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after stem cell gene therapy with
a HOXB4-expressing retroviral vector
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Retroviral vector-mediated HSC gene therapy has been used to treat individuals with a number of life-threat-
ening diseases. However, some patients with SCID-X1 developed retroviral vector-mediated leukemia after
treatment. The selective growth advantage of gene-modified cells in patients with SCID-X1 suggests that the
transgene may have played a role in leukemogenesis. Here we report that 2 of 2 dogs and 1 of 2 macaques
developed myeloid leukemia approximately 2 years after being transplanted with cells that overexpressed
homeobox B4 (HOXB4) and cells transduced with a control gammaretroviral vector that did not express
HOXB4. The leukemic cells had dysregulated expression of oncogenes, a block in myeloid differentiation,
and overexpression of HOXB4. HOXB4 knockdown restored differentiation in leukemic cells, suggesting
involvement of HOXB4. In contrast, leukemia did not arise from the cells carrying the control gammaretrovi-
ral vector. In addition, leukemia did not arise in 5 animals with high-level marking and polyclonal long-term
repopulation following transplantation with cells transduced with an identical gammaretrovirus vector back-
bone expressing methylguanine methyltransferase. These findings, combined with the absence of leukemia in
many other large animals transplanted with cells transduced with gammaretroviral vectors expressing genes
other than HOXB4, show that HOXB4 overexpression poses a significant risk of leukemogenesis. Our data
thus suggest the continued need for caution in genetic manipulation of repopulating cells, particularly when

the transgene might impart an intrinsic growth advantage.

Introduction

Gene therapy holds great promise for providing new treatments
for a large number of genetic and acquired diseases (1), and retro-
viruses are currently the most efficient vectors for gene delivery to
HSCs. Gammaretroviral vectors have shown early clinical success
for X-linked SCID (SCID-X1) (2-5), adenosine deaminase SCID
(ADA-SCID) (6-8), and X-linked chronic granulomatous disease
(X-CGD) (9). However, 4 SCID-X1 patients developed T cell leu-
kemia after gene transfer of IL2Ry via an MLV-based gammaretro-
viral vector into HSCs 2-3 years after treatment, but not in other
gene therapy trials (10, 11). These findings led to the notion that
leukemogenesis caused by retroviral vectors may be associated
with particular transgenes.

Studies have been carried out in mouse models to address safety
issues involved in retroviral vector-based stem cell gene therapy
(12-14). However, findings in murine models may not always clear-
ly predict outcomes in a clinical setting, likely because of intrinsic
differences between humans and mice. In addition, much higher
stem cell doses are typically employed in clinical trials, resulting
in the infusion of significantly higher numbers of gene-modified
stem cells compared with mouse studies. In concert with this,
studies in large animals like dogs and nonhuman primates have

Nonstandard abbreviations used: HOXB4, homeobox B4; MGMT, methylguanine
methyltransferase; MSCV, murine stem cell virus; PRDM16, PR domain containing
16; TSS, transcription start site; YFP, yellow fluorescent protein.
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been more predictive than mouse studies. Thus, we have used large
animal models to study HSC gene transfer to address the safety of
gene-modified HSCs. We have reported that long-term analysis of
large animals (17 dogs and 23 baboons) that received gene-modi-
fied cells identified no vector-mediated malignancies (15). More
than 40 animals have now been followed a median time of 3.1 years
and have maintained normal hematopoiesis.

Accumulating evidence from mouse studies suggests that homeo-
box B4 (HOXB4) overexpression enhances in vivo (16, 17) and ex vivo
expansion of HSCs (18, 19). In contrast to the strong leukemogenic
capacity of other members of the HOX gene clusters (20), HOXB4-
expanded HSCs retain their normal differentiation and long-term
repopulation potential, and no hematologic abnormalities have
been detected in large groups of mice that were transplanted with
HOXB4-transduced HSCs (16, 18). Our previous study in nonhuman
primates showed that HOXB4 overexpression significantly expands
repopulating cells, in particular short-term repopulating cells (21).

