP+ (pos) and GFP− (neg) CD34+ cells sorted from the bone marrow of four rhesus macaques trans-
planted with lentivirally transduced autologous CD34+ cells 3–9 years before. The principal component analysis shows that the variation between 
the four animals was much greater than the variation between GFP+ and GFP− CD34+ cells overall. The first component (PC1) on the x axis and the 
second component (PC2) on the y axis explain a cumulative 57.5% of the variance between the four animals. (b) A Volcano plot of log2 fold changes 
versus one-way analysis of variance P value (-log10 scale) comparing the expression of each individual gene (red x marks Sanger cancer genes, gray 
dots mark all other genes) in the GFP+ and GFP− cells from all four animals. No genes were up- or downregulated more than twofold (log2 = 1) 
between the cell populations, as demonstrated by lack of any dots outside the -1 and 1 thresholds on the x axis, and there was no significant differ-
ence in level of expression for any genes comparing GFP+ and GFP− cells. (c) MvA plot of the average log2 intensities of expression for individual 
genes on the x axis versus the log2 fold change in GFP(+) versus GFP(−) cells on the y axis. Each dot represents one transcript on the plot, red x’s 
for Sanger cancer genes and gray dots for other genes. The majority of Sanger cancer genes show high expression level in both GFP(+) and GFP(−) 
two conditions.
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marking level overall was only 5%. This result suggests that accel-
erated proliferation and telomere shortening is at least a marker 
of, and potentially contributes to, malignant transformation, as we 
have previously reported in patients with bone marrow failure and 
excessive proliferative demand who progress to myeloid malig-
nancies.37 It is also possible that cells with accelerated proliferation 
could shorten telomeres to the extent that the clone exhausts and 
is lost, but this possibility seems unlikely from our data to date.

Gene expression profiling of bone marrow CD34+ cells 
from a subset of animals revealed no significant differences in 
gene expression of any single gene or class of genes between the 
entire populations of LV-transduced and nontransduced cells. 
These results are reassuring and suggest that LV vector integra-
tion does not routinely result in upregulation of proto-oncogenes 
or other genes with impact on growth and development in the 
population of transduced cells as a whole. These results are not 
compatible with a hypothesis that only transduced cells with inte-
gration events impacting on cell proliferation or survival engraft 
efficiently. There was no upregulation of the genes involved in 
telomere elongation, indicating the validity of conclusions from 
comparisons of telomere lengths in transduced and untransduced 
cells. Taken together, these findings suggest that LV vectors trans-
duce CD34+ cells without changing their phenotype, and that 
these vectors do not target only a restricted CD34+ subpopula-
tion at a particular stage of differentiation. Lack of 100% efficiency 
of transduction may reflect transient properties of the target cells 
during culture and transduction, for instance cell cycle status 
or spatial constraints. Only one prior study has analyzed gene 
expression in transduced versus untransduced cells engrafted 
long term. Patients received T cells transduced with a gamma-RV 
vector expressing a suicide gene and a cell surface marker, and 
had transduced and untransduced T cells sorted from the blood 
4–6 months following infusion. Approximately 2–3% of genes was 
significantly up- or downregulated. None of these genes were ones 
that had been previously identified as close to a vector insertion 
site in the infused T cells, but it is also plausible that not all vector 
sites had been identified.38 It is reassuring that in contrast we did 
not detect significantly dysregulated genes, at least at a popula-
tion level, comparing transduced and untransduced CD34+ cells 
engrafted in vivo long term.

In conclusion, our study used a nonhuman primate model 
with high relevance to human clinical gene therapy applications 
to provide evidence that LV vector transduction of HSPCs is not 
associated with perturbations of cell cycle/proliferation or gene 
expression, at least on a global level. These approaches are not 
designed or able to detect minor subclones that might arise due to 
insertional mutagenesis, because telomere length and gene expres-
sion are being assessed at a mean population level in transduced 
versus untransduced cells, for instance a tenfold increase in cell 
cycling or expression of a specific gene or pathway in 10% of the 
cells would not impact on the mean values. We are instead search-
ing for any final common pathways that are shared by HSPCs able 
to be transduced or resulting from transduction. The final com-
mon EVI1 pathways noted in the gamma-RV clinical trials and 
experimental transformation studies would have been interesting 
to examine using these approaches.39 This information is comple-
mentary to insertion site profiling of transduced hematopoietic 

cells in nonhuman primate, canine, and limited human clinical 
trials suggesting that LV transduction of HSPCs is associated with 
a lower risk of genotoxicity and perturbation of hematopoietic 
stem and progenitor cell homeostasis than gamma-RV vectors.

MATERIALS AND METHODS
Rhesus CD34+ cell collection, transduction and transplantation. Rhesus 
macaques (Macaca mulatta) were housed and handled in accordance with 
guidelines set by the Committee on Care and Use of Laboratory Animals of 
the Institute of Laboratory Animal Resources, National Research Council, 
and all animal protocols were approved by the Animal Care and Use 
Committee of the National Heart, Lung, and Blood Institute. The meth-
odology used for rhesus macaque CD34+ cell collection, transduction, 
conditioning with total body irradiation, transplantation, and posttrans-
plantation care has been published.40 Details including the vector used for 
transduction, transduction conditions, and initial gene marking results 
following transplantation have been published for animals 93E113,25,41 
RQ2617,42 RQ6897,43 RQ7387 and RQ7280,44 95E132,45 and 2RC003.46 
Details for animals DCJK and A7E051 have not previously been pub-
lished. These two animals were transplanted with autologous CD34+ cells 
collected from the PB by apheresis following mobilization with recom-
binant human G-CSF and recombinant human stem cell factor (Amgen, 
Thousand Oaks, CA) as described.40 Following transduction with LeGO 
LV vectors expressing GFP or Tomato fluorescent proteins47 under nor-
moxic or low oxygen (2%) conditions, the autologous cells were reinfused 
into the animals following 1,000 rads total body irradiation. Relevant 
information for each animal is summarized in Table 1.

