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Background: SALL4 plays important roles in hematopoiesis and leukemogenesis, including at the stem cell level.
Results: SALL4 blocks ATRA-mediated differentiation through directly suppressing RA receptor � signaling.
Conclusion: SALL4 plays an unfavorable role in ATRA-based regimes.
Significance: SALL4 contributes to AML pathogenesis by inhibiting differentiation stimuli, reinforcing its role as a therapeutic
target in leukemia.

All-trans retinoic acid (ATRA) is a differentiation agent that
revolutionized the treatment of acute promyelocytic leukemia.
However, it has not been useful for other types of acute myeloid
leukemia (AML). Here we explored the effect of SALL4, a stem
cell factor, on ATRA-induced AML differentiation in both
ATRA-sensitive and ATRA-resistant AML cells. Aberrant
SALL4 expression has been found in nearly all human AML
cases, whereas, in normal bone marrow and peripheral blood
cells, its expression is only restricted to hematopoietic stem/
progenitor cells. We reason that, in AMLs, SALL4 activation
may prevent cell differentiation and/or protect self-renewal that
is seen in normal hematopoietic stem/progenitor cells. Indeed,
our studies show that ATRA-mediated myeloid differentiation
can be largely blocked by exogenous expression of SALL4,
whereas ATRA plus SALL4 knockdown causes significantly
increased AML differentiation and cell death. Mechanistic stud-
ies indicate that SALL4 directly associates with retinoic acid
receptor � and modulates ATRA target gene expression. SALL4
is shown to recruit lysine-specific histone demethylase 1 (LSD1)
to target genes and alter the histone methylation status. Fur-
thermore, coinhibition of LSD1 and SALL4 plus ATRA treat-
ment exhibited the strongest anti-AML effect. These findings
suggest that SALL4 plays an unfavorable role in ATRA-based
regimes, highlighting an important aspect of leukemia therapy.

SALL4 is a zinc finger transcription factor and is essential for
embryonic development (1, 2). We and others have reported
previously that SALL4 maintains the properties of ES cells by
interacting with the core factors Oct4 and Nanog (3, 4). ES cells

deprived of SALL4 expression differentiate spontaneously and
start expressing trophectoderm markers (5). In extraembryonic
endoderm (XEN)-derived ES cell-like cells, depletion of Sall4
also disrupts self-renewal and induces differentiation (5).
SALL4 is also a potent tissue stem cell factor. In normal bone
marrow, it is expressed in hematopoietic stem/progenitor cells
but decreased in mature blood elements. Moreover, although
down-regulation of SALL4 in hematopoietic stem/progenitor
cells leads to loss of bone marrow stem cell markers, forced
SALL4 overexpression causes drastic ex vivo cell expansion
(6 – 8). These studies suggest a critical role for SALL4 in hema-
topoiesis, mediating both differentiation and self-renewal.

SALL4 could be one of a few genes that bridge the unique
properties of stem cells and malignancies. Although down-reg-
ulated or absent in most adult tissues, it is highly expressed in
various human tumors, including liver cancer, breast cancer,
lung cancer, ovarian cancer, gastric cancer, colorectal cancer,
Wilms tumor, and germ cell tumors as well as leukemia such as
AML,2 B-acute lymphoblastic leukemia, and chronic myeloid
leukemia (for a review, see Ref. 9). Moreover, SALL4 expression
was enriched in the side population of tumor cells, implicating
SALL4 in cancer initiation and drug resistance (10). In animal
studies, SALL4 transgenic mice exhibit myelodysplasic syn-
drome-like features and AML transformation. These mice dis-
play an increased hematopoietic stem/progenitor cell popula-
tion and increased serial replating potential (11), indicating the
presence of leukemia-initiating cells.