Here we characterized the leukemias that developed in the 3
animals that received HOXB4-transduced CD34" cells approxi-
mately 2 years after transplantation. We compared the findings to
a control group of animals that received transduced CD34" cells
with the same vector backbone but expressing the methylguanine
methyltransferase (MGMT) gene.

Results
Development of leukemia in 3 animals approximately 2 years after trans-
plantation. We investigated the effects of HOXB4 overexpression
in the dog and nonhuman primate models. Our studies show-
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Figure 1

Development of leukemia in 2 dogs and 1 macaque transplanted with HOXB4-overexpressing CD34+ cells. Marking levels in granulocytes in
dogs G374 (A) and G450 (B) and macaque K00339 (C). Representative marrow morphology at necropsy for G374 (D), G450 (E), and KO0339
(F). High numbers of blast cells were observed in the marrow. Subset analysis of marrow samples from G374 (G), G450 (H) and KO0339 (l).
After red blood cell lysis, nucleated marrow cells were stained with antibodies to the T cell marker CD3, B cell marker CD20 or CD21, monocyte

marker CD14, granulocyte marker Dm5 or CD13, and stem/progenitor cell marker CD34.

ing the effect of HOXB4 on hematopoietic repopulating cells in
nonhuman primates have been previously published (21). Simi-
lar to our findings in nonhuman primates, we observed higher
levels of HOXB4-overexpressing cells early after transplantation
compared with levels after 1 month in dogs (Supplemental Fig-
ure 1; supplemental material available online with this article;
doi:10.1172/JCI34371DS1). One of the 3 dogs that received
HOXB4-transduced CD34* cells died 3 months after transplan-
tation due to transplantation-related complications. The other
2 dogs (G374 and G450) were followed for 2 years. Approximate-
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ly 15 months after transplantation, we observed a spontaneous
increase of HOXB4-marked cells in dogs G374 and G450, while
control yellow fluorescent protein-marked (YFP-marked) cells
gradually decreased to <0.1% (Figure 1, A and B). The same pat-
tern was seen in macaque K00339 at 22 months after transplan-
tation (Figure 1C).

Dog G374 developed an increased white blood cell count with
an increase in monocytes and a decrease in platelet count (Sup-
plemental Figure 2). Bone marrow analysis confirmed the diag-
nosis of acute myelomonocytic leukemia (Figure 1D). Dog G450
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Figure 2

Retroviral integration induced mutagenesis is associated with leukemogenesis. (A) Southern blot analyses of marrow samples from G374,
G450, and K00339 demonstrate monoclonality. Marrow DNA was digested with Bglll, which cuts the transgene once, releasing a unique band
for each integrant. Digestion with Sacl, which cuts the transgene twice, showed a 3.9-kb band for all the integrants. (B—D) Integration sites were
determined by LAM-PCR, and the schematic representations of integration sites for G374 (B), G450 (C), and K00339 (D) are shown. Exons
are represented by black boxes. MSCV indicates the integration site, and the arrow indicates the orientation. ATG denotes the translation start
site. Note that exons and introns are not to scale. (E-G) Dysregulated expression of genes in close vicinity of the integration sites for G374 (E),
G450 (F), and K0O0339 (G). SYBR Green real-time RT-PCR was performed to determine the expression levels of dog MYB (E), dog ZFP36L2
and thyroid adenoma associated (THADA) (F), and macaque PRDM16, SSBP2, and SOCS1 (G). Canine PRDM16 (E) and macaque MAGOH2
(G) expression was undetectable in samples from normal control animals. (G) Expression of NSMCE1 was undetectable in KO0339 and control

animals. Marrow mRNA samples from normal animals were used as controls. M, DNA ladder.

developed pancytopenia and an increased number of leukemic
blast cells in the peripheral blood 20 months after transplan-
tation (Supplemental Figure 3). Bone marrow and peripheral
blood analysis confirmed the development of acute myeloid
leukemia (AML) (Figure 1E).

