OPEN a ACCESS Freely available online

@' PLOS ’ ONE

Knockdown of HPRT for Selection of Genetically
Modified Human Hematopoietic Progenitor Cells

Rashmi Choudhary', Dmitry Baturin’, Susan Fosmire', Brian Freed®>, Christopher C. Porter'*

1 Department of Pediatrics, University of Colorado School of Medicine, Aurora, Colorado, United States of America, 2 Department of Medicine, University of Colorado
School of Medicine, Aurora, Colorado, United States of America, 3 Department of Immunology, University of Colorado School of Medicine, Aurora, Colorado, United States

of America

Abstract

The inability to obtain sufficient numbers of transduced cells remains a limitation in gene therapy. One strategy to address
this limitation is in vivo pharmacologic selection of transduced cells. We have previously shown that knockdown of HPRT
using lentiviral delivered shRNA facilitates efficient selection of transduced murine hematopoietic progenitor cells (HPC)
using 6-thioguanine (6TG). Herein, we now extend these studies to human HPC. We tested multiple shRNA constructs in
human derived cell lines and identified the optimal shRNA sequence for knockdown of HPRT and 6TG resistance. We then
tested this vector in human umbilical cord blood derived HPC in vitro and in NOD/SCID recipients. Knockdown of HPRT
effectively provided resistance to 6TG in vitro. 6TG treatment of mice resulted in increased percentages of transduced
human CD45" cells in the peripheral blood and in the spleen in particular, in both myeloid and lymphoid compartments.
6TG treatment of secondary recipients resulted in higher percentages of transduced human cells in the bone marrow,
confirming selection from the progeny of long-term repopulating HPCs. However, the extent of selection of cells in the
bone marrow at the doses of 6TG tested and the toxicity of higher doses, suggest that this strategy may be limited to
selection of more committed progenitor cells. Together, these data suggest that human HPC can be programmed to be
resistant to purine analogs, but that HPRT knockdown/6TG-based selection may not be robust enough for in vivo selection.
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Introduction

In the past decade, several clinical trials have been carried out
that have highlighted both the promise of gene therapy [1,2,3,4]
and the potential harm from the uncontrolled integrations of the
viral vectors used to deliver the therapeutic transgene [5,6]. In
contrast to gamma-retroviral vectors, which integrate preferen-
tially near transcriptional start sites, lentiviral vectors (LVs) show
safer integration profiles and are considered less genotoxic than
gamma-retroviral vectors [7,8]. Lentiviral vectors have been used
in clinical trials, however these studies used myeloablative
conditioning and/or relatively high multiplicities of infection
(MOIs) for transduction in order to achieve sufficient numbers of
transduced cells [3,9], which may increase the risk for insertional
mutagenesis. An alternative approach would be to use low MOI
for transduction and use a selective agent for increasing the
proportion of gene transduced cells, particularly for those diseases
in which the transgene does not provide a selective advantage.

To this end, the multidrug resistance gene (MDR-I)
[10,11,12,13], the dihydrofolate-reductase gene (DHFR)
[14,15,16,17] and the O6-mcthylguaninc-DNA-mcthyltransfcrasc
gene (MGMT) [18,19,20,21,22] have been tested extensively in
this context. It has been shown that the use of all 3 systems results
in an enrichment of gene-corrected blood cells in mice. However,
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in most cases, the enrichment was transient, suggesting that more
committed HPC with limited self-renewal potential were primarily
selected. Selection at the stem cell level could unambiguously be
demonstrated only with the MGMT system, resulting in efficient
and stable MGMT""**®.mediated multi-lineage selection in both
macaque and baboon nonhuman primate models [19], and the
first report of its clinical testing was recently reported [23].
Furthermore, the carcinogenic potential of alkylating drugs
represents a considerable risk for clinical applications of this
approach [24,25].

