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Abstract

Hematopoietic stem cells (HSCs) are enriched for aldehyde dehydrogenase (ALDH) activity and
ALDH is a selectable marker for human HSCs. However, the function of ALDH in HSC biology
is not well understood. We sought to determine the function of ALDH in regulating HSC fate.
Pharmacologic inhibition of ALDH with diethylaminobenzaldehyde (DEAB) impeded the
differentiation of murine CD34c-kit*Sca-1*lineage™ (34”KSL) HSCs in culture and facilitated a
ninefold expansion of cells capable of radioprotecting lethally irradiated mice compared to input
347KSL cells. Treatment of bone marrow (BM) 34”KSL cells with DEAB caused a fourfold
increase in 4-week competitive repopulating units, verifying the amplification of short-term HSCs
(ST-HSCs) in response to ALDH inhibition. Targeted siRNA of ALDH1al in BM HSCs caused a
comparable expansion of radioprotective progenitor cells in culture compared to DEAB treatment,
confirming that ALDH1al was the target of DEAB inhibition. The addition of all trans retinoic
acid blocked DEAB-mediated expansion of ST-HSCs in culture, suggesting that ALDH1al
regulates HSC differentiation via augmentation of retinoid signaling. Pharmacologic inhibition of
ALDH has therapeutic potential as a means to amplify ST-HSCs for transplantation purposes.

Introduction

Hematopoietic stem cell (HSC) transplantation involves the administration of myeloablative
radiotherapy and/or chemotherapy followed by infusion of CD34+ hematopoietic stem/
progenitor cells [1-3]. Despite a sufficient number of long-term HSCs within the donor
graft, a 2-4 week period of pancytopenia typically follows this procedure, during which time
patients require antibiotics and transfusion support [1-4]. In the setting of cord blood (CB)
transplantation, hematologic recovery can lag for up to 2 months after transplant, putting
recipients at risk for life-threatening infectious complications [1-5]. The period of
pancytopenia that occurs after transplantation results from the ablative effects of the
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conditioning on host hematopoiesis coupled with the inherent lag time to the production of
donor HSC-derived progeny [6-8]. Since the prolonged period of pancytopenia after CB
transplantation accounts for substantial morbidity and mortality, it has been proposed that
co-transplantation of committed myeloid progenitor cells or short-term HSCs (ST-HSCs)
could accelerate hematologic recovery in these patients and perhaps lessen the mortality of
this procedure [6, 7, 9].

Studies in mice have defined the phenotype of long-term HSCs (LT-HSCs) and ST-HSCs
[6, 7]. Bone marrow (BM) cells that are depleted of lineage markers, express c-kit+ and
Sca-1+ and lack CD34 expression (CD34-c-kit+Sca-1+lineage— [34-KSL] cells) or express
Thy 1.1lo, are enriched for LT-HSCs [6, 7], whereas 34+KSL cells are enriched for ST-
HSCs, which have a more restricted self-renewal capacity and repopulating ability [6, 7, 10,
11]. It has been shown that the 34+FIt-3-KSL subset is enriched for virtually all ST-HSCs
and these cells give rise to 34+FIt-3+KSL cells, which are primarily lymphoid repopulating
cells [6]. Although LT-HSCs are required for long-term hematopoietic reconstitution, these
cells are substantially less efficient than ST-HSCs at providing radioprotection of lethally
irradiated recipients [7, 10, 11]. It has also been shown that transplantation of committed
megakaryocyte-erythroid progenitors (MEPSs) or common myeloid progenitors (CMPs) can
provide radioprotection in lethally irradiated mice in the absence of HSC transplantation [7].
Importantly, transplantation of as few as 500 34+FIt-3-KSL cells was able to radioprotect a
fraction of lethally irradiated mice, whereas 50,000 MEPs or CMPs were required to achieve
a comparable level of radioprotection [6, 7]. Taken together, these data suggest that co-
transplantation of ST-HSCs could be an efficient method to lessen the morbidity and
mortality of HSC transplantation.

We recently showed that inhibition of aldehyde dehydrogenase (ALDH) facilitated the
expansion of human hematopoietic cells capable of repopulation in NOD/SCID mice,
suggesting that ALDH promotes HSC differentiation [12]. In this study, we sought to more
precisely determine which cell types within the HSC hierarchy are regulated by ALDH, the
ALDH isoform responsible for regulating HSC differentiation and the mechanism through
which ALDH regulates HSC differentiation. Since the NOD/SCID assay is limited in
discriminating short-term and long-term HSCs, radioprotective cell content, and complete
multilineage repopulation [13], we have performed extensive studies in congenic mice to
measure the effect of pharmacologic and genetic inhibition of ALDH on HSC content and
function. Inhibition of ALDH in the presence of cytokines impeded HSC differentiation in
culture and induced a significant expansion of both radioprotective hematopoietic progenitor
cells and ST-HSCs compared to input BM 34-KSL cells. Therefore, ALDH plays an
important role in regulating the transition of ST-HSCs to committed progenitor cells and
inhibition of ALDH has potential as a means to amplify ST-HSCs for therapeutic purposes.

Materials and Methods
Isolation of BM HSCs and ALDH Activity Assay

C57BL6 and congenic B6.SJL-Ptprca Pep3b/BoyJ (B6.SJL) mice (The Jackson Laboratory,
Bar Harbor, ME, http://www.jax.org) were utilized in experiments approved by the Duke
University Animal Care and Use Committee. Whole BM cells were collected from 8-10
week old animals as previously described [14, 15]. BM mononuclear cells (MNC) were
isolated via density centrifugation and lineage-marker negative (Lin-) cells were then
enriched via magnetic column purification (Miltenyi Biotec, Auburn, CA, Germany, http://
www.miltenyibiotec.com), according to the manufacturer’s guidelines. Multiparameter flow
cytometry was conducted to isolate purified CD34-c-kit+Sca-1+lin— (34-KSL) or KSL
subsets as previously described [14, 15].
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ALDH activity assays of murine and human cells were performed using the Aldefluor kit
(Stem Cell Technologies, Vancouver, BC, Canada, http://www.stemcell.com), according to
the manufacturer’s recommended procedure, followed by immunophenotyping with PE-
Sca-1, APC-c-kit, and an APC-anti-lineage marker cocktail. All antibodies were purchased
from Becton Dickinson (BD Biosciences, San Diego, http://www.bdbiosciences.com),
unless otherwise noted. Data were acquired using a FACScalibur or FACScanto Il flow
cytometer (BD Biosciences).

