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The high expression of aldehyde dehydrogenase 1, also known as
retinaldehyde dehydrogenase, by hematopoietic stem cells (HSCs)
suggests an important role for retinoic acid (RA) signaling in
determining the fate of these cells. We found that primitive
human bone marrow-derived CD34+*CD38~ cells not only highly
express aldehyde dehydrogenase 1, but also the RA receptor a.
Despite the up-regulation of early components of RA signaling,
the downstream pathway remained inactive in the primitive
CD34*CD38" cells. Primitive hematopoietic cells rapidly undergo
terminal differentiation when cultured away from their microen-
vironment; however, we found that inhibition of RA signaling
maintained their primitive phenotype and function, and promoted
their self-renewal. HSCs reside in a complex microenvironment that
enforces the balance between self-renewal and differentiation.
The exact physiologic mechanisms by which the niche controls
HSC fate remain elusive. The embryonic gonadal microenvironment
has recently been shown to determine germ-cell fate by degrading
RA through expression of the P450 retinoid-inactivating enzyme
CYP26B1. We found that the bone marrow microenvironment sim-
ilarly can control primitive hematopoietic cell fate via modulation
of retinoid bioavailability. Accordingly, we found that bone mar-
row stromal cell CYP26 was also able to inactivate retinoids in
serum, preventing RA signaling. Thus, primitive hematopoietic cells
appear to be intrinsically programmed to undergo RA-mediated
differentiation unless prevented from doing so by bone marrow
niche CYP26. Modulation of RA signaling also holds promise for
clinical HSC expansion, a prerequisite for the wide-scale use of these
cells in regenerative medicine and gene therapy.

One of the best-studied hematopoietic stem-cell (HSC) markers
is aldehyde dehydrogenase (ALDH), specifically the ALDH1
family of enzymes also known as retinaldehyde dehydrogenases
(1). ALDHLI also is a marker for stem cells from most other tissues,
and its expression decreases as stem cells differentiate (2). Al-
though ALDH1’s precise function in stem-cell biology is unclear,
the major biologic function of the ALDHI1 family appears to be
the biosynthesis of retinoic acid (RA), the active metabolite of
vitamin A (retinol) (3). ALDHI catalyzes the final step of this
process, the oxidation of retinaldehyde to RA (3). Once synthe-
sized, RA enters the nucleus and signals via a heterodimer formed
by the RA receptor (RAR) and retinoid-X-receptor to drive tran-
scription of target genes. Retinoids (vitamin A and RA) are pri-
marily inactivated by the CYP26 enzyme family, members of
cytochrome P450 system (4).

Although RA signaling is essential for the homeostasis of di-
verse biological systems (5), its role in hematopoiesis, and HSC
biology in particular, is still unclear. Based on its ability to dif-
ferentiate both normal (6) and malignant (7) promyelocytes, RA
has become established as an integral part of current treatments
for acute promyelocytic leukemia. In regard to the HSC com-
partment however, studies using murine or human umbilical cord
blood HSCs show apparent contradictory roles for RA signaling.
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Murine models have shown that HSC expansion can be achieved
either by activation of the RA pathway (8) or its inhibition via
retroviral-mediated expression of dominant negative RAR« (9).
Inhibition of ALDH1 and, thus, presumably de novo synthesis of
RA was shown to expand umbilical cord blood CD34*CD38~
cells capable of long-term engraftment of immunodeficient mice
(SCID-repopulating cells or SRCs) (10). Although somewhat
discordant, these studies, together with the high expression of
ALDHI1 in HSCs, propose RA as an important physiologic signal
for controlling HSC homeostasis.

Retinoid signaling has, in fact, been shown to play a critical
role in determining the fate of stem-like cells in at least one
other tissue: germ cells in the embryonic gonadal niche (11). RA
produced by ALDH1 in the embryonic mesonephroi of both
sexes induces germ cells to enter meiosis and initiate oogenesis.
In the male embryonic gonad, Sertoli cells in the gonadal mi-
croenvironment inactivate RA through expression of CYP26B1,
ultimately leading to spermatogenesis. Thus, germ cells appear
to be intrinsically programmed to respond to retinoids by en-
tering meiosis, unless specifically prevented from doing so by
CYP26B1 expression in the microenvironment (11).