More recently, several studies support a role for SALL4 in
non-hematopoietic tissue development, tumorigenesis, and
tumor growth. For instance, SALL4 in the adult liver is
expressed in hepatic stem cells and hepatoblasts but absent in
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expressed in hepatic cancers, and although overexpression of
SALL4 enhances cell proliferation, SALL4 knockdown
decreases cell growth. Moreover, its expression levels are
inversely correlated with hepatocytic differentiation markers
(13). These findings further highlight SALL4 roles in not only
protecting tumor proliferation but also inhibiting their differ-
entiation. On the basis of all these studies, we deduce that, in
human AMLs, constant SALL4 activation may prevent blast
cells from differentiating and/or protect their self-renewal.
Indeed, in our earlier study, we have demonstrated that loss of
SALL4 in leukemic cells leads to extensive apoptosis (14).

By targeting maturation arrest instead of rapidly dividing
cells, selectively inducing tumor cell differentiation may serve
as an attractive alternative approach to cytotoxic regimens,
which should also improve the immune status of patients (15).
In this regard, ATRA has been used successfully in the treat-
ment of APL, a distinct subtype of AML. ATRA alone can
induce complete hematologic remission in nearly all APL
patients and does not cause bone marrow hypoplasia or exac-
erbation of the frequently occurring fatal hemorrhagic syn-
dromes (16). Unfortunately, despite the high clinical signifi-
cance achieved in APL, the effects of ATRA in other types of
AML and other leukemia and cancers are still largely unsatis-
factory. The underlying reasons why ATRA fails to induce
effective differentiation in other AMLs and cancers remain
elusive.

APL cells have been characterized by the expression of a
unique PML/RAR� fusion protein that is absent in other AMLs.
It is generally thought that ATRA-induced differentiation in
APL cells is mediated by RAR� and the PML-RAR� fusion pro-
tein, whereas, in other AMLs, differentiation is mediated by
RAR� (17). Because leukemia cells share many common prop-
erties and regulatory machineries with normal stem cells and
because the stem cell protein SALL4 is highly expressed in both
populations, we hypothesize that SALL4 may play a counter-
regulatory role against the ATRA pathway and maintain cells in
their undifferentiated status. To test this, in this study, we uti-
lized both doxycycline-inducible SALL4 knockdown and over-
expression strategies and tested APL and non-APL AML cells
with or without ATRA treatment. Additionally, the mecha-
nisms underlying the SALL4 and ATRA regulatory network in
modulating AML phenotypes were also explored.

MATERIALS AND METHODS

Plasmids, Cell Culture, Transfections, and Luciferase
Assays—Plasmids expressing HA-tagged SALL4 isoforms and
shortened mutants have been described elsewhere (18). FLAG-
RAR� was purchased from Addgene. The TripZ-7410-, TripZ-
7410 –7412-, and TripZ-7410-SALL4-inducible lentiviral vec-
tors were constructed by inserting each shRNA oligos or
SALL4B cDNA into the TripZ vector (Thermo Scientific)
between the EcoRI and Xhol sites. The RAR�-Luc reporter was
provided by Dr. Luciano Croce (19). For cell culture, HEK293,
293T, HL60, and NB4 cells were purchased from the ATCC and
cultured as described previously (14). TEX cells were grown as
described elsewhere (20). Primary AML blast samples were
obtained from the Marrow Stem Cell Laboratory and denoted

AML1 to AML4. The study was approved by the Institutional
Review Board of Stony Brook University Medical Center.

Lentivirus Production and Quantitative real-time PCR
(qRT-PCR)—Lentiviruses expressing SALL4B or different
shRNA oligos were produced as described previously (6, 14).
Shed virus was harvested 48 h after transfection and used for
transduction. Stable knockdown or overexpression clones were
obtained under puromycin (0.5�5 �g/ml) selection for 7 days.
RNA preparation and qRT-PCR were performed as described
previously (14). FAST qPCR Mastermix and SYBR Green re-
agents were purchased from Invitrogen. Tranylcypromine
(TCP) and doxycycline (Dox) were purchased from Sigma.

Western Blotting and Coimmunoprecipitation (Co-IP)—
These assays were conducted as described previously (18), and
each assay was repeated individually at least three times. LSD1
antibody was purchased from Cell Signaling Technology. PML,
RAR�, and �-actin antibodies were purchased from Abcam,
and SALL4 antibody was purchased from Abnova (Taipei, Tai-
wan). When used for Western blotting, the antibodies were
diluted according to the instructions of the manufacturer.