In Vitro Cultures of BM HSCs

Purified murine BM 34-KSL or KSL cells were seeded at 0.2-1.0 x 104 cells per milliliter
in culture with Iscove’s modified Dulbecco’s medium + 10% fetal bovine serum (FBS) +
1% penicillin/streptomycin (pcn/strp), containing 120 ng/ml murine stem cell factor (SCF),
50 ng/ml murine fms-like tyrosine kinase-3 (Flt-3) ligand, and 20 ng/ml murine
thrombopoietin (“TSF”; R&D Systems Inc., Minneapolis, http://www.rndsystems.com),
with or without 100 pM diethylaminobenzaldehyde (DEAB) (Sigma-Aldrich, St. Louis,
http://www.sigmaaldrich.com) for 7 days at 37°C in 5% CO2. Retinaldehyde (retinal;
Sigma-Aldrich) was added at 1 1M to certain cultures. All trans retinoic acid (ATRA)
(Sigma-Aldrich) was added to a subset of cultures of BM 34-KSL cells with TSF + DEAB.
At day 7, viable cell counts were obtained and immunophenotypic analysis for KSL subsets
was performed as previously described [14, 15]. Methods for immunophenotypic analyses
and cell cycle analysis [16] are provided in the supporting information.

In Vivo Radioprotection and Competitive Repopulating Assays

For the lethal radioprotection assay, mice received 950-cGy total body irradiation (TBI) and
subsequently were transplanted with either 10, 30, or 100 BM 34-KSL donor cells or their
progeny after culture with TSF alone or TSF + DEAB. Kaplan-Meier analysis of the
survival data was analyzed using Prism 4 software (GraphPad Software Inc., San Diego,
http://www.graphpad.com).

For the competitive repopulating assays (CRU), BM 34-KSL cells from B6.SJL mice
(CD45.1+) were sorted into 96-well U-bottom plates (BD Biosciences). Day 0 34-KSL cells
were either injected into recipient animals or placed into cultures containing TSF with or
without DEAB, as described above. Recipient C57BL6 animals (CD45.2+) were irradiated
with 950-cGy TBI using a Cs137 irradiator and then injected, via tail vein, with 10, 30, or
100 34-KSL cells or their progeny after culture with TSF alone or TSF + DEAB. 1 x 105
nonirradiated CD45.2 MNCs were co-injected into recipient mice as competitor cells.
Donor-derived hematologic reconstitution was monitored in the peripheral blood by flow
cytometry, as previously described [15, 17], at weeks 4, 8, 12, and 30 after transplant.
Animals were considered to be engrafted if donor CD45.1+ cells were present at >1% for all
lineages [15, 17]. Radioprotective cell frequency and CRU calculations were performed
using L-Calc software (Stem Cell Technologies) [15, 17, 18].

siRNA of ALDH1al in HSCs

KSL cells, which were sorted via FACS, from C57BL/6J mice were cultured in 96-well U-
bottom plates containing Accell Media (Thermo Fisher Scientific, part of Thermo Fisher
Scientific, Chicago, http://www.thermo.com) with 120 ng/ml SCF, 50 ng/ml Flt-3 ligand, 20
ng/ml thrombopoietin, and 1 M ALDH1al-specific or nontargeting siRNA construct
(Thermo Fisher Scientific, Waltham, MA) for 96 hours, according to the manufacturer’s
recommended protocol. At 96 hours, 10% FBS was added and the cultures were carried to
day 7. To assess ALDH1al expression, total RNA from day 0 BM KSL cells or their
siRNA-treated progeny was isolated, reverse-transcribed, and polymerase chain reaction
(PCR) amplification reactions were performed as previously described [12]. To measure the
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effect of sSiIRNA of ALDHZ1al on BM radioprotective cell frequency, C57BL6 mice were
irradiated with 950-cGy TBI and subsequently transplanted via tail vein injection with day 0
BM KSL cells or the progeny of BM KSL cells treated with ALDH1al siRNA or
nontargeting construct. Overall survival was monitored through day +40.

Statistical Analysis

Results

Student’s t tests were performed for comparisons of all results from in vitro cultures.
Kaplan-Meier estimates were performed to compare the overall survival between groups of
mice transplanted with radioprotective cells and siRNA-treated cells [14, 15]. The limiting
dilution method of Taswell was applied and Poisson statistical analysis was performed to
estimate the CRU frequencies between groups of mice [12, 19, 20].

Treatment with DEAB Inhibits ALDH Activity and Blocks Retinoid Signaling in HSCs

DEAB is a competitive antagonist of ALDH [21-24]. To confirm that DEAB inhibited
ALDH activity in BM HSCs, we examined ALDH activity using the Aldefluor reagent
within day 0 BM KSL cells versus the progeny of BM KSL cells treated for 7 days with
cytokines (thromobopoietin, SCF, Flt-3 ligand; “TSF”) or the progeny of BM KSL cells
treated with TSF + 100 pM DEAB (Fig. 1A, 1B). We were unable to detect a distinct ALDH
+ population within the BM KSL subset or within the progeny of TSF or TSF + DEAB
cultures at 24 hours, day 3, or day 7 (Fig. 1B). Therefore, we analyzed human cord blood
(CB) CD34+CD38-lin— HSCs to determine whether DEAB treatment decreased ALDH
activity in human HSCs. The majority (mean 72.9%) of day 0 CD34+CD38-lin— cells were
ALDH bright, as were 41% of the TSF-treated progeny. However, only 2.5% of the progeny
of TSF + DEAB cultures demonstrated ALDH activity, verifying that DEAB treatment
inhibited ALDH activity in human HSCs during culture (Fig. 1B, 1C). Interestingly, the
expression of ALDH1al also decreased >50% in response to TSF + DEAB compared to
TSF alone (supporting information Fig. S1).