In the bone marrow, HSCs reside in a highly complex micro-
environment that assures their survival, self-renewal, and dif-
ferentiation (12). However, the microenvironment’s mechanisms
responsible for maintaining HSC homeostasis remain unclear.
Moreover, our limited current understanding of physiologic self-
renewal of adult human bone marrow-derived HSCs (13) is
based largely on data from murine models and umbilical cord
blood (14-17). Here we show that primitive bone marrow CD34*
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CD38™ hematopoietic cells express the early components of RA
biosynthesis machinery and RARs, but the downstream pathway
remains inactive. Activation of RA signaling is associated with
a more differentiated state (CD34"CD38%), and inhibition of
RA signaling results in expansion of human SRCs through self-
renewal. In addition, similar to the gonadal niche, we show that
the bone marrow stroma prevents downstream RA signaling and
differentiation of primitive human CD34*CD38~ cells by inac-
tivating retinoids through the expression of CYP26.

Results

Primitive CD347CD38~ Cells Express Early, but Not Late, Components
of the RA Signaling Pathway. It is generally accepted that most hu-
man HSCs exhibit a CD34"CD38~ phenotype. This compartment,
although heterogeneous in nature, contains few assayable differen-
tiated hematopoietic progenitor cells or colony-forming unit cells
(CFU-Cs), which are enriched in the CD34"CD38" cell fraction
(17). In contrast, assayable primitive hematopoietic cells, such as
cells capable of forming cobblestones after 8 wk of coculture with
stromal cells (week 8 cobblestone area forming cells or CAFCW8)
(18) and SRCs, are highly enriched in the CD34*CD38~ cell
fraction (19-21). Upon culture in the presence of growth factors,
CD34*CD38" cells will proliferate and differentiate with the
generation of “de novo” CFU-Cs (21); however, little self-renewal
occurs, and HSC activity is rapidly exhausted (22).

To identify pathways that could regulate HSC fate, we first
obtained genome-wide exon microarray data on CD34*CD38~
and matched CD34*CD38" cell populations from five normal
bone marrow donors. Unbiased pathway analysis of these data
uncovered the RA pathway as one of the top to show coordinate
inactivation in the CD34*CD38~ compared with CD34*CD38*
populations (Z score = —3.946, P = 3.9¢—5; Fig. 1 and Table S1).
Although the transcriptional levels of RARa were higher in the
primitive CD34"CD38" cells than in the CD34"CD38™ cells, the
expression levels of the majority of its downstream targets were
down-regulated in CD34"CD38~ cells (Fig. 1). As expected (1,
2), the transcriptional level of ALDHI1A1 was also highly up-
regulated in CD34*CD38" cells (Fig. 1). Therefore, despite that
ALDHI1AL, required for production of RA, and RARa were
highly expressed, the downstream RA signaling pathway was in
fact suppressed in CD347CD38" cells.

Inhibition of RA Signaling Results in Expansion of Primitive Hematopoietic
Cells. To test whether suppression of downstream RA signaling is
critical to maintaining primitive hematopoietic cells, CD34*

CD38™ cells from normal human bone marrow were cultured in
serum-free conditions containing thrombopoietin, stem-cell fac-
tor, and Flt3-ligand (TSF) with and without the pan-RAR in-
hibitor AGN194310 (AGN) (11, 23). Culture of the CD34*CD38"~
cells with TSF rapidly generated CFU-Cs, whose numbers reached
aplateau at approximately day 21 (Fig. S14). In vitro culture of the
CD34*CD38 cells in TSF also resulted in increased numbers of
CD34*CD38~ cells (Fig. S1B) and the primitive CAFCW8 (Fig.
S1C) over 7-14 d, but by days 21-28 of culture, only a fraction of
CD34*CD38" cells and CAFCWS8 remained. When AGN was
added to the in vitro cultures, there was a relative lag in generation
of CFU-Cs during the first 7-14 d compared with control cultures.
Thereafter, the number of CFU-Cs from the AGN cultures ex-
panded beyond the control cultures, resulting in a statistically
higher overall output of CFU-C by day 28 (Fig. S14). Inhibition of
RAR signaling also significantly expanded CD347CD38~ cells
(Fig. S1B) and CAFCWS numbers (Fig. S1C) compared with TSF
alone, whereas the addition of 0.1 uM all-trans retinoic acid re-
versed the effects of AGN (Fig. S1D).