Flow Cytometry—Flow cytometry was conducted with phy-
coerythrin- or allophycocyanin-conjugated antibody to CD11b
and CD14 and FITC-conjugated antibody to annexin-V (all
from BioLegend) and analyzed on a FACSCalibur flow cytom-
eter (Stony Brook University Flow Core Facility).

Immunofluorescence Staining—Cells were fixed with 4% para-
formaldehyde at room temperature for 10 min, permeabilized
with 0.1% saponin for 5 min, blocked with 20% donkey serum
for 1 h, and then incubated with primary antibodies for 30 min.
Cells were washed with phosphate-buffered saline and then
stained with mouse Alexa Fluor 488 and rabbit Alexa Fluor 594.
For immunofluorescent analysis, we used a Nikon Eclipse 90i
microscope equipped with �63 oil immersion objectives.
Images were captured with a DS-Fil camera.

Analysis of Myeloid Differentiation—Superoxide anion levels
in tested cells were evaluated using the Lumimax superoxide
anion detection kit (Sigma) following the instructions of the
manufacturer. For morphological analysis of myeloid cell dif-
ferentiation, we prepared cytospins using a Cytospin 3 centri-
fuge and stained the cytospin slides with May-Grünwald-Gi-
emsa (Sigma). Cellular morphology was examined using a
Nikon Eclipse 90i microscope.

ChIP—Chromatin was isolated by using a chromatin extrac-
tion kit (Epigentek). ChIP assays were conducted with a one-
step ChIP kit (Epigentek). ChIP-qualified antibodies were pur-
chased from Abcam. ChIP enrichment results were evaluated
by PCR assays. The PCR products were separated by agarose gel
electrophoresis, DNA band intensities were quantified, and the
data were analyzed by normalization to the corresponding
input values. Primers have been described elsewhere (19, 21).

Xenograft Model—Eight-week-old female nonobese diabet-
ic/SCID mice were sublethally irradiated with 225 centigray
from a 137 Cs � irradiator and injected subcutaneously with
tested cells. All mice in the same experiment received an equal
numbers of cells (3– 4 � 106 AML cells). Animal experiments
were preapproved by the Stony Brook University Institutional
Animal Care and Use Committee.
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RESULTS

ATRA-induced AML Differentiation Is Largely Blocked by
Forced Expression of SALL4 —We have demonstrated previ-
ously that SALL4 maintains leukemic cell growth by repressing
important apoptosis-inducing genes. Here we examined the
potential of SALL4 in protecting AML cells against differentia-
tion stimuli. In an initial study, we tested the effect of SALL4 on
cellular differentiation and growth arrest in the presence of
ATRA treatment. We generated a Dox-inducible SALL4 (B iso-
form)-expressing lentivirus using the TripZ vector, and the
virus-transduced cell lines were established through puromy-
cin selection. To better evaluate the effect of SALL4, we started
with a low cell number culture (20,000 cells/ml) using two AML
cell lines, NB4 and HL60. Dox-mediated SALL4 overexpression
was validated by qRT-PCR and Western blotting (Fig. 1A). As
shown in Fig. 1B, treatment of ATRA at 0.1 or 1 �M induced
marked cell differentiation and cell death in a time-dependent
manner. However, when the cells were cotreated with Dox to
induce SALL4 overexpression, these ATRA effects were largely
blocked, as demonstrated by substantially increased cell sur-
vival and reduced irregular cell appearance under the micro-
scope. We then performed flow cytometry assays using CD11b
and CD14 myeloid differentiation markers to quantify the
observed blocking effect (22). SALL4 overexpression reversed
the ATRA-induced differentiation by up to �60 –70%, and this
effect was also corelated with the SALL4 overexpression levels
(Fig. 1C). Therefore, SALL4 overexpression protects cells from
ATRA-induced cell differentiation and apoptosis.