Twenty-five months after transplantation, macaque K00339
developed a decreased hematocrit, an increase in nucleated red
blood cells, and eventually an increase in white blood cells with
circulating blasts (Supplemental Figure 4). Marrow analysis con-
firmed AML (Figure 1F).

All the animals were euthanized due to deteriorating physical
condition associated with leukemia. Pathological examination
of bone marrow and other tissues confirmed the diagnoses of’
leukemia. Leukemic blasts from G450 and K00339 expressed
CD34 (Figure 1, G-I), whereas only about 1% of blasts were
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CD34*in G374. However, a leukemic cell line derived from G374
expressed CD34 (see Figure 3C).

Taken together, we observed the development of leukemia in 3
animals. In all 3 cases the leukemia arose in HOXB4GFP-express-
ing cells but not in YFP-expressing cells, suggesting that HOXB4
is the major contributor to the leukemia (P = 0.05).

Gammaretrovirus integration induced mutagenesis is associated with
leukemogenesis. To examine the clonality of the leukemia, we per-
formed Southern blot analyses. In G374, we detected 2 bands
with the same intensity, suggesting 1 clone with 2 integration
sites (Figure 2A). Analysis of DNA samples from different time
points after transplantation confirmed this result (Supplemental
Figure 5). In G450, we detected 1 band, demonstrating 1 clone
with 1 integration site. DNA from K00339 showed 5 bands with
the same intensity, suggesting 1 predominant clone with S inte-
Number 4
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Figure 3

HOXB4 overexpression contributes to leukemogenesis. (A)
Western blot analysis showed strong HOXB4 expression in
marrow cells from leukemic animals. HOXB4-overexpress-
ing dog cells in ex vivo culture were used as a positive con-
trol and marrow cells from normal dog as a negative control.
(B) Knockdown of PRDM16 or MYB decreased the prolif-
eration rate of the dog G374 leukemic cells. (C) HOXB4

T knockdown in the leukemic cell line induced cell differen-
tiation and (D) abolished cell proliferation. The stem cell
marker CD34 and mature granulocyte marker Dm5 were
used to evaluate cell differentiation. The leukemic cell line
was cultured in medium supplemented with cSCF, thrombo-

poietin, and FIt3-L each at 100 ng/ml.
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gration sites. PCR analysis of each integrant using DNA from a
single colony derived from K00339 bone marrow confirmed this
interpretation (data not shown).

Integration sites were determined by LAM-PCR (22). In dog
G374, the vector was integrated at 100 kb upstream of the c-myb
transcription start site (TSS) in the reverse orientation, and a sec-
ond provirus was integrated into intron 3 of PR domain contain-
ing 16 (PRDM16) in the same orientation (Figure 2B). In G450, the
vector was integrated at 90 kb downstream of ZFP36L2 TSS (Fig-
ure 2C). Of interest, we also observed 1 integration site at PRDM16
intron in K00339 (Figure 2D). Two integrants in this animal were
at introns of single-stranded DNA binding protein 2 (SSBP2) and
nonstructural maintenance of chromosomes element 1 homolog
(NSMCE]) in reverse orientation, and 2 other integrants were at
640 bp upstream of mago-nashi homolog 2 (MAGOH2) and 60 kb
downstream of SOCS1 TSS (Figure 2D).

We next explored whether vector integration at oncogenes result-
ed in altered oncogene expression using real-time RT-PCR. In mar-
row from G374, expression of PRDM16 was detected, whereas in
normal control samples PRDM16 was undetectable (Figure 2E).
Further analysis demonstrated that the 5’ LTR was spliced into
exon 4, activating the short isoform PRDM16 (Supplemental
Figure 6), which lacks the PR domain and has been reported to
play an important role in leukemogenesis (23). In addition, MYB
expression was also upregulated.