Inhibition of RA Signaling Results in Expansion of SRCs. The gold stan-
dard measure of human HSC function remains the ability to en-
graft, differentiate, and self-renew in immunodeficient mice (24).
Sublethally conditioned (225 ¢Gy) NOD/SCID-IL2Ry”~(NSG)
mice were transplanted with limiting dilutions of CD34*CD38~
cells before and after in vitro liquid culture. Human engraftment
was measured in the bone marrow of recipient mice 18-20 wk
after transplantation (Fig. 2, Fig. S2, and Tables S2 and S3). Using
Poisson regression, the frequency of SRCs in the bone marrow
CD34*CD38" cells was 1:1,758 (95% confidence interval 1:1,004—
1:3,079) (Table S2). Culture of CD34*CD38" cells in TSF resulted
in a slight increase in SRC frequency after 7 d (1.4 + 0.3, mean +
SEM of fold increase over day 0) but exhaustion of SRCs by day
14 (Fig. 24 and Table S2). However, the presence of AGN in the
liquid culture conditions resulted in a significant expansion of
SRC numbers after 7 and 14 d, and relative maintenance after
21 d, compared with day 0 (Fig. 24 and Table S2). Superior SRC
numbers in the AGN-treated cultures were confirmed in sec-
ondary transplantation experiments by using bone marrow from
primary recipients (Table S3). In addition, mice transplanted with
cells cultured in the presence of AGN had overall higher levels of
engraftment compared with control conditions (Fig. 2B). Thus,
inhibiting RA signaling maintains, and even promotes self-renewal
of, bone marrow-derived primitive hematopoietic cells (CAFCWS8s
and SRCs).

Fig. 1. Heatmap of relative expression of RARA pathway genes in CD34*CD38~ and CD34*CD38" cells. The normalized transcriptional level of each of the
known canonical RARA target genes is represented by its row-standardized Z score according to the red-blue color scale below. Unsupervised hierarchical
clustering of the samples shows that the expression patterns of RARa pathway genes distinguishes CD347CD38™ cells (purple sample labels) from CD34*CD38*
cells (orange sample labels). Genes are ordered according to the unsupervised hierarchical clustering of their expression patterns across samples. The colored
boxes above each column indicate whether that gene is canonically predicted to be activated by RARa (yellow boxes), inhibited by RARa (green boxes), or
unknown (gray boxes). Arrows indicate genes known to be part of RA signaling machinery (ALDH1A1 and RARa), whereas arrowheads indicate classical

targets of RA signaling pathway (RARf, CARBP, CD38).
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Fig. 2. Effects of inhibition of RA signaling on NSG engraftment. (4) CD34™"
CD38" cells cultured in the presence of TSF demonstrated a rapid decline of
SRCs after 14 d (0.4 + 0.1 fold of day 0). Culture in the presence of AGN for 7-
14 d was associated with net SRC expansion compared with day (D) 0 (day 7:
4.1+ 0.9, day 14: 1.6 + 0.2, P = 0.03 and 0.04, respectively; AGN vs. DO). (B)
Percentage of human engraftment in the bone marrow of individual NSG
mice, 18-20 wk after transplantation of 2,000 CD34*CD38™ cells or their
output after liquid culture. Black diamonds represent individual mice, and
line/number represents average. Data pools three independent experiments.
P values shown are for TSF vs. TSF + AGN.

Bone Marrow Stromal CYP26 Inactivates Retinoids. The microenvi-
ronment provided by stromal cells has been the best way to
maintain primitive hematopoietic cell activity in vitro (25). Some
stromal cell lines have been shown to maintain hematopoiesis in
vitro for up to 8 wk (25, 26). Because fetal gonad microenvi-
ronment determines germ-cell fate through inactivating RA (11),
we hypothesized that bone marrow stroma similarly maintains
a retinoid-free environment for primitive hematopoietic cells.
We used a RA-responsive luciferase reporter (27) to monitor the
effects of stroma on the retinoid activity of serum-containing
media. Luciferase activity induced by serum, which contains
micromolar concentrations of retinoids (28), was significantly
reduced by either pharmacological inhibition of RAR via AGN

Ghiaur et al.

or by cotransfection with a dominant-negative RAR vector
(RARaA403) (Fig. 34) (9). Incubation of serum-containing
media with bone marrow-derived stroma also significantly low-
ered luciferase activity (Fig. 34).

We found that adherent human stromal cells commonly used
for maintaining in vitro hematopoiesis expressed CYP26 iso-
enzymes Al and B1, but not C1 (Fig. 3B). OP-9 cells also highly
expressed CYP26A1 and CYP26B1. Conversely, bone marrow
CD34*CD38™ cells expressed low levels of CYP26A1 (>20-fold
less than bone marrow stroma) and no detectable CYP26B1
(Fig. 3B). Incubation of stromal cells with R115866, a specific
inhibitor of all three CYP26 isoenzymes (29), rescued RA ac-
tivity in stromal-conditioned media (Fig. 34, fifth column).
These results suggest that CYP26 activity is responsible for bone
marrow stromal-mediated inactivation of RA activity.