Reduction of SALL4 Enhances ATRA Activity in Vitro and in
Vivo—To further elucidate SALL4 roles in modulating AML
differentiation in the presence or absence of ATRA, we next
performed an opposite loss of function study using a Dox-in-
ducible SALL4 shRNA-expressing lentivirus. We adopted this
inducible system because it permits reversible, controlled gene
silencing and enables transductions of primary and non-divid-
ing cells. The shRNA sequences, including 7410 and 7412, have
been validated in previous studies (14). As seen in Fig. 2A,
SALL4 in HL60 or NB4 cells was not significantly knocked
down by Dox-mediated scramble shRNA, whereas 7410
expression substantially repressed SALL4 levels by up to �90%,
which is closely correlated with Dox dosages. 7412 showed sim-
ilar effects, and the expression levels of housekeeping genes
were not affected by either shRNA (data not shown). Therefore,
this shRNA-mediated SALL4 knockdown was specific. In addi-
tion, Dox-mediated SALL4 knockdown was confirmed in
another AML cell line, TEX (ATRA-resistant), and two primar-
ily isolated patient samples by Western blotting. In the three
tested cell lines, an �85%, �83% and �78% reduction of SALL4
levels (qRT-PCR evaluation) caused approximately �7.7-,
�6.9-, and �3.5-fold up-regulation of CD11b-expressing cells,
respectively (Fig. 2B). Moreover, the SALL4 reduction-induced
differentiation was accompanied by a corresponding increase
in apoptotic marker annexin-V levels (Fig. 2C and data not
shown), which is consistent with our previous findings using
retrovirus-mediated SALL4 knockdown. Next we explored the
therapeutic potential of whether SALL4 knockdown and ATRA
may synergistically induce AML differentiation. We studied

both ATRA-responsive and ATRA-resistant AML cell lines as
well as primarily isolated patient samples. ATRA-resistant TEX
cells mimic the features of primary AML and of leukemia-ini-
tiating cells and are more than 90% CD34 positive (20). These
cells were infected with TRIPZ-SALL4shRNA lentivirus and
selected with puromycin. In an initial study using HL60 cells,
cotreatment of ATRA and Dox for 3 days already resulted in an
increasing number of “differentiated” cells, as distinguished by
their elongated, spindle, or irregular polygon shapes in culture
(Fig. 2A). Further flow cytometry assays confirmed that, in these
cells as well as other AML cell types, cotreatment of ATRA and
Dox fundamentally increased the CD11b-expressing myeloid cells
that were significantly higher than either treatment alone (Fig. 2, B
and C). In double drug-treated cells, there were also markedly
increased annexin-V expression levels, assumingly because of the
direct apoptosis-inducing effect of SALL4 knockdown and
enhanced post-maturation cell death.

We next performed Wright-Giemsa staining to verify the
microscopic and flow cytometry findings. Compared with
dimethyl sulfoxide-treated controls, ATRA-treated cells had
modestly decreased nucleus to cytoplasmic ratios, whereas
ATRA and Dox double-treated cells had a more mature mor-
phology, with an increased cytoplasmic to nuclear ratio and
obvious nuclear segmentation (Fig. 2D). In parallel with the
morphologic findings, cell myeloid maturation was also ana-
lyzed by measurement of superoxide anion status. One feature
of myeloid maturation is the production of superoxide anion
used by the mature myeloid cell to kill ingested microorganisms
(23). As seen in Fig. 2E, in ATRA- or Dox-treated HL60 cells,
there was enhanced superoxide production compared with
dimethyl sulfoxide controls (up to 93-fold and 3.5-fold, respec-
tively), whereas cotreatment of ATRA and Dox in these cells
further increased superoxide anion levels up to 400-fold. The
significantly enhanced superoxide anion production by double-
drug treatment was also observed in NB4 cells. Taken together,
the results from the studies mentioned above demonstrate that
SALL4 knockdown and ATRA synergistically induce AML
myeloid differentiation.