We have developed an alternative approach to HPC selection
that relies on shRNA mediated knockdown of hypoxanthine
phosphoribosyl transferase (HPRT), the enzyme required for
metabolizing purine analogs like 6-thioguanine (6TG) into active
agents [26]. This approach has several advantages. First, the
sequence needed to induce drug resistance is very short (48 bases),
making subsequent inclusion of a therapeutic gene and regulatory
elements simpler and more efficient. Second, 6TG is a purine
analog that has been used clinically for decades and is routinely
titrated to desired hematopoietic toxicity. And although anti-
metabolites may contribute to leukemogenesis [27], in the absence
of concomitant administration of highly genotoxic medications,
this risk is quite low [27,28]. Third, this strategy provides drug
resistance without the introduction of a mutated protein that
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might lead to immunologic elimination of transduced cells. More
recently, another group showed that 6TG can be used for
conditioning as well as highly efficient i vivo chemo-selection of
HPRT-deficient HSC in mouse models [29]. However, the
effectiveness of this strategy in human hematopoietic progenitors
has not yet been demonstrated. Herein we demonstrate specific,
selective enrichment and expansion of human cell lines and
CD34" umbilical cord blood (UCB) cells expressing shRNA
targeting HPRT and treated with 6TG i vitro. Further, trans-
planting transduced UCB cells into NOD/SCID mice and
treatment with 6TG resulted in maintenance of transduced
myeloid and lymphoid progeny in primary as well as secondary
recipients, but not robust selection in the bone marrow. Together,
these data suggest that human HPC can be programmed to be
resistant to purine analogs, but that HPRT knockdown/6TG-
based selection may not be sufficient for in vivo selection.

Results

Knockdown of HPRT Provides Resistance to 6TG in

Human Lymphoid and Myeloid Cell Lines

We first screened 5 shRNA constructs targeting human HPR'T
in the human acute lymphoblastic leukemia cell line, REH (See
Supplemental Table 1 for details of shRNA constructs). Of
these, construct sh50 provided the best knockdown of HPRT and
resistance to treatment with 617G (Supplemental figure 1)
This construct was then compared to sh491 in subsequent
experiments, as sh491 was most effective in knocking down
HPRT in murine hematopoietic cells, and its sequence is also
complementary to human HPRT. As shown in Fig. la,
compared to cells transduced with non-silencing control shRNAs
(shO and shOG), construct sh491 resulted in 90% reduction in
HPRT mRNA in human acute myeloid leukemia Molm13 cells
as determined by real-time RT-PCR, while that of sh50 was only
50%. Consistent with qPCR results, western blotting of whole
cell lysates demonstrated greater knockdown of HPRT protein
expression by construct sh491 compared to sh50 (Fig. 1b). To
determine if knockdown of HPRT would provide resistance to
6TG, transduced Molm13 cells were cultured in the presence or
absence of different concentrations of 6TG for 72 h. While
treatment with 6 TG inhibited proliferation of control transduced
cells in a dose dependent fashion, as measured by direct cell
counting, cells in which HPRT was knocked down were
relatively resistant to 6TG (Fig. lc). Resistance to 6TG was
associated with the extent of knockdown of HPRT. Sh491
transduced cells, which showed a greater reduction in HPRT
protein and mRNA levels, had the highest IC50 values
(114.5 uM [95% confidence interval: 6.9-1911]) and continued
to proliferate even at the highest concentrations of 6TG tested,
while sh50 transduced cells had lower IC50 values (0.97 uM
[0.83-1.1]), albeit greater than shO transduced cells (0.45 uM
[0.40-0.51]; Fig. 1c). Similar results were obtained in another
AML cell line, MV4-11 (data not shown) as well as in REH cells
(Supplemental Figure 2). Resistance to 6TG in cells in which
HPRT was knocked down was attributed to lower rates of
apoptosis upon treatment with 6TG (Supplemental Figure 3a
& b). The extent of knockdown and resistance to 6TG was
persistent over the course of multiple population doublings
(Supplemental Figure 3c), indicating that knockdown of
HPRT does not provide a proliferative disadvantage in these cell
lines i vitro. Together these data suggest that knockdown of
HPRT with construct 491 can most effectively provide resistance
to 61G in human myeloid and lymphoid derived cells.
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Human Cell Selection via HPRT Knockdown & 6TG

Knockdown of HPRT Provides Resistance to 6TG in
Primary Human Hematopoietic Progenitor Cells