Cell collection and processing. For telomere length analysis, 40 ml of rhesus 
macaque PB was collected in acid citrate dextrose tubes. The mononuclear 
cells and granulocytes were separated via density gradient centrifugation 
over lymphocyte separation medium (MP Biomedicals, Solon, OH). The 
cells were then sorted via forward and side scatter and GFP expression into 
four populations on a FACS AriaII instrument (BD Biosciences, San Jose, 
CA): GFP+ and GFP− mononuclear cells and GFP+ and GFP− granulo-
cytes. DNA extraction on sorted populations was carried out using the 
Maxwell 16 LEV Blood DNA Kit (Promega, Madison, WI).

For gene expression analysis, 30 ml of bone marrow was aspirated 
from the posterior iliac crests of rhesus macaques into acid citrate 
dextrose tubes. The mononuclear cells were isolated by density gradient 
centrifugation over lymphocyte separation medium (MP Biomedicals). 
Enrichment for CD34+ cells was performed using the Miltenyi Biotec 
MACS cell separation system (Miltenyi Biotec, Auburn, CA) and the 
biotynylated 12.8 anti-CD34 antibody as described.40 The cells were 
then  sorted for CD34+GFP+ and CD34+GFP− populations on a 
FACS AriaII instrument (BD Biosciences). RNA extraction on sorted 
populations was carried out using the Qiagen RNeasy Micro Kit 
(Qiagen, Valencia, CA).

Telomere length analysis. Mean telomere length was measured in PB neu-
trophils and mononuclear cells by a validated and CLIA-certified quan-
titative PCR (qPCR), as originally described.48,49 A modification of this 
method using the Qiagen Rotor-Gene Q real-time cycler was developed by 
our group and a detailed description can be accessed on the Qiagen web-
site at http://b2b.qiagen.com/literature/qiagennews/weeklyarticle/11_04/
telomere/default.aspx. Experimental samples of 1.6 ng genomic DNA 
were run in triplicate using a Rotor-Gene Q real-time instrument with 
the Rotor-Gene SYBR Green Kit (Qiagen). Primers for telomeric repeats 
(FP 5′-GGTTTGTTTGGGTTTGGGTTTGGGTTTGGGTTTGGGTT-3′ 
and RP 5′-GGCTTGCCTTACCCTTACCCTTACCCTTACCCTT 
ACCCT-3′) and human 60S acidic ribosomal protein P0 as single gene 
control (FP 5′-CCCATTCTATCATCAACGGGTACAA-3′ and RP 
5′-CAGCAAGTGGGAAGGTGTAATCC-3′) were used. These sequences 
are identical in the rhesus genome. The telomere length for each sample 
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is based on the telomere to single copy gene ratio (T/S ratio) calculated as 
deltaCt [Ct(telomere)/Ct(single gene)]. Telomere length for each sample 
was calculated from the T/S ratio for each sample normalized to the mean 
T/S ratio of a reference sample, which was used for the standard curve, 
using [2−(ΔCtx − ΔCtr) = 2−ΔΔCt] equation. The reference sample was used both 
as a reference sample, and between runs as a validation sample, to ensure 
reproducibility between individual runs of the assay.

Statistical analysis comparing mean telomere length in GFP+ versus 
GFP− samples was done using a paired Student’s t-test.

Gene expression analysis. Biotin Labeled sense targets were prepared with 
total RNA using the Affymetrix Whole-Transcript Sense Target Labeling 
Protocol without rRNA reduction following the manufacturer’s directions 
(Affymetrix, Santa Clara, CA). Briefly, 50 ng of total RNA was used for syn-
thesizing double-stranded cDNA with random hexamers coupled with a 
T7 promoter sequence. The cDNA was then used as a template for in vitro 
transcription amplification with T7 RNA Polymerase, producing multiple 
copies of cRNAs. Sense Strand cDNA was then prepared from purified 
antisense cRNA using random hexamers. ST-cDNA of 10 µg was frag-
mented and biotin labeled with terminal deoxynucleotidyl transferase and 
hybridized to Affymetrix Rhesus Gene 1.0 ST microarrays (Affymetrix). 
Hybridization was performed at 45 °C overnight, followed by washing 
and staining using a FS450 fluidics station. Hybridization, washing, and 
laser scanning of microarrays on a 7G GCS3000 scanner were performed 
according to the manufacturer’s protocol.

Gene-level intensity values for each of the chips were collected using 
Affymetrix Expression Console (EC) Software (Affymetrix). The RMA-
sketch workflow was applied for raw data preprocessing, which included 
global background correction, quantile normalization and median 
polish summarization. Principal component analysis was performed 
for detecting the outlier across all eight chips. The comparison between 
GFP(+) and GFP(−) groups was assessed using one-way analysis of 
variance implemented in the MSCL Analyst’s Toolbox (http://abs.cit.nih.
gov/MSCLtoolbox/) and JMP statistical software package (SAS, http://
www.jmp.com). Significant changes for individual genes required a 
greater than twofold increase or decrease in expression and a P value of 
<0.001.
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