In G450, integration at the ZFP36L2 locus was associated with
increased expression of ZFP36L2 and thyroid adenoma associ-
ated (THADA) expression compared with control bone marrow
cells (Figure 2F).

Figure 4

Increase in relative marking of leukemic clones over time. Real-time
PCR was performed for dogs G374 (A) and G450 (B) and macaque
K00339 (C) using LTR- and chromosome-specific primers. Shown are
relative values that were normalized to $-actin or GAPDH, which quan-
tify total genomic DNA. Standard curves were generated using a series
of 8 dilutions of necropsy marrow DNA samples from each animal. PB,
peripheral blood.
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In K00339 bone marrow, we detected increased expression of
PRDM16 and SOCS1 and decreased expression of SSBP2, a tumor
suppressor (Figure 2G). Given that SOCSI expression has been
reported to be downregulated in many leukemic cells (24), it may
suggest that the integration site at the SOCSI locus has not con-
tributed to leukemia. Expression of NSMCE1 was undetectable in
all the samples, suggesting that it is a “passenger” integration site.
Virus integration upstream of the TSS also appeared to activate
MAGOH?2 expression; however, its function in mammalian cells
is largely unknown. Taken together, PRDM16 upregulation and
SSBP2 downregulation, among other dysregulated genes, likely
contributed to the development of leukemia in this animal.
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HOXB4 overexpression is responsible for leukemogenesis. Flow cyto-
metric analysis showed high-level expression of HOXB4GFP in
these animals, which was confirmed by western blot (Figure 3A).
To further explore the mechanisms underlying leukemogenesis,
we established a leukemic cell line from G374 bone marrow; this
line grows robustly in the presence of cytokines and expresses
CD34. We designed shRNAs to PRDM16, MYB, and HOXB4 to
determine whether the increased expression of these genes has
contributed to leukemogenesis. As shown in Figure 3B, down-
regulation of PRDM16 and MYB expression only decreased the
cell proliferation rate during a 3-week culture period without a
change in the percentage of CD34" cells and no differentiation.
In contrast, downregulation of HOXB4 resulted in the complete
disappearance of CD34" cells, and most cells expressed the mature
granulocyte marker DmS5 after 2 weeks (Figure 3C). These find-
ings demonstrate that HOXB4 knockdown resulted in the differ-
entiation of the leukemic cells. Furthermore, differentiated cells
stopped growing after 3 weeks. These data demonstrate the ability
of HOXB4 in concert with key cooperating genes to promote stem
cell self-renewal and inhibit cell differentiation in leukemic clones,
thus eventually leading to overt leukemia.

Taken together, these data suggest that HOXB4 played a pivotal
role in leukemogenesis through its ability to effectively collaborate
with cooperating mutagenic events.

Dynamics of leukemic clones. We used SYBR Green real-time
PCR to track and quantitate the leukemic clones in the animals
(Figure 4, A-C). Between 1 and 2 months after transplantation,
only 0.01%-0.1% of peripheral blood cells were leukemic clones.
By 6 to 12 months, the contributions increased to about 1% in
peripheral blood and up to 10% in marrow cells. However, there
was no significant change over the subsequent year. Interestingly,
the leukemic clone in G374 marrow increased to 10% at 6 months
after transplantation but decreased to less than 1% at 11 months
after transplantation. These data are consistent with the flow cyto-
metric results (Figure 1A and data not shown) and Southern blot
analysis (Supplemental Figure 5).

The latency of about 1 year before the development of overt
leukemia in all animals suggests that more mutations may have
accumulated in that time period, leading to the development of
leukemic blasts. Karyotype analysis of marrow cells from the 3
leukemic animals, however, did not detect any gross abnormali-
ties (data not shown). This does not rule out the possibility of
gene deletions and duplications and accumulation of random
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nucleotide mutations that would not have been detected by
standard karyotype analysis.