Microarray analyses have suggested that several isoforms of ALDH may be expressed by
HSCs, including ALDH1al, ALDH2, ALDH1a7, ALDH3a2, and ALDH9al [25-27]. Using
quantitative reverse transcriptase (QRT)-PCR analysis, we found that ALDH1al, which
catalyzes retinoic acid biosynthesis, and ALDH2, ALDH1a7, ALDH3a2 and ALDH9al
were expressed by murine BM 34-KSL cells (supporting information Fig. S2). ALDH1a2,
ALDH1a3, and ALDH8a1l, which also catalyze retinoic acid synthesis, were not expressed.
Since ALDH1al has retinaldehyde (retinal) metabolizing activity and the other expressed
isoforms have little (ALDH2) or no retinal metabolizing activity (ALDH1a7, ALDH3a2,
and ALDH9al) [25, 28], we treated BM 34-KSL cells with retinal + DEAB to determine if
ALDH1al was a primary target of DEAB action. We measured expression of CEBPe and
CD38, which are retinoic acid receptor (RAR)- target genes [29-31], in the BM 34-KSL
cells since the expression of CEBPs and CD38 increases in response to retinoic acid
signaling. CEBPe expression increased in response to TSF and further increased in response
to retinal (Fig. 1D). In contrast, when DEAB was added to BM 34-KSL cell cultures with
TSF or TSF + retinal, CEBPe expression was significantly reduced (Fig. 1D). The
expression of CD38 also increased significantly in response to TSF + retinal. When DEAB
was added to TSF + retinal, CD38 expression was reduced 18-fold (Fig. 1D). Conversely,
expression of the glucocorticoid receptor, which is not RAR-dependent, did not change
significantly in BM 34-KSL cells in response to retinal or retinal + DEAB. Taken together,
these data confirmed that DEAB treatment antagonized retinoid signaling in HSCs and
suggested that ALDH1al, which has retinal-metabolizing activity, was a primary target of
DEAB action. Of note, the progeny of HSCs treated with TSF + DEAB also demonstrated
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significantly reduced expression of Mac-1 (myeloid) and B220 (B cell) differentiation
markers compared to the progeny of TSF alone (supporting information Fig. S3). These
results confirmed the inhibitory effect of DEAB on HSC differentiation in culture but also
raised the possibility that other differentiation pathways independent of ALDH and RAR
were antagonized by DEAB.

Inhibition of ALDH Maintains Phenotypic and Functional Progenitor Cells in Culture

To determine the effect of ALDH inhibition on HSC content in culture, BM 34-KSL cells
were cultured with TSF with or without 100 pM DEAB for 7 days. Treatment of 34-KSL
cells with TSF caused a significant decline in lineage negative cells at day 7 (mean 42.6%),
whereas the progeny of TSF + DEAB contained more than twofold increased percentage of
lineage negative cells compared to that of TSF alone (97.1%; Fig. 2A, 2B). Moreover,
treatment with TSF + DEAB maintained a more than sevenfold higher percentage of KSL
cells in culture as compared to culture with TSF alone (mean 14.2% vs. 2.0%; Fig. 2A, 2B).
However, culture with TSF alone caused a 360-fold expansion of total cells whereas culture
with TSF + DEAB supported a 22.6-fold expansion (Fig. 2B). Therefore, the total number of
KSL cells increased 2.6-fold in TSF cultures compared to TSF + DEAB cultures at day 7
(Fig. 2B). Of note, the progeny of TSF + DEAB cultures contained 16-fold increased
numbers of colony-forming cells as compared to the progeny of TSF alone, demonstrating
that inhibition of ALDH impeded the differentiation of functional BM progenitor cells in
culture (Fig. 2C).

Inhibition of ALDH Facilitates the Expansion of Radioprotective Cells

We next sought to determine whether inhibition of ALDH could increase the number of BM
stem/progenitor cells with in vivo radioprotective capacity. We transplanted B6.SJL
(CD45.1+) day 0 BM 34-KSL cells (10, 30, or 100 cells) or their progeny after 7-day culture
with TSF alone or TSF + DEAB, into lethally irradiated, congenic C57BL6 (CD45.2+)
recipient mice. At the 10-cell dose, no mice survived beyond day +19 in any of the three
groups (Fig. 3A). At the 30-cell dose, no mice transplanted with day 0 BM 34-KSL cells or
the progeny of 34-KSL cells cultured with TSF alone survived past day +20. In contrast,
70% of the mice transplanted with the progeny of TSF + DEAB survived beyond day +40 (p
<.0001 and p <.0001 vs. day 0 and TSF groups). At the 100-cell dose, 40% of mice
transplanted with day 0 34-KSL cells and 60% of mice transplanted with the progeny of TSF
alone survived after lethal irradiation, compared to 100% of animals transplanted with
DEAB-cultured progeny (p = .004, p =.03; Fig. 3A). Applying Poisson statistics, we
estimated the radioprotective cell frequency within the day 0 BM 34-KSL population to be 1
in 297 cells [95% confidence interval (CI): 1:113-1:781], whereas it was 1 in 179 [CI: 1:82—
1:391] for the progeny of 34-KSL cells cultured with TSF alone. In contrast, the
radioprotective cell frequency within the progeny of 34-KSL cells cultured with TSF +
DEAB was 1 in 33 cells [CI: 1:19-1:57], representing a nine- and sixfold increase in
radioprotective cell frequency compared to day 0 34-KSL cells and the progeny of cultures
with TSF alone (Table 1). Importantly, the progeny of TSF cultures contained 15.9-fold
more total cells than TSF + DEAB-cultured progeny. Therefore, when normalized to the
total cell numbers transplanted into recipient mice, the progeny of TSF + DEAB had a 96-
fold (15.9 x 6-fold) increased radioprotective cell frequency compared to the progeny of
TSF alone. If normalized to total KSL progenitor cells infused per mouse, the progeny of
TSF + DEAB had a 14-fold increased frequency of radioprotective cells compared to TSF
alone.