To further validate the enhanced anti-AML effects in vivo,
we examined leukemic cell growth in a xenograft mouse model.
HL60 cells infected with vector control or TripZ-SALL4 shRNA
lentivirus were injected into the flanks of nonobese diabetic/
SCID mice. Compared with the dimethyl sulfoxide control,
ATRA or Dox administration resulted in a moderate to remark-
able tumor inhibition (�22% reduction for ATRA and 53%
reduction for Dox), whereas simultaneous treatment of both
drugs further inhibited tumor growth by up to 79% (Fig. 2F,
ATRA�Dox versus ATRA or Dox group, p � 0.01). Notably,
there was no remarkable progressive weight loss observed in
either mono or double drug-treated groups during the experi-
ment. Therefore, ATRA and SALL4 inhibition not only induce
AML differentiation and maturation in culture but also syner-
gistically impair tumor growth in vivo.

SALL4 Affects the Expression Levels of ATRA Target Genes
and Physically Interacts with RAR�—Having confirmed the
synergism of SALL4 reduction and ATRA in impairing AML
activity, we sought to explore the underlying molecular mech-
anisms. We started with an ATRA target gene, RAR� (which
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FIGURE 1. ATRA-induced differentiation is blocked by overexpression of SALL4. A, the indicated cell lines were transduced with lentivirus expressing
TripZ-SALL4B. SALL4 expression levels following Dox treatment at different dosages were evaluated. Top panel, qRT-PCR assays showing SALL4 mRNA expres-
sion levels normalized by GAPDH housekeeping gene expression. Results represent the mean � S.D. of three experiments. Bottom panel, Western blot results
were normalized by �-actin as a loading control (Ctrl). B, 2 � 104 HL60 or NB4 cells were treated with ATRA (1 and 0.1 �M, respectively). Dox was added to cells
to induce SALL4 overexpression (OE), and cell morphology was evaluated under the bright field of an AMG EVOS fl microscope (�20) on different days. C, flow
cytometry assays using the indicated antibodies were performed after ATRA-induced cell differentiation with or without Dox-mediated SALL4 overexpression.
Representative dot plots (measured at day 3 of treatment) and percentages of positive cells for the indicated antigens are shown. Data were analyzed by
Student’s t test (ATRA versus ATRA�Dox; *, p � 0.01). Values represent the mean � S.D. of at least four independent experiments.

FIGURE 2. SALL4 knockdown enhances ATRA-mediated differentiation. A, HL60 cells infected with TripZ shRNA 7410 virus were treated with either ATRA
(1 �M), Dox (1 �g/ml), or both for 60 h. Dox-induced TripZ-TurboRFP expression in cells was monitored, and representative pictures were taken using the EVOS
fl microscope (�20). Dox-induced SALL4 knockdown in HL60 and NB4 cells was determined by qRT-PCR normalized to GAPDH levels. Error bars represent
mean � S.D. of three independent experiments. Shown is a Western blot analysis revealing SALL4 depletion after 3 days of Dox (1.2 �g/ml) induction in the TEX
cell line (representing at least three repeats) and patient-derived primary AML cells. Ctrl, control. B, flow cytometry assays were performed for the indicated cell
lines after ATRA induced cell differentiation with or without Dox (shown as micrograms per milliliter)-mediated SALL4 knockdown. Error bars represent mean �
S.D. of four independent experiments. C, representative flow cytometry assays showing CD11b and annexin-V expression levels in differentially treated cell
lines or primary patient (AML-M2) blast samples. D, the cell morphology of the indicated cells was analyzed by May-Grünwald-Giemsa staining after treatment
with the indicated drugs for 60 h. Pictures were taken through a Nikon Eclipse 90i microscope (�60). E, HL60 and NB4 cells were treated with the indicated
drugs and analyzed with a superoxide anion production kit. The kinetic curve shows luminescence changes when measured with a SpectraMax� M3 microplate
reader. F, ATRA and SALL4 knockdown suppress AML tumor growth in vivo. Drug treatments were started 10 days after tumor cell injection. Palpable tumors
were present for the established tumor model before initiating drug treatment. Dox (added to 250 ml of drinking water at a final concentration of 1
mg/ml), ATRA (15 mg/kg), or vehicle (30 ml of dimethyl sulfoxide and 70 ml of water) were injected intraperitoneally twice per day for 1 week, followed
by once a day for 1 week and every other day for the third week. Dox was fed to mice for the entire 3 weeks. Top panel, the results are representative of
the samples in each group. Bottom panel, tumor volume growth curves are expressed as the mean � S.E. (n � 4 per group). Data were analyzed by
Student’s t test.
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contains the RA-responsive element), and tested its promoter
activity using HEK293 cells that were transfected with RAR�-
Luc plasmid and TripZ-SALL4 shRNA. As seen in Fig. 3A,
ATRA administration to these cells increased RAR� promoter
activity about 4.1-fold. However, when cells were cotreated
with Dox to knock down endogenous SALL4 expression, RAR�
promoter activity was further increased 1.5- to 2-fold, depend-
ing on the Dox dosage. Therefore, these data suggest that
SALL4 blocks ATRA activity in regulating its target gene
expression. To verify this notion, we checked a group of well
studied ATRA target genes in HL60 cells (19, 24). Interestingly,
although ATRA administration for 36 h dramatically induced
mRNA expression levels of RAR�, CYP26, and ALOX5AP, Dox-
mediated SALL4 knockdown also resulted in a significant up-
regulation of these gene expressions in a dose-dependent fash-
ion (Fig. 3B). In addition, the myeloid regulators ID2 and
C/EBP� (CCAAT/enhancer binding protein, �), which were
also identified as SALL4-regulated genes (21, 25), were also up-
regulated. Furthermore, the increased expression of these