We isolated human hematopoietic progenitor cells (HPC) from
cord blood and transduced them with either shO or sh491
constructs containing a GFP marker driven by the human PGK
promoter (shOG or sh491G). Cells were transduced with concen-
trated virus at an MOI of 1 to achieve transduction efficiency
ranging from 20-30% as assessed by flow cytometry. In order to
quantify HPRT expression levels in stably transduced HSCis,
GFP' cells were sorted, total RNA was isolated and relative
expression levels were analyzed by reverse-transcription, real-time
PCR. We observed 90% reduction in HPRT mRNA levels in cells
transduced with sh491G compared to controls (Figure 2a). In
order to determine if the hematopoietic progenitors would
similarly be provided with resistance to 6TG, we cultured un-
sorted, transduced cells in the presence of increasing amounts of
6TG. Cells were assessed for GFP expression, counted and
replated at the same density every 72 h. While 6TG inhibited
proliferation of both shOG and sh491G transduced cells in a dose
dependent fashion, the extent of inhibition of sh491G cells was
significantly less than that of the control cells (Figure 2b). Over
time, the percentage of shOG transduced cells diminished with or
without treatment with 6 TG. However, with 6TG treatment there
was a dose dependent, significant increase in the percentage of
sh491G cells (Figure 2c). Importantly, both shOG and sh491G
transduced cells stopped proliferating in the presence of cisplati-
num, indicating that MMR remained intact and that the effects
observed were specific to 6TG (Supplemental Figure 3d) [26].
These data indicate that human hematopoietic progenitor cells
can be provided with specific resistance to 6TG with lentiviral
delivered knockdown of HPRT.

Knockdown of HPRT Allows for in vivo Maintenance of
Transduced Human Hematopoietic Progenitor Cells by
Treatment with 6TG

We next tested whether HPRT knockdown can provide
sufficient resistance to 61TG to allow for in vivo selection of
transduced HPCs. CD34" cells were transduced with shOG or
sh491G, and injected into sub-lethally irradiated NOD/SCID
recipients. After allowing 3 weeks for human hematopoiesis to
establish, mice were treated with 2 mg/kg 6TG in drinking
water or left untreated (UT). Higher doses of 6TG were not
tolerated well, even if the recipients were transplanted with
sh491G human CD34" cells (not shown). After six weeks of
treatment, engraftment of human cells was evaluated in the
spleen and bone marrow. Efficient engraftment was observed in
mice transplanted either with shOG or sh491G transduced
HPCs, indicating that the transduction procedure did not
significantly impair the repopulating potential of UCB CD34*
cells (not shown). In 6TG treated recipients of shOG transduced
HPCs, we observed a significant decrease in the percentages of
transduced human cells in the spleen and bone marrow
(Figure 3a; an example of the gating strategy for analysis of
flow cytometry is provided in Supplemental Figure 4). This
decrease was noted in the total leukocyte population, as well as
B-lymphoid and myeloid sub-populations. (There were in-
sufficient numbers of human myeloid cells in the spleens to
evaluate.) The reasons for this specific decrease are not clear,
but it may reflect exhaustion of transduced, committed HPC or
a non-specific toxicity of the engagement of RNA-interference
machinery. Nonetheless, in contrast, in 6TG treated recipients
of sh491G transduced human HPC there was a significant
increase in GFP expressing leukocytes and B-lymphocytes in the

March 2013 | Volume 8 | Issue 3 | e59594



Human Cell Selection via HPRT Knockdown & 6TG

1.5+ "
___ UT ShOG ShO 491 50
e
<g 5 oL
g £ O == | HPRT
£ c
- O
XS
- R -— — —— | B-actin
0.0 T T T
S8 6“:’,‘\@\9&@
c. A l T
100 &— ﬁﬂ{
0
E —
o5
2 £ 50
— = ShO
A Sh491
v Sh50 w
| e |
0 102 10-1 100 10° 102
[6TG], uM

Figure 1. Knockdown of HPRT confers resistance to 6TG in human hematopoietic cells. Molm13 cells were transduced with lentiviral
vectors expressing non-silencing control sequences (sh0 and sh0G) or shRNAs directed against HPRT (sh491 and sh50) and selected in puromycin. A &
B. Construct 491 most effectively knocks down HPRT. The extent of knockdown of HPRT was measured by reverse-transcription, real-time PCR with
primers specific for HPRT (A) and western blotting (B). Constructs 491 and 50 efficiently knocked down HPRT, as compared to untransduced controls.
The extent of knockdown was significantly greater with construct 491. C. Construct 491 provides the greatest resistance to 6TG. Transduced cells
were treated with increasing doses of 6TG, and the number of live cells was measured by flow cytometry and propidium iodide exclusion. Construct

491 provided the best resistance to 6TG.
doi:10.1371/journal.pone.0059594.g001

spleen, and the percentages of GFP' leukocytes, and B
lymphocyte and myeloid sub-populations was maintained with
6TG treatment in the bone marrow (Figure 3b), indicating
protection from the toxic effects of 6TG, at least in the
lymphoid population, by knockdown of HPRT.