Bone Marrow Stromal CYP26 Activity Contributes to the Maintenance
of Primitive Hematopoietic Cells. As expected, culture of CD34*
CD38™ cells on bone marrow stroma maintained their primitive
phenotype (Fig. 44, Middle) and their CAFCWS activity (Fig.
4B, Center) for up to 21 d. The addition of the CYP26 inhibitor
to the stromal coculture conditions resulted in accelerated loss
of CD34"CD38" cells (Fig. 44, Lower) and decreased numbers
of CAFCWS (Fig. 4B, Right) at day 21 of coculture. Inhibition of
CYP26 in stroma-free cultures had no effect on the maintenance
of CD34*CD38~ cells. CYP26B1 knockdown via shRNA simi-
larly reversed the protective effects of stroma on the CD34"
CD38™ cells (Fig. 4C). Most importantly, the addition of the
CYP26 inhibitor to the stromal coculture conditions blocked the
maintenance of SRCs (Fig. 4D). These findings demonstrate that
CYP26-mediated inactivation of retinoids is at least in part re-
sponsible for maintenance of the primitive hematopoietic cells by
bone marrow stroma.

Discussion

The high expression of ALDH1 by CD34"CD38~ cells suggests
an important role for RA signaling in these cells. Moreover, we
found these cells also highly express RARa. However, the role of
RA signaling in normal hematopoiesis remains unclear with data
showing that both RAR stimulation (8) and blockade (9) can
produce self-renewal of primitive hematopoietic cells. The rea-
sons for such apparently conflicting results, most of which are
derived from mouse studies, is uncertain but perhaps could be
explained by RA’s pleiotropic effects on different hematopoietic
progenitors and RAR subtypes. Our data showing that down-
stream RAR signaling is down-regulated in CD347CD38™ cells
compared with the more differentiated CD347CD38" cells is
consistent with the data that RAR blockade maintains primitive
hematopoietic cells. Moreover, we found that the pan-RAR in-
hibitor AGN promoted expansion of primitive hematopoietic
CD34*CD38™ cells, including CAFCW8s and SRCs.
AGN-mediated inhibition of RAR signaling also can de-
termine germ-cell fate in vitro, mimicking the physiologic pro-
cess that is regulated by the degradation of RA by embryonic
Sertoli cell CYP26B1 (11). Thus, we hypothesized that CYP26-
mediated lowering of retinoid levels might also be an important
physiologic mechanism for determining HSC fate. Similar to its
role in embryonic gonadal Sertoli cells (11), we found that CYP26
in bone marrow stromal cells inactivated retinoids present in
serum-containing media; RAR signaling was reduced in a similar
fashion to that observed with AGN or a dominant negative RAR,
resulting in primitive hematopoietic cell maintenance and even
expansion. Our data suggest that human HSCs are intrinsically
programmed to undergo differentiation in response to RA, in
part as a result of constitutive expression of early components
of RA signaling pathway: ALDH1A1, which generates RA from
vitamin A, and RARa. While in the bone marrow niche, HSCs
are specifically prevented from undergoing differentiation by the
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3B). Moreover, CYP26 inhibition in the absence of stroma had no
effect on the maintenance of CD34"CD38™ cells. It is likely that
both the Al and B1 CYP26 isoenzymes play a role in the micro-
environment’s regulation of retinoids, because both isoenzymes are
qualitatively similar retinoid hydroxylases with overlapping ex-
pression profiles (4).
1 Here we studied adherent stromal layers that optimally main-
0.56 tain primitive hematopoietic cell activity in vitro (25, 26). OP-9
cells have been shown to be mesenchymal stem cells capable of
differentiation into a wide range of differentiated mesenchymal
cells including fibroblasts, osteocytes, and adipocytes (26). Primary
human bone marrow stroma has also been shown to be nearly a
homogeneous population of mesenchymal progenitor cells (30).
However, unlike adherent stromal cultures and male gonads
where Sertoli cells are the main constituent of the microenviron-
ment, the adult bone marrow niche is a rather complex milieu (12).
Interestingly, major components of the bone marrow microenvi-
ronment, osteoblasts (31) and endothelial cells (32), also have
been shown to express CYP26.