genes was further enhanced when cotreated with ATRA at dif-
ferent doses (Fig. 3B). These data suggest that SALL4 knock-
down enhances ATRA-mediated AML differentiation, at least
in part, via ATRA target pathways. Interestingly, ATRA also
directly down-regulated SALL4 expression in a time-depen-
dent fashion, as demonstrated by both qRT-PCR and Western
blot assays (Figs. 3B and 5A). We have demonstrated previously
that SALL4 in hematopoietic precursor cells represses impor-
tant differentiation and apoptosis pathways. From these stud-
ies, it is likely that ATRA also affects AML phenotypes by mod-
ulating important stem cell factors such as SALL4.

ATRA exerts its effects through specific nuclear receptors
(RAR� and RXRs). Studies of the molecular mechanism that
blocks differentiation in non-APL AML cells suggest a dimin-
ished expression of RAR�, and RAR� restoration can induce
differentiation of human AML cells (26). On the basis of the
abovementioned ATRA target gene expression findings and the
fact that either RAR� or SALL4 associates with important epi-
genetic factors such as DNA methyltransferases, lysine-specific

FIGURE 3. SALL4 affects ATRA target gene expression. A, in HEK293 cells, the RAR� promoter activity under different treatments was measured 24 h after plasmid
transfection and Dox administration (shown as micrograms per milliliter). Relative luciferase units (RLU) are expressed as the mean � S.E. (n � 3). Ctrl, control. B, the
effects of SALL4 knockdown on the expression of ATRA-target genes. HL60 cells were treated with the indicated drugs for 30 h. The relative mRNA levels of the
indicated genes were determined by qRT-PCR and quantified on the basis of three independent experiments. Error bars denote S.D. *, p � 0.05; **, p � 0.01 versus ATRA
only.
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demethylase 1 (LSD1), and histone deacetylases, we next
explored the potential association of SALL4 with RAR�. Ini-
tially utilizing HEK293 cells overexpressing FLAG-RAR� and HA-
tagged SALL4 isoforms or different deletion mutants, we observed
that SALL4 and RAR� physically interact by co-IP) assays (Fig.
4A). In a separate study, we further detected a physical interaction
of endogenous SALL4 and RAR� in HL60 cells (Fig. 4B). In addi-
tion to the co-IP experiments, we also performed immunofluores-
cence staining for SALL4 and RAR�, and, as shown in Fig. 4C, their
proteins are clearly colocalized in HL60 cell nuclei.