As we have never observed 6TG resistance in non-silencing
control transduced mouse [26] or human cells, the non-silencing
control vector was omitted from subsequent experiments to reduce
the numbers of experimental mice. In an independent experiment
with intentionally lower initial percentages of transduced cells, the
percentage of transduced cells was maintained in the bone marrow
of 6TG treated recipients (Figure 4a), similar to what we
observed in the previous experiment,, We again observed
a significant increase in sh491G transduced CD45" human cells
in the spleens of mice treated with 6 TG (Figure 4b). While we did
not detect GFP* myeloid cells (CD14%) in the spleens of UT
controls, we did detect transduced myeloid cells in the spleens of
6TG treated recipients. In addition, significant increases in the
percentages of circulating GFP* human cells in the peripheral
blood were noted (Figure 4c). Taken together, these results
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indicate that knockdown of HPRT allows for multi-lineage
maintenance of human HPCs in vivo.

Maintenance of Cells with Reduced HPRT Activity Stems

from Primitive HPC

The life-span of myeloid cells is relatively short, and the
presence of transduced myeloid progenitors, weeks after trans-
plantation is indicative of successful transduction and selection
from HPC. However, secondary transplantation is a more
stringent measure of primitive HPC function. Thus, serial
transplantations were performed to determine whether primitive
HPC had indeed been transduced and that their contribution to
multi-lineage hematopoiesis could be enhanced upon 6TG
treatment. BM cells from untreated primary recipients of
sh491G human UCB cells were injected into secondary sub-
lethally irradiated mice. Three weeks later, secondary recipients
were treated with 6 TG or left untreated and hematopoietic cells
were harvested for analysis 6 weeks later. Multi-lineage engraft-
ment by human cells was observed in all mice in the BM as well as
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Figure 2. Knockdown of HPRT confers resistance to 6TG in human umbilical cord hematopoietic progenitor cells. A. Construct 491
efficiently depletes HPRT expression in human umbilical cord hematopoietic progenitor cells. CD34" cells isolated from human umbilical cord blood
were transduced with vectors expressing GFP and shRNA against HPRT (sh491G) or non-silencing control (sh0G). Cells were sorted for GFP expression,
total RNA was isolated and analyzed by reverse transcription, real time PCR. Construct sh491G reduced HPRT expression by 90%. B. Human HPC with
reduced HPRT continue to proliferate in 6TG. Cells were transduced as in A, and unsorted cells were cultured in the presence of cytokines, with re-
seeding in fresh media and 6TG every 72 hours. Cells were assessed by flow cytometry for GFP, propidium iodide exclusion and counting every 72
hours. The number of population doublings of GFP* cells at day 6 was determined, and is depicted as a percentage of untreated, non-silencing
control transduced cells. C. Knockdown of HPRT allows for selection of transduced cells in 6TG. UCB cells were transduced, cultured and treated as in
Figure 2B. The percentage of GFP* cells was measured every 72 hours. Note the dose dependent increase in GFP* cells with time in cells transduced
with 491G.

doi:10.1371/journal.pone.0059594.g002

the spleen (not shown). A portion of human cells were GFP*, albeit Discussion
at very low levels, indicating that very primitive HPCs had been
transduced much less effectively than more committed progeni-
tors. Enrichment of transduced human CD45" cells was noted in
the BM of 6TG treated mice compared to controls (Figure 3).
This enrichment was not detected in the spleen, as the percentages
of GFP" human cells in this compartment were at or below the
lower limit of detection (Supplementary Figure 5). The
differentiated progeny (CD19" and CDI14%) also showed an
increase in the BM compared to UT controls, indicating that
the transduced HPCs maintained their proliferative and differen-
tiation capacity and had a selective advantage with 6TG