The process of physiological HSC self-renewal remains in-
completely understood despite intense investigation. HoxB4 (14),
Bmil (33), Wnt/p-catenin (16), Notch (34), and aryl hydrocarbon
receptor antagonists (15) have all been shown to promote ex-
pansion of primitive mouse or umbilical cord blood hemato-
poietic cells. However, attempts at clinical translation produced
expansion of differentiated umbilical cord blood hematopoietic
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Fig. 3. Effects of stromal CYP26 on RA metabolism. (A) Quantification of RA
activity using an RA response element-luciferase reporter. Relative firefly

luciferase activity was normalized to Renilla for individual conditions. Data
represent the mean + SEM fold change from control media (RPMI 1640 +
10% FBS) of three independent experiments. (B) Expression of CYP26A1 and
B1 mRNA levels in CD34*CD38~ human hematopoietic cells from two normal
volunteers (H1 and H2) as well as primary adherent human bone marrow
stroma from five normals (51-S5). Relative mRNA levels of CYP26A1 were
calculated from real-time RT-PCR experiments. Two independent experi-
ments are presented.

microenvironment’s expression of CYP26 that maintains an en-
vironment low in retinoids (Fig. 5). Both the Al and B1 CYP26
isoenzymes are highly expressed by the bone marrow stroma,
whereas CD347CD38" cells express little or no Al and B1 (Fig.

progenitors in vitro, but HSC activity was lost (34). Moreover,
there are few reports of successfully expanding adult human bone
marrow-derived HSCs (13). Not only does it appear that the
microenvironment’s control of RA availability regulates physio-
logic HSC fate, but these data also suggest that inhibition of RA
signaling may be a potential therapeutic tool for human HSC
expansion ex vivo. This report suggests that cytochrome P450
enzymes play a role in the bone marrow microenvironment. It
is tempting to hypothesize that expression of various detoxifying
enzymes is a general mechanism by which the bone marrow mi-
croenvironment protects normal, and probably malignant, HSCs
not only from prodifferentiation signals, but also cytotoxic insults.
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Fig. 4. Role of CYP26 in the maintenance of primitive hematopoietic progenitor cells by bone marrow stroma. (A) Flow cytometric analysis of human CD34"
CD38" cells during serum-containing liquid cultures in the presence of TSF (Top), stroma cocultures (Middle) or stromal coculture + CYP26 inhibitor (Bottom).
The data are representative of three experiments with similar results. Numbers between the brackets represent absolute number of cells cultured for this
experiment. (B) Effects of stromal CYP26 on the maintenance of CAFCW8 cells during coculture of CD34*CD38™ cells with or without CYP26 inhibitor for 21 d.
Results are the mean + SEM of three independent experiments. (C) Flow cytometric analysis of human CD34*CD38~ cells during culture on bone marrow stroma
infected with an empty vector (Stroma + empty vector) or bone marrow stroma infected with a vector containing shRNA targeting CYP26B1 (Stroma + CYP26
shRNA). Compared with empty vector, shRNA-containing lentivirus knocked down CYP26B1 mRNA levels by approximately 40%. The data are representative of
three experiments with similar results. Numbers between the brackets represent absolute number of cells cultured for this experiment. (D) Percentage of human
engraftment in the bone marrow of individual NSG mice, after transplantation of 2,000 CD34*CD38" cells or their output after culture on primary human bone
marrow stroma for 21 d in the presence or absence of CYP26 inhibitor R115866. Black diamonds represent individual mice and line/number represents average.
The SRC frequency per cultured CD347CD38~ equivalents was 1:1,471 in cultures without CYP inhibitor and <1:21,484 with CYP26 inhibitor, P = 0.01.
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Fig. 5. Working model of retinoid signaling in the stem-cell niche. Retinoids
are present in plasma at nanomolar (RA) to micromolar (vitamin A) con-
centrations (28). CYP26 enzymes present in the bone marrow stroma oxidize
both RA and vitamin A to their inactive 4-oxo-congeners. Accordingly, the
stem-cell niche represents a retinoid-low “sanctuary” that promotes HSC quies-
cence, maintenance, and self-renewal. Copyright and permission, Tim Phelps,
Department of Art as Applied to Medicine, Johns Hopkins University, 2013.

Materials and Methods

Human Samples. Bone marrow was procured as excess material from the
harvests of normal donors for allogeneic bone marrow transplantation.
Specimens were collected by the Johns Hopkins Kimmel Cancer Center
Specimen Accessioning Core. Appropriate informed consent was obtained
from all donors before specimen collection, in accordance with the Decla-
ration of Helsinki and under a research protocol approved by the Johns
Hopkins Institutional Review Board.