Characterization of another macaque with normal hematopoiesis. One
(K03290) of 2 macaques that have been followed for more than 28
months has not shown any evidence of abnormalities thus far. The
marking levels in peripheral granulocytes have stabilized at 10%
for HOXB4 and 2% for YFP (Figure SA). Southern blot analysis
of DNA from HOXB4GFP* marrow cells revealed multiple bands,
indicative of polyclonal hematopoiesis (Figure 5B). LAM-PCR
analysis of HOXB4GFP" cells showed 9 integration sites (Table 1),
among which mitochondrial ribosomal protein S23 (MRPS23),
CD9, MMPS8, and IGFBPS8 have been reported to be involved in
tumorigenesis. Thus, even with integration sites at oncogene loci,
this macaque has not developed malignancy yet.

No evidence of abnormalities in animals that received MGMT-trans-
duced cells. In contrast to the 3 of 4 animals that developed leu-
kemia after transplantation of HOXB4-transduced cells, none
of the more than 40 dogs and monkeys transplanted with trans-
duced cells using transgenes other than HOXB4 and followed
for an average of 3 years with marking levels greater than 1%
have developed leukemia (P < 0.001). Among these animals were
5 dogs that received the MGMTGFP-transduced cells using the
same murine stem cell virus-based (MSCV-based) retroviral
vector as was used for the HOXB4 studies. These animals also
received multiple rounds of chemotherapy after transplantation

Table 1
Integration sites retrieved from HOXB4-overexpressing cells
in K03290

Gene Chromosome Location

MRPS23 exon reverse 16 42076270
CD9intron reverse 11 6340380

MMP8 before TSS 14 101345377
IGFBP7 before TSS 5 72212336
MYH9 10 80333233
DYN 18 42102723
RUFTY2 2 135082832
LMNB1 6 123152116
Predicted gene before TSS 15 98031113

Several viral vector integration sites at known oncogene loci are
identified.
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Figure 6

Normal hematopoiesis in dogs that received MGMT-
transduced cells using MSCV retroviral vector. (A) Sub-
set analysis shows marked cells in all the lineages of
blood cells. Analysis of peripheral blood from 2 repre-

sentative animals is presented. (B) Southern blot analy-

sis of marrow from 5 animals demonstrates polyclonality.

Digestion with Bglll, which cuts vector once, releases
a unique band for each integration sites, while diges-
tion with Sacl, which cuts vector twice, releases a single
internal control band of 1.9 kb.
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to increase the marking levels (25, 26). Five years after trans-
plantation, the marking stabilized at high levels, in particular
for granulocytes (Table 2). Peripheral blood and marrow analy-
sis showed normal hematopoiesis with no evidence of leukemia
(Figure 6A). Furthermore, Southern blot analysis of bone mar-
row DNA from these animals showed multiple bands, demon-
strating polyclonality (Figure 6B).

Integration site analysis of the 5 animals and many other long-
term follow-up animals has been published elsewhere (22, 27).
Interestingly, we detected virus insertions at similar genes, includ-
ing CCDN3, JAK1, LMO2, MYH9, and PRDM16, without the devel-
opment of leukemia, further supporting the hypothesis that inte-
grations at oncogene loci alone may not be sufficient to initiate
leukemogenesis.

Discussion

Here, we report that retrovirus-mediated HOXB4 expression in
hematopoietic repopulating cells led to monoclonality and leu-
kemia in 2 out of 2 dogs and 1 out of 2 macaques, approximately
2 years after transplantation. In contrast, more than 40 dogs
and monkeys received retrovirus-modified CD34" cells with
transgenes other than HOXB4, including 5 dogs that received
MGMT-transduced cells using the same vector backbone as in
the HOXB4 animals described here, and all of these animals
have maintained normal polyclonal hematopoiesis after trans-
plantation. A role of HOXB4 in the development of leukemia
in these animals is further supported by HOXB4 knockdown
experiments showing the differentiation of leukemic cells with-
out HOXB4 overexpression.