To directly demonstrate the increased radioprotective cell frequency in the progeny of TSF +
DEAB cultures versus the progeny of TSF alone, we measured donor CD45.1+ cell
engraftment in the BM of lethally irradiated mice at day +14 after transplantation of a
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limiting dose (100 cells) of BM 34-KSL cells or their progeny after culture with TSF alone
or TSF + DEAB (Fig. 3B). Mice transplanted with the progeny of TSF + DEAB cultures had
4.6-fold increased donor CD45.1+ cell engraftment in the BM at day 14 compared to mice
transplanted with day 0 BM 34-KSL cells and 3.8-fold increased engraftment compared to
mice transplanted with the progeny of TSF alone (mean 25.0% donor CD45.1+ cells vs.
5.4% vs. 6.8% at day +14; p = .0008 and p <.0001 vs. day 0 and TSF group; Fig. 3B). Since
mice transplanted with the progeny of TSF + DEAB had 3.6- and 2.3-fold increased total
BM cells at day +14, this translated into a 15.4-fold increase in the number of donor
CD45.1+ radioprotective cells per femur in mice transplanted with the progeny of TSF +
DEAB cultures versus mice transplanted with day 0 BM 34-KSL cells and a 10.4-fold
increase compared to mice transplanted with the progeny of TSF alone (mean 224,862
CD45.1+ cells per femur vs. 14,562 cells per femur vs. 21,577 cells per femur; p < .0001
and p <.0001 vs. day 0 and TSF group; Fig. 3B).

Inhibition of ALDH Expands ST-HSCs with Competitive Repopulating Capacity

Since inhibition of ALDH increased the number of BM radioprotective cells in culture, we
sought to determine if this was caused by an amplification of short-term HSCs (ST-HSCs)
with competitive repopulating capacity. BM 34-KSL cells from B6.SJL mice (CD45.1+) or
their progeny after culture with TSF alone or TSF + DEAB were transplanted at limiting
doses in a competitive repopulating assay into lethally irradiated CD45.2+ C57BL6 mice. At
4 weeks after transplant, mice transplanted with the progeny of 100 BM 34-KSL cells
cultured with TSF + DEAB demonstrated significantly increased CD45.1+ cell multilineage
engraftment (mean 34.0% CD45.1+) compared to mice transplanted with the same dose of
day 0 34-KSL cells (mean 4.4%) or their progeny after culture with TSF alone (mean
16.7%) (Fig. 3C). Transplantation of mice over a range of limiting doses (10-200 cells)
coupled with Poisson statistical analysis demonstrated the frequency of 4-week CRU within
day 0 BM 34-KSL cells to be 1 in 147 cells (95% CI: 1:91-1:238) and 1 in 156 cells for the
progeny of TSF cultures (95% CI: 1:95-1:258) (supporting information Table S1).
Conversely, the CRU frequency within the progeny of TSF + DEAB cultures was 1 in 39
cells (95% ClI: 1:25-1:62). Therefore, the progeny of TSF + DEAB cultures contained 3.8-
and 4-fold increased numbers of ST-HSCs compared to day 0 34-KSL cells and the progeny
of 34-KSL cells cultured with TSF alone, respectively.

To measure the effect of ALDH inhibition on long-term HSC (LT-HSC) content in culture,
we also performed CRU analysis at 12 and 30 weeks after transplantation (Fig. 3D). Mice
transplanted with day 0 BM 34-KSL cells displayed increasing donor 45.1+ cell
repopulation over time and the CRU estimates were 1 in 17 and 1 in 20 cells at 12 and 30
weeks, respectively (supporting information Table S2). The CRU estimates within the
progeny of TSF + DEAB culture were 1 in 56 and 1 in 67 cells at 12 and 30 weeks,
respectively. Similarly, the CRU estimates for the progeny of TSF alone were 1 in 61 and 1
in 70 cells at 12 and 30 weeks, respectively. These data demonstrate that inhibition of
ALDH activity does not amplify LT-HSCs in culture compared to day 0 BM 34-KSL cells.

As a complement to competitive repopulating assays in mice, we also examined the effect of
DEAB treatment on the short-term engraftment potential of human CB CD34+CD38-lin-
cells in a NOD/SCID transplantation assay. Mice transplanted with 2.5 x 103 CB CD34+38-
lin— HSCs demonstrated human CD45+ cell engraftment at 4 weeks in 3 of 12 mice (25%;
mean 0.9% huCD45+ BM cells). Similarly, mice transplanted with the progeny of the
identical dose of CD34+38-lin— cells after culture with TSF demonstrated engraftment in 2
of 10 mice (20%; mean 0.7% huCDA45+ cells). In contrast, mice transplanted with the
progeny of CB CD34+CD38-lin— cells after culture with TSF + DEAB demonstrated human
CD45+ cell engraftment in 5 of 10 mice (50%; mean 1.4% huCD45+ cells). These results
suggested that treatment with DEAB enhanced the short-term repopulating activity of
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human HSCs. This observation is also consistent with our prior observation that inhibition
of ALDH caused an expansion of human LT-HSCs as measured in primary and secondary
transplanted NOD/SCID mice [12].