Cell Isolation and Sorting. Cell subsets were identified and isolated as we
described (35). Briefly, mononuclear cells were isolated by density gradient
centrifugation (Ficoll-Paque; GE Healthcare Life Sciences), and CD34-positive
cells were then selected via magnetic beads and column by using manu-
facturer’s instructions (Miltenyi Biotec). Samples were then viably cry-
opreserved in 90% (vol/vol) FBS (Sigma) and 10% (vol/vol) dimethyl sulfoxide
(DMSO) (Sigma) and stored until further use. After thawing and washing,
cells were labeled with monoclonal fluorescein isothiocyanate (FITC)-conju-
gated anti-CD34 and allophycocyanin (APC)-conjugated anti-CD38 (all anti-
bodies used are from BD Biosciences), and sorted by using a fluorescence-
activated cell sorter (FACS) Aria Il (Beckman Coulter).

Liquid Cultures. Sorted CD34"CD38 cells were resuspended in Stemline II
media (Sigma), supplemented with Penicillin/Streptomycin (P/S; Sigma), and
growth factors [thrombopoietin 20 ng/mL, Stem Cell Factor 100 ng/mL, and
FIt3 ligand 100 ng/mL (TSF) (all growth factors and cytokines are from
Amgen)], and incubated at 37 °C. For some of the cultures, 107 M
AGN194310 (23) (synthesized in house by the Johns Hopkins Chemistry Core)
and 1077 M all-trans RA (Sigma) were added. The cultures were sampled
at various time points for cell counts, flow cytometry, CFU-C, CAFC, and
transplantation assays.

Stromal Cells. Stromal cell lines were cultured according to published pro-
tocols or as recommended by the American Type Culture Collection catalog.
AFT024 were cultured in DMEM (Sigma) supplemented with 10% FBS and P/S
at 33 °C, and OP-9 were cultured in « minimum essential medium («MEM;
Sigma), 20% FBS, and P/S at 37 °C. Primary human bone marrow stroma
were derived from the plastic-adherent fraction of monocuclear bone
marrow cells upon incubation with Iscove’s Modified Dulbecco’s Media
(IMDM; Sigma) supplemented with 10% horse serum, 10% FBS, 107> M
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hydrocortisone 21-hemisuccinate, P/S, 107 M p-mercaptoethanol at 33 °C.
Stromal cells were cultured until a confluent monolayer was obtained. At
that time, sorted CD34*CD38" cells were plated on top of the stromal layer
by using IMDM supplemented with 20% horse serum (Sigma), 107> M hy-
drocortisone 21-hemisuccinate (Sigma), P/S, 10™* M p-mercaptoethanol
(Sigma), IL-3 (10 ng/mL), and granulocyte colony stimulating factor (G-CSF)
(20 ng/mL) as described (18). The stromal cocultures were incubated at 33 °C
with or without 107 M R115866, a CYP26 inhibitor (29) (generously supplied
by Johnson and Johnson R&D). Half of the media was replaced weekly, with
cells harvested for analysis. For quantitative real-time reverse transcription
PCR (RT-PCR) analysis, the adherent stromal layer was removed by using
0.05% Trypsin-EDTA (Sigma) followed by washing once with PBS.

CFU-C Assays. Progenitor assays in methylcellulose were performed as we have
described (36). Briefly, 2,000 CD34*CD38™ or their progeny were resuspended
in 1.32% (vol/vol) methylcellulose (Sigma) containing 30% (vol/vol) FBS, 1%
(vol/vol) BSA (Sigma), 10% (vol/vol) phytohemagglutinin-stimulated lympho-
cyte-conditioned media, and 107* M 2-mercaptoethanol. Cells were plated in
triplicate, incubated at 37 °C, and scored for presence of hematopoietic col-
onies 14 d later.

CAFC Assays. CAFC assays were performed as we have described (37). Briefly,
single-cell suspensions of AFT024 stromal cells were irradiated with 20 Gy by
using a '*’Cs irradiator (Mark-I-68; JL Shepherd and Associates), and 2 x 10*
cells were plated in a flat-bottom tissue culture-treated 96-well plate (BD
Biosciences). Two days later, single-cell suspensions of approximately 500
CD34"CD38 hematopoietic cells or their progeny were overlaid on this
stroma layer in twofold dilutions, 15 replicates per dilution to allow limiting
dilution analysis. The culture media was refreshed weekly by replacing half
of media with fresh media. CAFCs were scored at indicated time points
through week 8. Wells were scored positive if at least one phase-dark he-
matopoietic clone (cobblestone, containing five or more cells) was observed.
The frequency of CAFCs was then calculated by using Poisson statistics and
L-Calc software (Stemcell Technologies) as described (38).