In this study, we demonstrated the ability of 6TG to mediate
in vitro selection and @ vivo maintenance of genetically modified
human HSCs expressing lentiviral delivered shRNAs targeting
HPRT. The transduced HSCs retained their ability to self-renew,
proliferate and differentiate into multiple lineages of the blood
system, and were selectively able to survive in the presence of
6TG. Selection for transduced cells was significant in the spleens
and peripheral blood of primary recipients. Importantly, though,
drug resistance provided by knockdown of HPRT did not lead to
dramatic increases in the percentages of transduced cells in the
BM of primary recipients. Rather, percentages were maintained at
levels similar to untreated recipients. The ability to repopulate and
amplify in secondary recipients indicated that when selection did
occur, it originated from transduced primitive long-term HPCs.
Taken together, the extent of selection, particularly in the bone

treatment.
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Figure 3. Knockdown of HPRT protects human cells from the toxic effects of 6TG in vivo. Human CD34" umbilical cord blood cells were
transduced with GFP expressing vectors with non-silencing shRNA (A) or shRNA directed against HPRT (B) and transplanted into sub-lethally
irradiated recipients. Mice were then treated with 6TG 2 mg/kg/d in the drinking water or left untreated. After 6 weeks, the spleens and bone marrow
were analyzed by flow cytometry for cell surface markers for total human leukocytes, B-lymphocyte and myeloid subpopulations, and GFP. A. Cells
transduced with non-silencing control were selectively depleted with treatment with 6TG. The percentages of GFP™ human leukocytes (huCD45"), B-
lymphocytes (huCD45*CD19"%), and myeloid cells (huCD45"CD14") from the spleen and bone marrow are depicted. There were 2 untreated and 5 6TG
treated mice in this experiment. B. Cells transduced with shRNA directed against HPRT are protected from the cytotoxic effects of 6TG. The
percentages of GFP™ cells are depicted as in 3A. Note the significant increase in the percentage of GFP* human cells in the spleen and maintenance of

the percentage of GFP™ human cells in the bone marrow. There were 5 mice per group in this experiment.

doi:10.1371/journal.pone.0059594.g003

suggests that seclection is most effective in more
committed progenitor populations.

These results extend our previous report in which we showed
efficient i vivo selection of murine HSCs transduced with LVs
expressing HPRT shRNAs [26]. Recent studies by Hacke et al
[29] used 6TG as a single agent for pre-transplant conditioning as

well as  vivo selection of HPRT deficient mouse BM, corrobo-

marrow,

rating the effectiveness of this strategy. Efficacy in human
hematopoietic progenitor cells had not been previously demon-
strated, though. Xenografted immunocompromised mice such as
those described in this report are currently the most effective pre-
clinical models with which to study human hematopoiesis. In our
studies, selection for transduced hematopoietic cells was most
pronounced in the spleens of primary recipients, although HPRT
deficient cells were maintained in the BM of 6 TG treated mice,
while control transduced cells were differentially depleted. This
may indicate that selection of transduced cells with 6 TG resistance
1s most effective in more committed progenitor cells. Nonetheless,
selection was detectable in the bone marrow of secondary
recipients, indicating that drug resistance is propagated from the

PLOS ONE | www.plosone.org

most primitive of hematopoietic progenitor cells to more
committed cells, which may be selected.