The Journal of Clinical Investigation

htep://www.jci.org

Retroviruses have long been known to cause leuke-
mia by insertional mutagenesis. Clonal dominance of
hematopoietic stem cells by retroviral gene marking
has been observed in a large group of mice (28, 29);
furthermore, high-copy retroviral gene transfer of
marker or drug resistance gene induced leukemia in
mice due to combinatorial insertional mutagenesis
(30, 31). Studies in nonhuman primates using retro-
viral vector preparations containing replication-com-
petent viruses induced T cell lymphoma (32). Using
replication-incompetent viruses, there has only been
1 report, by Seggewiss et al. (33), of insertional muta-
genesis in nonhuman primates. The investigators
found a fatal myeloid sarcoma in 1 monkey S years
after transplantation with a MSCV-based RD114-
pseudotyped retroviral vector. Interestingly this ani-
mal had repopulated with only 1 clone and had also
received 1 cycle of chemotherapy. This animal was 1
of 7 animals that underwent transplantation using

a similar vector and was followed for more than 5 years. These
investigators also point out that this was the only animal that
developed leukemia or abnormal hematopoiesis out of more than
80 large animals that have been followed long-term (33). These
observations in large animals, together with clinical stem cell gene
therapy trials for diseases other than SCID-X1, suggest that the
development of leukemia induced by insertional mutagenesis
alone occurs at very low incidence in large animals or humans,
while gene therapy with a retroviral vector that expresses HOXB4
or IL2Ry and possibly other growth-promoting genes significantly
increases the incidence of leukemogenesis.

In our study, 3 of 4 animals that received HOXB4-overexpress-
ing cells and had a follow-up of at least 2 years developed leu-

Table 2
Stable, high-level gene marking in granulocytes in dogs trans-
planted with MGMTGFP-transduced repopulating cells

Animal Follow-up (yr) Marking in granulocytes (%)
G069 5.6 38
G154 5.2 96
G179 5.1 91
G187 49 94
G197 4.8 76
Mean 5.1 79

All animals received multiple cycles of chemotherapy for in vivo selec-
tion of gene-modified cells.
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kemia, a higher incidence than in the SCID-X1 trials. This may
be because HOXB4 promotes stem cell self-renewal and exten-
sive expansion of myeloid progenitors (34), while IL2ZRy expands
only lymphoid cells. All 4 cases in the SCID-X1 trials were T cell
leukemias, while all 3 leukemias in our study were myeloid leu-
kemias, which is unlikely to be random coincidence. We would
assume that there is no difference between these viral vectors in
the initial selection of integration sites. Instead, our data suggest
that it is a consequence of oncogene collaboration (or integra-
tion site collaboration), as suggested in a mouse study in which
cooperativity between LMO2 and IL2Ry was documented (35).
Studies in our other animals have identified integration sites at
LMO?2 (22). However, we did not detect any integrations in sites
at LMO?2 in the gene-modified cells of the animals reported here,
although we can not rule out that this occurred in minor clones
but at levels below detection and without apparent consequence,
perhaps due to HOXB4’s reported ability to moderately suppress
lymphoid repopulation (36, 37). Based on the activation of nearby
genes known to be involved in leukemogenesis, the integration
sites observed in the leukemic clones are very likely a consequence
of sustained in vivo proliferation and selection in HOXB4-trans-
duced repopulating cells.

Both dogs and monkeys developed leukemia approximately 2
years after transplantation. The number of integrations associ-
ated with the canine leukemias (1 or 2 integrations) was lower
than in the monkey (5 integrations). In our previous studies we
observed that HOXB4 expression levels were higher in dog cells
than in nonhuman primate cells and that HOXB4 overexpression
allowed for immortalization of dog cells but not monkey cells
(34), which would support a more pronounced effect of HOXB4
in dog cells. These findings suggest that dogs may be more suscep-
tible to leukemic transformation by HOXB4 (and perhaps other
growth-promoting genes) and retroviral insertional mutagenesis.
This possibility further suggests that the canine model may prove
more sensitive for preclinical safety testing of candidate retroviral
gene therapy vectors.