NSG Mouse Transplantation. To calculate the number of SRCs, hematopoietic
cells were transplanted in limiting dilution (for doses, see Table S2) into
sublethally irradiated NSG mice as we described (35). Human hematopoiesis
was analyzed in the bone marrow of recipient mice 18-20 wk after transplant.
The harvested mouse bone marrow was treated with RBC lysis buffer (Sigma)
and labeled with human CD45-APC and mouse CD45-FITC. The level of human
engraftment was determined by the ratio between human-CD45" cells and
total (mouse and human) CD45* cells. For statistical analysis of SRCs, animals
having more than 0.1% human hematopoiesis were considered positive for
human engraftment. One-tenth of femur bone marrow cellularity from pri-
mary recipient animals that showed positive human engraftment was injected
into sublethally conditioned secondary NSG recipients via tail vain injection.
The frequency of SRCs was calculated by using Poisson statistics. All mouse
research was performed under a protocol approved by the Johns Hopkins
Animal Care and Use Committee and complied with National Institutes of
Health and American Veterinary Medical Association guidelines.

Microarray Analysis and Visualization of RA Target Gene Expression. \Whole
transcriptome data were obtained on RNA isolated from normal bone
marrow CD34*CD38~ and matched CD34+CD38" cell populations and ana-
lyzed with Human Exon 1.0 ST whole-genome microarrays (Affymetrix) (39).
The obtained data represented the average of normalized, log, trans-
formed, robust multiarray analysis background corrected measures from all
core metaprobe sets for each gene. The Ingenuity Pathway Analysis (IPA)
Upstream Regulator module was used to identify which IPA upstream reg-
ulator pathways were activated or inactivated, as measured by the activa-
tion Z score (Ingenuity Systems). The corresponding one-sided P value for
this Z score was calculated by assuming a normal distribution. The list of all
known canonical RARA target genes and their predicted direction of regu-
lation (activated, inactivated, or unknown) by RARA was obtained from the
IPA software. For each gene, the row-standardized Z score for each sample
was calculated, and these normalized expression measures were subjected
to Euclidean distance based hierarchical clustering and visualization by
heatmap using the Partek Genomic Suite software.

Quantitative RT-PCR. RNA was extracted with the RNeasy kit (Qiagen) per
manufacturer’s instructions. Expression of CYP26 isoenzymes was assessed
by real-time, one-step RT-PCR using sequence-specific primers (mouse CYP26A1:
forward: acccacatgtcctccagaaa and reverse: agctgttccaaagtttccatgt; mouse
CYP26B1: forward: caattccattggcgacatc and reverse: atcctggatcaccagttgga;
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mouse CYP26C1 forward: acttggcgcggttggt and reverse: agaggagcggctgaacac;
mouse GAPDH: forward: cgtcccgtagacaaaatggt and reverse: ttgatggcaacaatct-
ccac; human CYP26A1: forward: catgttctccagaaagtgcg and reverse: gggatt-
cagtcgaagggtct; human CYP26B1: forward: gagcacctcgtgage and reverse:
aggtaactctccagggectc; human CYP26C1: forward: cgtgtcccggatgctatac and
reverse: ctgcgtggtcaaggaggt; and human GAPDH: forward: acccagaagactgt-
ggatgg and reverse: tctagacggcaggtcaggtc) and a SYBR Green method (Bio-
Rad). Gene expression was normalized to GAPDH mRNA. Relative quantifica-
tion of MRNA levels was performed by using the 242<™ method (40). All
RT-PCRs were performed in duplicate and run on the ABI 7500 machine
(Applied Biosystems).

RA Responsive Firefly Luciferase Assay. To assess relative levels of RA activity,
a pGL2-RA responsive element (RARE)-luciferase was used as described (27).
The pGL2-RARE-luciferase and a Renilla plasmid was transfected into HEK293T
cells by using Lipofectamine 2000 (Invitrogen) and the manufacturer’s pro-
tocol. Upon transfection, HEK293T cells were incubated with either fresh
media [RPMI 1640 + 10% (vol/vol) FBS] with or without AGN or with stromal
cell conditioned media. One day later, dual luciferase assay (firefly and Renilla)
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was performed per manufacturer’s protocols (Promega) and relative luciferase
activity normalized to Renilla was used to assess RA activity.

Lentiviral Vectors and shRNA Clones. shRNA-targeting CYP26B1 (Thermo Sci-
entific) lentiviral vectors or the empty lentiviral vector pGIPZ were used to
infect bone marrow stromal cells. Successfully infected cells were then sorted
for GFP and used for further analysis.

Statistical Analysis. Statistical analysis was performed by using two-tail un-
paired student t test to compare the averages of two groups and calculate
the P value.