Inhibition of ALDH Delays Cell Cycle Progression of HSCs in Culture

The repopulating capacity of HSCs has been shown to decline in association with transit
through cell cycle in vitro [32, 33]. We sought to determine whether inhibition of ALDH
increased BM stem/progenitor cell repopulating capacity via modulation of cell cycle
progression of HSCs in culture. Day 0 BM KSL cells were mostly quiescent (50.4% in GO,
26.2% in G1). After 3 days in culture, the progeny of TSF cultures were primarily in cycle,
whereas the progeny of TSF + DEAB showed a modest increase in the percentage of cells in
GO0 and a decrease in cells in the G2/S/M phase (Fig. 4A; p = .004 for GO comparison, p = .
02 for G2/S/M comparison). After 7 days in culture, the progeny of TSF + DEAB culture
demonstrated an increase in cell cycling compared to the progeny of TSF alone (Fig. 4A; p
=.01 and p = .02 for GO and G2/S/M phase, respectively), perhaps reflecting replicative
senescence in TSF-treated cells at day 7 as compared to the progeny of TSF + DEAB. The
mean frequency of day 0 KSL cells and their progeny after culture with TSF and TSF +
DEAB in each phase of the cell cycle is shown in supporting information Fig. S5.

Inhibition of ALDH Increases the Frequency of CD34+FIt-3-KSL Cells in Culture and Can
Be Reversed with ATRA

BM 34+FIt-3-KSL cells have been shown to be highly enriched for ST-HSCs [6]. Since
inhibition of ALDH supported an increase in short-term CRUs and radioprotective cells in
culture, we sought to determine if DEAB treatment caused an increase in the number of
34+FIt-3-KSL cells in culture compared to cytokines alone. At day 7 of culture of BM 34-
KSL HSCs with TSF alone, only 1.6% + 0.2 of the cultured progeny remained 34+FIt-3-
KSL cells, whereas 26.4% + 3.5 of the progeny after culture with TSF + DEAB were
34+FIt-3-KSL cells (Fig. 4B, p = .003). These data demonstrate that inhibition of ALDH
facilitates the expansion of ST-HSCs in culture. Interestingly, the addition of 1 pM ATRA
to TSF + DEAB cultures essentially reversed the effect of DEAB treatment, yielding >20-
fold less 34+FIt-3-KSL cells in culture (mean 1.1% + 0.2, p = .003). This result suggested
that inhibition of ALDH impeded HSC differentiation via antagonism of retinoid signaling.

Since committed CMPs and MEPs have also been shown to possess radioprotective capacity
[7], we compared the frequency of IL-7Ra-Lin-Sca-1-c-kit+Fcy RloCD34+ cells (CMPs)
with IL-7Ra-Lin-Sca-1-c-kit+Fcy RloCD34~- cells (MEPs) within the progeny of TSF
cultures versus TSF + DEAB cultures [7]. Interestingly, the progeny of TSF + DEAB
cultures contained a significantly increased frequency of CMPs and a significant decrease in
MEPs compared to the progeny of TSF alone (Fig. 4C; p <.001 and p = .01, respectively).
Taken together, these data demonstrate that inhibition of ALDH causes a generalized
inhibition of myeloid differentiation of HSCs in response to cytokines alone.

siRNA of ALDH1al Increases BM Radioprotective Progenitor Cell Content

We show here that several isoforms of ALDH are expressed in HSCs, including ALDH1al,
ALDH2, ALDH3a2, ALDH1a7, and ALDH9al [25-27]. Since treatment with DEAB
blocked retinoid signaling in HSCs and ALDH1al has retinoic acid biosynthetic activity, we
hypothesized that ALDH1al might be the primary mechanistic target of DEAB. We
therefore treated BM KSL cells with an siRNA specifically targeting ALDH1al in BM
HSCs to determine if this would cause comparable expansion of radioprotective ST-HSCs as
observed with DEAB. Treatment of BM KSL cells with ALDH1al-siRNA caused an 80%
decrease in ALDH1al expression compared to nontargeting sSiRNA-treated BM KSL cells at
day 7 of culture (Fig. 5; p = .006). Mice transplanted with the progeny of BM KSL cells
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treated with ALDHZ1al-siRNA demonstrated significantly increased survival at day +40
compared to mice transplanted with day 0 BM KSL cells (Fig. 5, 60 % vs. 0%, p = .02) and
increased survival compared to mice transplanted with BM KSL cells treated with
nontargeting siRNA (60% vs. 0%, p = .007). These results demonstrated that silencing of
ALDH1al was as potent as DEAB treatment toward amplifying radioprotective cells in
culture and suggested that ALDH1al was the mechanistic target of DEAB action.

Discussion

Myeloablative conditioning prior to HSC transplantation results in a period of pancytopenia
during which patients are highly susceptible to infectious complications. This is particularly
true in the setting of adult CB transplantation in which hematologic recovery can be delayed
for up to 2 months [1-4]. Previous studies have demonstrated that LT-HSCs are inefficient
in providing the rapid hematologic recovery that is required for radioprotection of lethally
irradiated recipients [10]. Conversely, ST-HSCs, which can generate rapid but transient
repopulation, are more efficient at providing early hematopoietic reconstitution and
radioprotection of lethally irradiated recipients [6]. Therefore, transplantation of ST-HSCs
could, in principle, serve to lessen the morbidity and mortality which occurs in patients early
post-HSC transplantation. In this study, we demonstrate that pharmacologic inhibition of
ALDH induces a 9-fold expansion of radioprotective progenitor cells and produces a 15.4-
fold increase in donor cell engraftment in lethally irradiated mice during the critical nadir
phase (day 14) after myeloablative irradiation compared to mice transplanted with
unmanipulated HSCs. Transplantation of the progeny of only 30 BM 34-KSL cells cultured
with DEAB (absolute cell doses, 330-1140 cells per mouse) was radioprotective in 70% of
lethally irradiated mice, indicating a high radioprotective efficiency within this population.
For comparison, it was previously shown that transplantation of 50,000 CMPs or MEPs was
required to radioprotect 50% of lethally irradiated mice [7] and a dose of 500 34+FIt-3-KSL
cells was required to radioprotect 46% of lethally irradiated mice [6]. Competitive
repopulating assays and detailed phenotypic analyses demonstrated that inhibition of ALDH
caused a 4-fold expansion of short-term CRUs and a 17-fold increase in 34+FIt-3-KSL cells
in this population compared to cytokine treatment alone. Taken together, these results
demonstrate that ALDH is an inducible regulator of HSC differentiation and inhibition of
ALDH facilitates the expansion of ST-HSCs in culture.