Clone-tracking PCR analysis demonstrated a substantial clonal
expansion during early engraftment followed by a dormant phase
lasting about 1 year. Growing evidence suggests that oncogenes
induce DNA hyperreplication and DNA damage and that unre-
paired or misrepaired damage eventually leads to clones capable
of uncontrolled expansion (38, 39). In addition, a cancer muta-
tor strain theory proposes that clones with hypermutations are
associated with tumorigenesis (40). Thus, we propose that onco-
gene activation may increase mutation rates and accumulation of
malignant clones, eventually resulting in malignancies.

Interestingly, HOXB4 overexpression has not been associated
with leukemia in mice, although several other wild-type HOXA9
(20, 41, 42) or mutant Hox fusions with NUP98 (42) are clearly
leukemogenic. This may reflect differential potency of HOXB4
and other Hox transcription factors to have an impact on self-
renewal versus differentiation in different species. We also spec-
ulate that the much larger cell dose used for transplantation
in these large animal models and the attendant larger number
of integration sites (e.g., here we transplanted some 1,000-fold
more retroviral integration sites compared with the mouse stud-
ies) resulted in an increased chance of insertional mutagenesis.
The increased time of follow-up — here, animals were followed
for over a year, compared with the usually shorter times for mice
— may also allow detection of long latency leukemias in larger
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animals. Together, these findings highlight the importance of
using large animal models for preclinical safety testing of gene
therapy approaches involving genetic manipulation of primitive
hematopoietic cells.

The 5 animals that received MGMT-expressing cells showed
normal hematopoiesis even at S years after transplantation and
with similar integration sites at oncogene loci. Our observations
emphasize that the benefits of stem cell gene therapy can outweigh
its potential risks in cases like MGMT-based gene therapy, where
transgene-expressing cells do not possess an intrinsic growth
advantage over control cells.

In conclusion, our findings in 2 clinically relevant large animal
models suggest that transgenes capable of expanding hemato-
poietic repopulating cells may pose an increased risk of leuke-
mogenesis relative to transgenes that do not confer an intrinsic
constitutive selective advantage. Thus, our data suggest the con-
tinued need for caution in genetic manipulation of repopulating
cells, particularly when the transgene may confer an intrinsic
selective growth advantage. In addition, large animal studies,
in particular dog studies, should be highly valuable models in
assessing safety of retroviral vectors.

Methods
Animals. Nonhuman primates (Macaca nemestrina) were housed in the Uni-
versity of Washington National Primate Center, and dogs were housed at
the Animal Health Resources unit of the Fred Hutchinson Cancer Research
Center. All animal experiments and manipulations conducted were previ-
ously approved by the IACUCs of the Fred Hutchinson Cancer Research
Center and the University of Washington.

Transplantation of HOXB4-transduced cells. Equal aliquots of MACS-purified
dog CD34" cells were transduced with Phoenix RD114 pseudotyped gam-
maretroviral vector MSCV-HOXB4-ires-GFP or control MSCV-ires-YFP
after 2 days of prestimulation in Iscove’s modified Dulbecco’s medium
(IMDM) supplemented with 12.5% horse serum, 12.5% fetal bovine serum,
10 M hydrocortisone, 104 M B-mercaptoethanol, 2 mM glutamine,
1% penicillin/streptomycin (x100 liquid; Invitrogen) in the presence of
Flt3-L, canine SCF, and canine G-CSF, each at 50 ng/ml. For transduction,
cells were exposed to retroviral vectors at an MOI of 1-2 for 4 hours in the
presence of growth factors. After overnight culture in media containing
growth factors, cells were re-exposed to the same MOI of concentrated vec-
tor for 4 hours. Immediately after this second exposure, cells were washed
and infused into lethally irradiated animal (920 c¢Gy). The transduction
and transplantation of macaque cells have been previously reported (21).