ACKNOWLEDGMENTS. We thank Dr. Saraswati Sukumar and Nguyen Nguyen
for kindly providing us with the retinoic acid responsive luciferase reporter
plasmid. This work was supported by the following funding entities: National
Heart, Lung, and Blood Institute Grant 5T32HL007525-27, American Soci-
ety of Hematology Research Fellow Award and Maryland Stem Cell Re-
search Award (to G.G.), Maryland Stem Cell Research Award (to J.M.G. and
S.Y.), and National Institutes of Health Grants P01 CA15396-26 and CA70790-
12 (to R.JJ.).

21. Terstappen LW, Huang S, Safford M, Lansdorp PM, Loken MR (1991) Sequential
generations of hematopoietic colonies derived from single nonlineage-committed
CD34+CD38- progenitor cells. Blood 77(6):1218-1227.

22. Dahlberg A, Delaney C, Bernstein ID (2011) Ex vivo expansion of human hemato-
poietic stem and progenitor cells. Blood 117(23):6083-6090.

23. Johnson AT, Wang L, Standeven AM, Escobar M, Chandraratna RA (1999) Synthesis
and biological activity of high-affinity retinoic acid receptor antagonists. Bioorg Med
Chem 7(7):1321-1338.

24. McDermott SP, Eppert K, Lechman ER, Doedens M, Dick JE (2010) Comparison of
human cord blood engraftment between immunocompromised mouse strains. Blood
116(2):193-200.

25. Moore KA, Ema H, Lemischka IR (1997) In vitro maintenance of highly purified,
transplantable hematopoietic stem cells. Blood 89(12):4337-4347.

26. Gao J, et al. (2010) Characterization of OP9 as authentic mesenchymal stem cell line.
J Genet Genomics 37(7):475-482.

27. Chen H, et al. (2007) HOXAS acts directly downstream of retinoic acid receptor beta
and contributes to retinoic acid-induced apoptosis and growth inhibition. Cancer Res
67(17):8007-8013.

28. Eckhoff C, Collins MD, Nau H (1991) Human plasma all-trans-, 13-cis- and 13-cis-4-
oxoretinoic acid profiles during subchronic vitamin A supplementation: Comparison
to retinol and retinyl ester plasma levels. J Nutr 121(7):1016-1025.

29. Stoppie P, et al. (2000) R115866 inhibits all-trans-retinoic acid metabolism and exerts
retinoidal effects in rodents. J Pharmacol Exp Ther 293(1):304-312.

30. Seshi B, Kumar S, Sellers D (2000) Human bone marrow stromal cell: Coexpression of
markers specific for multiple mesenchymal cell lineages. Blood Cells Mol Dis 26(3):
234-246.

31. Spoorendonk KM, et al. (2008) Retinoic acid and Cyp26b1 are critical regulators of
osteogenesis in the axial skeleton. Development 135(22):3765-3774.

32. Elmabsout AA, et al. (2012) Cloning and functional studies of a splice variant of
CYP26B1 expressed in vascular cells. PLoS ONE 7(5):€36839.

33. lwama A, et al. (2004) Enhanced self-renewal of hematopoietic stem cells mediated
by the polycomb gene product Bmi-1. Immunity 21(6):843-851.

34. Delaney C, et al. (2010) Notch-mediated expansion of human cord blood progenitor
cells capable of rapid myeloid reconstitution. Nat Med 16(2):232-236.

35. Gerber JM, et al. (2011) Characterization of chronic myeloid leukemia stem cells. Am J
Hematol 86(1):31-37.

36. Miller CB, Zehnbauer BA, Piantadosi S, Rowley SD, Jones RJ (1991) Correlation of
occult clonogenic leukemia drug sensitivity with relapse after autologous bone
marrow transplantation. Blood 78(4):1125-1131.

37. Ghiaur G, et al. (2008) Rac1 is essential for intraembryonic hematopoiesis and for the
initial seeding of fetal liver with definitive hematopoietic progenitor cells. Blood
111(7):3313-3321.

38. Ploemacher RE, van der Sluijs JP, van Beurden CA, Baert MR, Chan PL (1991) Use of
limiting-dilution type long-term marrow cultures in frequency analysis of marrow-
repopulating and spleen colony-forming hematopoietic stem cells in the mouse.
Blood 78(10):2527-2533.

39. Gerber JM, et al. (2013) Genome-wide comparison of the transcriptomes of highly
enriched normal and chronic myeloid leukemia stem and progenitor cell populations.
Oncotarget 4(5):715-728.

40. Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression data using real-
time quantitative PCR and the 22 2 €M) Method. Methods 25(4):402-408.

Ghiaur et al.


www.pnas.org/cgi/doi/10.1073/pnas.1305937110