Adverse events directly related to retroviral-mediated insertional
mutagenesis in human trials, have been reported in some patients
enrolled in gene-therapy clinical trials [5,6,30]. These effects are in
part, mediated by the high MOIs used to achieve high trans-
duction efficiencies. Therefore, our strategy was to transduce HPC
at low MOIs in order to reduce the number of viral integrants per
cell and subsequently enrich for the relatively few transduced
HPCs. In addition, to further preserve the ‘stemness’ and self-
renewal properties of HSCs, we transduced the cells immediately
following isolation without growth factor pre-stimulation. As
a result, transduction efficiencies of only 20-30% were achieved
following two subsequent rounds of virus exposure using MOI of 1
for each transduction. While we were able to achieve increases of
up to 80% of transduced human cells, the extent and consistency
of selection that we observed was less than that of other reports
with AMGMT [22]. Differences in experimental design, including
the timepoints at which engraftment and selection efficiency were
examined, may contribute to these differences.
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Figure 4. Knockdown of HPRT allows for maintenance of transduced HPC in NOD/SCID recipients. Human CD34" umbilical cord blood
cells were transduced with GFP expressing vectors with shRNA directed against HPRT, mixed with untransduced cells, and transplanted into sub-
lethally irradiated NOD/SCID recipients. Mice were then treated with 6TG 2 mg/kg/d in the drinking water (n=3) or left untreated (n=4). After 6
weeks, bone marrow (A), spleen (B), and peripheral blood (C) were analyzed by flow cytometry for cell surface markers for total human leukocytes, B-
lymphocyte and myeloid subpopulations, and GFP. A. Human HPC with reduced HPRT in the BM are maintained with or without treatment with 6TG.
The percentages of GFP™ human leukocytes (huCD45%), and B-lymphocyte (huCD457CD19") and myeloid (huCD45"CD14") sub-populations are
depicted. While there is a trend for larger percentages of transduced cells in the 6TG treated recipients, the difference is not statistically significant. B.
Human hematopoietic cells with reduced HPRT are selected with 6TG in the spleen. The percentages of GFP* human leukocytes (huCD45"), and B-
lymphocyte (huCD45*CD19%) and myeloid (huCD45*CD14") sub-populations are depicted. The percentage of transduced human CD45* and CD14*
cells was significantly greater in the 6TG treated recipients. C. Human hematopoietic cells with reduced HPRT are selected with 6TG in the peripheral
blood. The percentages of GFP* human leukocytes (huCD45") are depicted. While the percentages of circulating human cells was low, there were
significantly more transduced cells in 6TG treated recipients, as compared to untreated.

doi:10.1371/journal.pone.0059594.g004

In conclusion, our studies demonstrate that the HPRT-
knockdown-6TG selection system can be used to increase the
percentage of genetically modified human hematopoietic cells in
experimental systems  vitro and i vivo. While this approach has
several advantages, it may be limited to selection of more
committed progenitor cells, rather than hematopoietic stem cells,
perhaps limiting the clinical utility of this strategy. Whether
optimized treatment conditions will enhance selection of HSC or if
such a strategy may prove valuable in specific contexts will have to
be determined with further work.

PLOS ONE | www.plosone.org

Materials and Methods

Ethics Statement

Human umbilical cord blood samples were collected after
written informed consent of the donors by Clinlmmune Labs with
approval of the Colorado Multiple Institutional Review Board
(IORG0000433). All animal experiments were approved by the
Animal Care and Use Committee of the University of Colorado
Denver.
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Figure 5. Knockdown of HPRT allows for selection from primitive HPC in vivo. Bone marrow cells from primary recipients of sh491G
transduced human UCB cells were transplanted into sub-lethally irradiated secondary recipients. After 3 weeks, secondary recipients were left
untreated (UT) or treated with 6TG. Six weeks later, tissues were harvested for analysis by flow cytometry. The percentages of GFP" human leukocytes
(huCD45"), and B-lymphocyte (huCD45*CD19%) and myeloid (huCD45"CD14") sub-populations in the bone marrow are depicted. There were 3 mice

per group in this experiment.
doi:10.1371/journal.pone.0059594.g005

Isolation of Umbilical Cord Blood CD34" Cells and Cell

Culture

Human umbilical cord blood samples unsuitable for clinical use
were obtained from the Clinlmmune Labs or were purchased
from AllCells (Emeryville, CA). CD34" cells were isolated from
cord blood using the CD34 Positive selection kit as per the
manufacturers’ instructions (Stem Cell Technologies, Canada).
Following magnetic bead separation, the viability of the isolated
CD34" cells was routinely 95%. Purity was determined by staining
the cells with human CD34 antibody and analysis by flow
cytometry. CD34" cells were cultured in Iscove Modified
Dulbecco Medium (IMDM) supplemented with 1% FBS and the
following cytokines: stem cell factor (100 ng/ml), Flt3 ligand
(100 ng/ml) and thrombopoietin (50 ng/ml) (SFT).

Molm13 and REH cell lines [31,32], generous gifts from the
laboratory of James DeGregori, were maintained in RPMI media
supplemented with 10% FBS. Cells were seeded at 2x10° cells/ml
and after incubation in the absence or presence of 6TG live cell
concentrations were determined by propidium iodide exclusion
and flow cytometry.