Although these results suggested that ALDH regulates HSC differentiation in response to
cytokines, we sought to determine which isoform of ALDH was the target of DEAB and
whether DEAB affected other pathways which impact HSC differentiation. We verified that
treatment with DEAB causes a significant reduction in ALDH enzyme activity and gene
expression in HSCs which temporally corresponds to the amplification of radioprotective
cells and ST-HSCs in culture. Consistent with prior studies by Pearce and Levi [25, 34], we
were unable to discriminate an ALDH-bright population by Aldefluor analysis of murine
HSCs, but confirmed the effects of DEAB on ALDH activity in human CD34+CD38-lin—-
HSCs [22-24]. Importantly, although we found that several isoforms of ALDH are
expressed by BM HSCs, we also determined that siRNA-mediated silencing of ALDH1al in
BM KSL cells reproduced the effect of DEAB treatment, causing a significant increase in
BM radioprotective cell activity compared to input BM KSL cells or the progeny of
nontargeting siRNA-treated BM KSL cells. Taken together, these results suggest that
DEAB-mediated expansion of BM radioprotective cells and ST-HSCs is mediated through
inhibition of ALDH and that ALDH1al is the primary isoform involved in this process. Of
note, Levi et al. recently showed that homozygous genetic deletion of ALDH1al caused no
alteration in HSC content or function in mice [25]. The differences in these observations can
be resolved by consideration that homozygous deletion of a gene in vivo allows for other
pathways to compensate for loss of gene function over time. Conversely, acute
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pharmacologic inhibition or genetic silencing of a specific target, as shown here via DEAB
treatment and ALDH1al siRNA, may reveal a gene function (e.g., regulation of HSC
differentiation) prior to the upregulation of compensatory pathways.

Since ALDH is required for the intracellular production of retinoic acids [35], we
hypothesized further that ALDH mediates HSC differentiation via augmentation of retinoid
signaling and that inhibition of retinoid-mediated signaling plays a causative role in the
expansion of ST-HSCs, which we have observed. It has been shown previously that retinoid
signaling promotes the differentiation of primary myeloid progenitor cells to mature
granulocytes [36, 37] and introduction of a dominant negative retinoic acid receptor-a
(RARa) construct into a hematopoietic progenitor cell line suppresses myeloid
differentiation [38]. Similarly, we have previously shown that pharmacologic antagonism of
the RAR/Retinoid X Receptor (RXR) heterodimer promotes the maintenance of human
NOD/SCID repopulating cells in culture [39]. ATRA administration is also used
therapeutically to induce the terminal differentiation of acute promyelocytic leukemia cells,
which bear dominant negative activity at RARa [40]. Conversely, it has been shown that the
addition of ATRA to cytokine-containing cultures of murine BM KSL cells enhances the
maintenance of pre-CFU-S cells and long-term repopulating cells compared to cytokine
cultures alone [41, 42]. It was subsequently shown that these effects of ATRA were
mediated through RARY, rather than RARq, and that the addition of ATRA also enhanced
the serial transplantability of KSL cells compared to input KSL cells or their progeny after
cytokine treatment [43]. Taken together, these studies suggest that the effects of retinoic acid
are dependent upon the developmental stage of the hematopoietic stem/progenitor cell.
Retinoic acid appears to maintain the repopulating activity of primitive HSCs [41-43],
whereas it promotes the myeloid differentiation of multipotent progenitor cells (MPPs) [41].
Our results are not inconsistent with these prior observations. We show that inhibition of
ALDH decreases RAR-mediated signaling and increases the number of ST-HSCs and
radioprotective cells in culture, which is consistent with antagonism of RAR-mediated
differentiation of ST-HSCs and MPPs. Furthermore, we demonstrate that the addition of
ATRA to cultures of BM 34-KSL cells with DEAB overrides the effect of DEAB toward
maintaining ST-HSCs in culture and promotes differentiation and lineage commitment.
Taken together, our results implicate the ALDH/RAR axis in regulating the myeloid
differentiation of ST-HSCs. It remains possible that DEAB treatment inhibits HSC
differentiation via alternative pathways independent of effects on ALDH or RAR. However,
this appears less likely since siRNA-mediated silencing of ALDH1al caused a comparable
increase in BM radioprotective cell activity.

It has been previously demonstrated that ex vivo culture of HSCs with proliferation-
inducing cytokines and the transition of HSCs from G1 to G2/S/M phase are associated with
a loss of repopulating capacity [32]. Here, we show that pharmacologic inhibition of ALDH
with DEAB slowed the GO/G1 transition in HSCs, resulting in a modestly higher frequency
of HSCs in GO and less cells in G2/S/M phase compared to HSCs treated with TSF alone.
This inhibition of cell cycle progression in HSCs, although modest, may have contributed to
the significant increase in repopulating ST-HSCs observed in DEAB-treated BM 34-KSL
cells as compared to the progeny of cytokines alone. Since several tumor-specific cancer
stem cells have high expression of ALDH [44, 45], these results also have implications for
cancer research. ALDH-bright tumor cells have been shown to have a higher proliferative
and repopulating potential than ALDH-negative tumor cells [44, 45]. Our study suggests
that pharmacologic inhibition of ALDH should be explored as a strategy to decrease the
growth and proliferation of cancer stem cells.