FACS. Flow cytometry was used to determine the marking levels of
the animals after transplantation. Blood samples from control animals
that do not express GFP were used for gating. For subset analysis of
dog cells, CD3, CD21, CD14, CD34, and DmS antibodies were used. For
subset analysis of macaque cells, CD3, CD20, CD14, CD13, and CD34
antibodies were used.

Morphology. Bone marrow biopsy or necropsy smears were prepared
for morphological examination. Glass slides were stained with Wright-
Giemsa stain. Digital pictures were taken with a Nikon microscope.
Pathologists performed necropsy analysis of tissue samples from the
dogs and monkey.

Southern blot analysis. Southern blot was performed to determine clonal-
ity. DNA from the marrow of animals was extracted using a Puregene DNA
Purification Kit (Gentra Systems). DNA (20 ug) was digested overnight with
BglIl, EcoRI, or Sacl and electrophoresed on 0.8% agarose gel. Denatured
DNA was transferred to N* nylon membrane and hybridized in Quick-
Hyb solution (Amersham) with 3?P-labeled ires-GFP, which was cut from
Volume 118
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the MSCV-HOXB4-ires-GFP plasmid. Hybridization signals were detected
using a Typhoon Phosphor Imaging System (Amersham Biosciences).
Integration site analysis. Integration site analysis was performed using
LAM-PCR as described previously (22). The PCR products were cloned
into TOPO vector for sequencing. The retrieved sequences were aligned
with dog genome assembly May 2005 or rhesus macaque genome assembly
January 2006 at the University of California Santa Cruz (UCSC) Genome
Browser Web site (http://genome.ucsc.edu/cgi-bin/hgBlat?’command=star
t&org=Dog [for dogs] and http://genome.ucsc.edu/cgi-bin/hgBlat?comma
nd=start&org=Rhesus [for rhesus]) to determine the integration sites.
Knockdown experiments. A leukemic cell line was derived from the marrow
of dog G374 at necropsy. Cells were cultured in IMDM supplemented in
12.5% horse serum and 12.5% fetal bovine serum in the presence of canine
SCF, thrombopoietin, and Flt3-L, each at 100 ng/ml. shRNA constructs
were cloned into an LMP vector (Open Biosystems) that coexpressed puro®
gene. Downregulation of the targeted genes was confirmed by real-time PCR.
Phoenix RD114 pseudotyped viral vectors were produced by transient trans-
fection of 293T cells. The leukemic cells were transduced with viral vectors
and selected with 5 ug/ml puromycin the next day. Selected cells were kept in
culture or harvested for RNA extraction and real-time RT-PCR analysis.
Real-time RT-PCR. Total RNA was extracted using RNeasy Mini Kit
(Qiagen). Residual DNA was eliminated by DNase I treatment. Canine
or macaque mRNA sequences were determined by aligning human RNA
sequences with canine or macaque genome sequences at the UCSC Genome
Browser Web site (http://genome.ucsc.edu/). Reverse transcription was
performed using ThermoScript RT-PCR System (Invitrogen). Primers
were designed with Primer 3.0 program. For quantitative analysis of gene
expression, SYBR Green real-time PCR was performed on 7500 Real Time
PCR System (Applied Biosystems). The data were normalized to GAPDH

for monkey samples or to B-actin for dog samples.
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Clone tracking real-time PCR. Two primers, one on MSCV transgene and
another on genome sequence of the integration sites, were designed to
track the contribution of the leukemic clone to hematopoiesis. For SYBR
Green real-time PCR, genomic DNA samples from marrow at necropsy
were used for generation of the standard curve, assuming that all the
HOXB4GFP* cells were from the leukemic clone, which was supported
by Southern blot data.

Western blot. Bone marrow cells from the leukemic animals and control
normal animal were subjected to protein extraction and western blot analy-
sis of HOXB4 expression, which has been detailed elsewhere (21).

Statistics. We analyzed the data by Fisher’s exact test. P values less than

0.05 were considered to be statistically significant.
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