Lentiviral Transduction

Lentiviral constructs with shRNAs directed against murine and
human HPRT in the pLKO.1 vector were purchased from Open
Biosystems (Huntsville, AL). The non-silencing control in the
pLKO.1 vector was purchased from Sigma Aldrich (St. Louis,
MO). Constructs were modified to express GFP by cloning out the
puromycin resistance gene using restriction endonucleases Kpnl
and BamHI, and PCR ligation of these restriction sites to the GFP
gene from MSCV-iresGFP. Lentivirus was prepared by transient
transfection of 293FT cells with transfer vectors along with third
generation  packaging  constructs  (pMDLg/pRRE+pRSV-
Rev+pMD2.G). Viral titers and MOI were determined with serial
dilution of virus containing media on NIH3T3 cells and flow
cytometry for GFP. AML and ALL cell lines were transduced with
unconcentrated virus supernatant overnight in the presence of
8 ug/ml polybrene and selected in puromycin (0.5 pug/ml). 5x10°
CD34" cells were infected with concentrated viral stocks at
a multiplicity of infection (MOI) of 1 on RetroNectin-coated plates

PLOS ONE | www.plosone.org

(Takara, Japan) in the presence of proteasome inhibitor (MG132,
0.5uM) and SFT in StemSpan H3000 media (Stem Cell
Technologies, Canada). After two rounds of viral transduction,
cells were maintained in IMDM media with SFT. Transduction
efficiency was calculated by determining the percentage of GFP*
cells by flow cytometry.

Reverse Transcription and Real-time PCR

Real-time PCR was performed in an ABI Prism 7900 (Applied
Biosystems) with Tagman PCR using primers and probes from
Roche (Universal ProbeLibrary Assay Design Center). Actin

expression was used for normalization of gene expression.

Mice

NOD/LtSz scid/scid (NOD/SCID) mice were obtained from
Jackson Laboratories (Bar Harbor, ME) and maintained in the
animal facility at the University of Colorado Denver. All mice
were housed in sterile micro-isolators under standard conditions of
care.

Bone Marrow Transplantation and 6TG Treatment

Mice that were to receive transplants were irradiated at 6 to 8
weeks of age with 350 cGy total body irradiation administered
from a '*" Cs source. Irradiated mice were treated with the
enrofloxacin antiobiotic in drinking water (0.314 mg/ml) to
prevent infectious complications. CD34" cells isolated from cord
blood were transduced overnight with LVs and transplanted
(2x10° cells/mouse) in 100 ul volume of phosphate-buffered
saline (PBS) supplemented with 1% BSA via tail vein into sub-
lethally irradiated female NOD/SCID primary recipients. Human
cell engraftment in transplanted mice was confirmed in peripheral
blood samples taken from the tail vein by flow cytometric analysis
of CD45* human cells, 3 weeks post transplantation. Thereafter,
mice were left untreated or treated with 6TG in drinking water at
a dose of approximately 2 mg/kg body weight, based on estimated
water consumption of 5 ml/day and average weight of 20 g/
mouse. This dose was the highest dose tolerated by NOD/SCID
mice long term (not shown). All animals were euthanized after 6
weeks of treatment for assessment of numbers and types of human

March 2013 | Volume 8 | Issue 3 | e59594



cells detectable in bone marrow and spleen. Secondary recipients
were irradiated and transplanted with bone marrow from primary
recipients at a ratio of 1:4 (donor:recipient) and euthanized after 6
weeks.

Flow Cytometric Analysis

All antibodies were purchased from eBiosciences (San Diego,
CA). Peripheral blood collected from lateral tail vein was treated
with hemolytic buffer and stained with antibodies directed against
human CD45. Bone marrow (BM) cell suspensions were prepared
from tibias and femurs and from spleens. Cells were hemolyzed
and lineage analysis was performed by staining the cells with
human antibodies against CD45, CD14, CD19 along with mouse
CD45.1. After staining, cells were washed in FACS buffer and
analyzed using Galios flow cytometer (Millipore, MA). At least
500,000 events were acquired for each sample and analyzed using
Kaluza software (Beckman Coulter, CA). Transduced cells in each
sub-population were determined by GFP expression.