In summary, we show here that ALDH has a precise function in regulating the
differentiation of ST-HSCs, inhibition of ALDH causes significant amplification of ST-
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HSCs with radioprotective capacity, and these effects are mediated via inhibition of retinoid
signaling and HSC cell cycle transition. sSiRNA-mediated silencing of ALDH1al in BM
HSCs maintained radioprotective cells in culture at a level comparable to DEAB treatment,
suggesting that ALDHZ1al is the primary target of DEAB. ALDH inhibition represents a
translatable strategy to expand ST-HSCs to augment hematopoietic engraftment in patients
undergoing stem cell transplantation.
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DEAB inhibits ALDH enzyme activity and blocks retinoid signaling in HSCs. (A): FACS-
based strategy for isolation of BM CD34-KSL cells is shown. Whole BM cells from adult
C57BI6 mice were lineage-depleted and subsequently stained with antibodies to c-kit, Sca-1,
and CD34 and the CD34-KSL population was collected by FACS. (B): Representative flow
cytometric analysis using the Aldefluor reagent was performed on murine BM KSL cells at
day 0 and after 7 days of culture with TSF versus TSF + DEAB (top). Identical analysis was
performed on human CB CD34+CD38-lin— cells under the same conditions (bottom). (C):
Treatment of BM 34-KSL cells with TSF + DEAB caused a significant reduction in ALDH-
positive cells in culture (means = SD, n = 3; *, p = .02 vs. day O;A, p = .01 vs. day O, p = .02
vs. TSF). (D): The expression of CEPBe and CD38, RAR-dependent genes, is shown in
murine BM 34-KSL cells at day 0 and after culture with TSF, TSF + DEAB, TSF + retinal,
and TSF + retinal + DEAB. Treatment with DEAB blocked cytokine-induced (TSF, SCF,
Fit-3 ligand) and retinal-induced expression of CEBPe (*, p < .001; A, p <.001) and CD38
(*, p<.001; A, p<.001) in BM HSCs. Neither retinal nor DEAB affected the expression of
the glucocorticoid receptor, a non-RAR-dependent gene (n = 3, means + SD). Numbers
represent the fold change relative to expression in the TSF group. Abbreviations: 34-KSL,
CD34~-c-kit+Sca-1+lineage—; ALDH, aldehyde dehydrogenase; BM, bone marrow; CB,
cord blood; DEAB, diethylaminobenzaldehyde; Flt-3, fms-like tyrosine kinase-3; HSCs,
hematopoietic stem cells; ND, not detected; RAR, retinoic acid receptor; SCF, stem cell
factor; TSF, thrombopoietin, stem cell factor, Flt-3 ligand.
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Figure2.

Inhibition of ALDH increases the frequency of phenotypic and functional BM progenitor
cells in culture. (A): Representative flow cytometric analyses are shown of day 0 BM 34-
KSL cells (top) and the progeny of 34-KSL cells after 7-day culture with TSF alone (left)
and TSF + DEAB (right). Note that the progeny of TSF + DEAB remain lineage negative at
day +7, with increased KSL content compared to the progeny of TSF alone. (B): The
addition of DEAB to cultures of 34-KSL cells caused a significant reduction in total cell
expansion compared to TSF alone (upper left, *, p = .001), but yielded a significant increase
in the percentage of lineage negative progenitor cells (upper right, *, p <.001) and
percentage of KSL cells compared to treatment with TSF alone (lower left, *, p =.01) (n =
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3-5, means * SD). The absolute number of KSL cells was 2.6-fold increased in TSF cultures
compared to TSF + DEAB (lower right, *, p =.001) (n = 3-5, means £ SD). (C): Inhibition
of ALDH preserves CFC content in cultures of BM 34-KSL cells. CFC assays were
performed using day 0 BM 34-KSL cells or their progeny after 7-day culture with TSF alone
or TSF + DEAB. The mean number of CFU total was 16-fold increased in the TSF + DEAB
cultures compared to TSF alone. *, p = .009 for difference between CFCs in TSF + DEAB
versus TSF alone (n = 3, means + SD). Gray bar indicates CFU-GM, black bar indicates
BFU-E, and white bar indicates CFU-Mix. Abbreviations: ALDH, aldehyde dehydrogenase;
BFU-E, burst forming unit-erythroid; BM, bone marrow; 34-KSL, CD34-c-kit
+Sca-1+lineage—; CFC, colony forming cell; CFU, colony-forming unit; CFU-GM, colony
forming unit-granulocyte monocyte; CFU-Mix, colony forming unit-mix; DEAB,
diethylaminobenzaldehyde; TSF, thrombopoietin.
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Figure 3.

Inhibition of ALDH expands ST-HSCs with radioprotective capacity. (A): Kaplan-Meier
analysis of the survival of lethally irradiated (950-cGy total body irradiation (TBI)) adult
C57BL6 mice transplanted with 10, 30, or 100 BM 34-KSL cells from B6.SJL donors (black
line) or the progeny of the same dose of BM 34-KSL cells after 7-day culture with TSF
alone (blue line) or TSF + DEAB (red line) is shown (30-cell dose: p <.0001 and p < .0001
for TSF + DEAB group vs. day 0 and TSF groups; 100-cell dose: p =.004, p = .03 for TSF
+ DEAB vs. day 0 and TSF groups; n = 10 mice per dose per condition). (B): (Top) Lethally
irradiated mice transplanted with the progeny of BM 34-KSL cells cultured with TSF +
DEAB have higher levels of donor CD45.1+ cell engraftment (blue dots) in the BM at day
+14 than mice transplanted with day 0 BM 34-KSL cells or their progeny after culture with
TSF alone (mean 25.0% + 1.9 donor CD45.1+ cells vs. 5.4% + 4.9% vs. 6.8% + 1.7% at day
+14; p =.0008 and p < .0001 vs. day 0 and TSF group; n = 10 mice per condition; horizontal
bars represent mean engraftment). (Bottom) Mice transplanted with the progeny of BM 34-
KSL cells treated with TSF + DEAB have significantly increased numbers of donor
CD45.1+ radioprotective cells per femur (% CD45.1+ cells x total BM cells) at day +14
compared to mice transplanted with day 0 BM 34-KSL cells or the progeny of TSF cultures
(mean 224,862 CD45.1+ cells per femur vs. 14,562 cells per femur vs. 21,577 cells per
femur; *, p <.0001 vs. day O; A, p <.0001 vs. TSF group; means + SD, n = 8-10 per group).
(C): Inhibition of ALDH causes an expansion of short-term CRU. A scatter plot is shown of
engraftment of donor CD45.1+ cells (blue dots) at 4 weeks in the PB of lethally irradiated
CD45.2+ recipient mice after competitive repopulating assay (100-cell dose) with day 0 BM
34-KSL cells or their progeny after 7-day culture with TSF or TSF + DEAB. Horizontal bars
represent mean levels of engraftment. (D): Inhibition of ALDH does not facilitate the
expansion of LT-HSCs. A representative scatter plot is shown demonstrating peripheral
blood (PB) donor CD45.1+ cell engraftment at 12 weeks in lethally irradiated CD45.2+
mice after transplantation of 100 donor BM34-KSL cells or their progeny after 7-day culture
with TSF or TSF + DEAB. Horizontal bars represent mean levels of engraftment.
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Abbreviations: ALDH, aldehyde dehydrogenase; BM, bone marrow; 34-KSL, CD34-c-kit
+Sca-1+lineage—; CRU, competitive repopulating assay; DEAB, diethylaminobenzaldehyde;
HSCs, hematopoietic stem cells; LT-HSCs, hematopoietic stem cells; ST-HSCs, short-term
hematopoietic stem cells; TSF, thrombopoietin.
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Figure 4.

Antagonism of ALDH inhibits cell cycle progression of HSCs and increases the frequency
of 34+FIt-3-KSL cells in culture compared to cytokines alone. (A): A representative cell
cycle analysis of 34-KSL cells and their progeny after 7-day cultures with TSF alone or TSF
+ DEAB is shown. The majority (mean 83.5%) of day 0 34-KSL cells were in GO/G1. At
day +3, the progeny of TSF + DEAB cultures demonstrated a modest increase in cells in GO
and decreased numbers in G2/S/M phase, consistent with overall inhibition of cell cycle
progression compared to TSF alone. At day +7, the progeny of TSF cultures demonstrated
increased numbers of cells in GO compared to TSF + DEAB. (B): (i) Representative FACS
analyses of 34+FIt-3-KSL cells in culture of BM 34-KSL cells with TSF, TSF + 1 uM
ATRA, TSF + DEAB, or TSF + DEAB + ATRA are shown. (ii) Treatment with TSF +
DEAB supported an increase in the frequency of 34+FIt-3-KSL cells in culture compared to
culture with TSF alone (*, p =.003, n = 3, mean + SD). The addition of ATRA reversed the
effects of DEAB on ST-HSC expansion in culture (Ap = .003, n = 3; mean * SD). (C):
Representative FACS analyses of CMP and MEP content are shown for BM 34-KSL cells
after culture with TSF (top) or TSF + DEAB (middle). The progeny of TSF + DEAB
cultures contained an increased frequency of CMPs compared to the progeny of TSF alone
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(mean 36.1% vs. 4.8%, **, p < .001) and a decreased frequency of MEPs (mean 0.1% vs.
0.3%, respectively; *, p =.01) (n = 6; means + SD) (bottom). Abbreviations: ALDH,
aldehyde dehydrogenase; ATRA, All trans retinoic acid; 34-KSL, CD34-c-kit
+Sca-1+lineage—; CMP, common myeloid progenitor; DEAB, diethylaminobenzaldehyde;
Flt-3, fms-like tyrosine kinase-3; HSCs, hematopoietic stem cells; MEP, megakaryocyte-
erythroid progenitor; TSF, thrombopoietin.
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Figure5.

siRNA-mediated knockdown of ALDH1al increases BM radioprotective cell capacity. (A):
Quantitative reverse transcriptase- polymerase chain reaction (RT-PCR) analysis of
ALDH1al expression in BM KSL cells treated with either nontargeting or ALDHZ1al-
specific siRNA constructs. ALDH1al expression was reduced by approximately 80% (*, p
=.006) at day 7 as compared to nontargeting control (n = 3, means + SD). (B): Kaplan-
Meier analysis of survival of lethally irradiated (950 cGy) adult C57BL6 mice transplanted
with 500 day 0 BM KSL cells (black line) or their progeny after 7-day culture with TSF, and
either nontargeting (blue line) or ALDH1al-specific sSiRNA (red line) (p = .02 and p = .007
for TSF + DEAB vs. day 0 and TSF groups, respectively; n = 10 mice per group).
Abbreviations: ALDH, aldehyde dehydrogenase; BM, bone marrow; 34-KSL, CD34-c-kit
+Sca-1+lineage—; DEAB, diethylaminobenzaldehyde; HSCs, hematopoietic stem cells; TSF,
thrombopoietin, stem cell factor, Flt-3 ligand.
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Table 1

Inhibition of ALDH1 increases the radioprotective cell frequency

Condition Cell dose

No. surviving radioprotective cell (RPC) estimate  95% ClI

34°KSL 10 0:10 1in 297 113-781
30 0:10
100 4:10
TSF 10 0:10 1in179 82-391
30 0:10
100 6:10
TSF + DEAB 10 0:10 1in33 19-57
30 7:10
100 10:10

FACS-sorted bone marrow 34-KSL cells were transplanted into lethally irradiated C57BI16 mice (950-cGy total body irradiation (TBI)) via tail vein
injection of 10, 30, or 100 cells (n = 10 mice per dose). The identical numbers of 34-KSL cells were placed in culture with TSF, stem cell factor,
and FIt-3 ligand or TSF + 100 xM DEAB x 7 days and their progeny were transplanted into lethally irradiated mice as described in Materials and
Methods. A limiting dilution analysis demonstrated that the radioprotective cell content was ninefold increased in the progeny of TSF + DEAB
cultures compared to input 34-KSL cells and sixfold increased compared to the progeny of culture with TSF alone.

Abbreviations: 34-KSL, CD34~-c-kit+ Sca-1+ lineage—; Cl, confidence interval; DEAB, diethylaminobenzaldehyde; TSF, thrombopoietin.
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