Statistics

Data are representative of three independent experiments. We
used unpaired t-test or one-way ANOVA to determine statistical
significance between 2 groups or multiple groups respectively.
Bonferroni’s multiple comparison test was used in conjunction
with ANOVA. All of the statistical analyses were performed with
GraphPad Prism 4 (GraphPad Software, San Diego, CA).

Supporting Information

Figure S1 Knockdown of HPRT confers resistance to
6TG in REH cells. REH cells were transduced with constructs
expressing shRNA directed against HPRT (49-53) and selected in
puromycin or were left untransduced (UT). A. Whole cell lysates
were analyzed by western blot with antibodies directed against
HPRT and actin. B. Cells were treated for 72 hours with 6TG or
were left untreated, and then counted by propidium iodide
exclusion and flow cytometry. The number of live cells compared
to Mock transduced, untreated cells is depicted. Note that cells
transduced with construct 50 were not inhibited by 6TG at this
dose.

(EPS)

Figure S2 Knockdown of HPRT confers resistance to
6TG in human hematopoietic cells. REH cells were
transduced with lentiviral vectors expressing non-silencing control
sequences (shO and shOG) or shRNAs directed against HPRT
(sh491 and sh50) and selected in puromycin. A & B. Construct 491
most effectively knocks down HPRT. The extent of knockdown of
HPRT was measured by reverse-transcription, real-time PCR with
primers specific for HPRT (A) and western blotting (B). Constructs
491 and 50 efficiently knocked down HPRT as compared to
untransduced controls (*p<<0.05). In these cells the extent of
knockdown was not significantly greater with construct 491, as
compared to construct 50. C. Construct 491 provides the greatest
resistance to 6TG. Transduced cells were treated with increasing
doses of 6TG, and the number of live cells was measured by flow
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Figure S3 Knockdown of HPRT specifically protects
cells from 6TG induced apoptosis. A & B. Knockdown of
HPRT abrogates the apoptotic effects of 6TG in human cell lines.
Molm13 (A) or REH (B) cells were transduced with vectors
expressing non-silencing control sequence (sh0) or shRNA directed
against HPRT (sh491 and sh50) and were treated with 6TG at the
indicated doses for 72 hours. Cells were then assessed for apoptosis
by staining for annexin V and with propidium iodide using flow
cytometry. The total percentage of early and late apoptotic
(Annexin V*/PIN*%+Annexin V*/PI") is depicted. C. Knockdown
of HPRT is persistent over time. Molm13 cells were transduced
with shO or sh491 and selected in puromycin. Assessment of
HPRT expression and sensitivity to 6 TG were assessed immedi-
ately after selection and after 4 weeks of proliferation (without
puromycin selection). D. The protective effects of knockdown of
HPRT are specific to 6TG. UCB cells were transduced with vector
expressing GFP and a non-silencing shRNA (shOG) or shRNA
directed against HPRT (sh491G) and treated with cisplatinum at
the indicated doses. In contrast to treatment with 6 TG, in which
the percentage of 491G transduced cells increases, the percentage
of GFP" cells decreases with cisplatinum, with either shRNA
sequence.
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Figure S4 Flow cytometry gating scheme. Bone marrow,
spleen or peripheral blood cells were stained with antibodies
directed against human CD45, CD19 and CD14 and analyzed by
flow cytometry. Kaluza software was used to measure the
percentage of GFP" cells within specific sub-populations. An
example of the gating schema with data from untreated and 6TG
treated recipients is demonstrated.

(EPS)

Figure S5 Low level engraftment of transduced human
cells in the spleens of secondary recipients. Bone marrow
cells from primary recipients of 491G transduced human UCB
cells were transplanted into sub-lethally irradiated secondary
recipients. After 3 weeks, secondary recipients were left untreated
(UT) or treated with 6TG. Six weeks later, tissues were harvested
for analysis by flow cytometry. The percentages of GFP™ human
leukocytes (huCD45%), and B-lymphocyte (huCD45*CD19") and
myeloid (huCD45*CD14") sub-populations in the spleen are
depicted. The lower limit of detection of GFP" cells in these assays
is approximately 0.05%.

(EPS)

Table S1 shRNA construct identification and se-
quences.
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