ATRA Leads to Dissociation of SALL4 and Epigenetic Core-
pressors from RAR�—SALL4 has been shown to dynamically
recruit epigenetic modifiers to target genes depending on the
cell context. Because SALL4 directly interacts with RAR�, we
deduce that RAR�, SALL4, and its associated epifactors may
form a complex, whereas ATRA treatment will alter the com-
plex structure and affect target gene expression. To test this
probability, we first performed a series of co-IP assays and
examined each protein interaction in HL60 cells in the presence
or absence of ATRA treatment. LSD1 is included in this study
because it has been shown to contribute to SALL4-repressive
effects, and inhibition of LSD1 enhances ATRA-mediated AML
differentiation. As shown in Fig. 5A, following treatment of
ATRA for 24 – 48 h, SALL4 and LSD1 were increasingly disso-
ciated from RAR�, as judged by the relative density of the West-
ern bands normalized to an internal control. To further confirm
that RAR�, SALL4, and LSD1 bind dynamically to the same
ATRA-target gene promoters and that SALL4 and LSD1 disso-
ciate from these genes following ATRA treatment, we next per-
formed ChIP assays. As seen in Fig. 5B, endogenous SALL4 and

LSD1 were recruited to the RAR�, ID2, and CYP26 promoters
in the absence of ATRA (lane 1, second and third panels). How-
ever, when treated with ATRA, SALL4 and LSD1 were released
from the same promoter regions (Fig. 5B, lanes 1 and 2, the
second and third panels). Because LSD1 is able to convert dim-
ethylated histone H3 at lysine 4 (H3K4) to mono- and unmethy-
lated H3K4, we then examined the H3K4 methylation status of
the tested promoters. In the ATRA- or Dox-treated AML sam-
ples, corresponding to decreased LSD1 and SALL4 binding at
the tested promoters, there were increased H3K4 dimethyla-
tion levels, albeit to different extents (Fig. 5B, lanes 1�3, fourth
panel). Interestingly, in ATRA and Dox double-treated sam-
ples, the dimethylated H3K4 levels at these promoters were
increased further (Fig. 5B, lane 4, fourth panel). Therefore,
these data demonstrate that SALL4 forms a complex with
RAR� and LSD1 on the same ATRA target genes to modulate
their expression, whereas treatment of ATRA and SALL4
knockdown stimulates active histone modifications and up-
regulates downstream differentiation gene expression.

The Anti-leukemia Effect of ATRA and SALL4 Knockdown Is
Enhanced Further by Coinhibition of LSD1—In a couple of
recent studies, it has been shown that inhibition of LSD1 by
either gene-specific knockdown or using enzymatic inhibitors
such as TCP can reactivate ATRA sensitivity in ATRA-resistant
AMLs and diminish the engraftment of primary AML samples
in vivo (20, 27). Because LSD1 acts as a coregulator for SALL4-
repressive functions, we compared the anti-AML effects of
ATRA/TCP cotreatment with that of ATRA plus SALL4
knockdown and then investigated the overall effect of coinhib-
iting SALL4, LSD1, plus ATRA treatment in inducing AML

FIGURE 4. SALL4 interacts with RAR�. A, SALL4 isoforms and mutant SALL4 deletions are shown schematically (left panel). Hemagglutinin-tagged SALL4
isoforms or mutants were transfected into HEK293 cells. IP was performed using the Dynabeads protein G kit and immunoblotted with anti-RAR� antibody
(right panel). B, HL60 whole cell lysates were immunoprecipitated and tested with the indicated antibodies (Ab). IgG was used as a control. IB, immunoblot. C,
the localization and expression of SALL4 and RAR� proteins in HL60 cells. The arrowheads indicate colocalization of the two proteins in the nucleus. The results
were detected by immunofluorescence staining, and representative images were taken using a Nikon Eclipse 90i microscope (�60).
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differentiation and apoptosis. We tested the same AML cell
lines and primary AML patient samples as we did previously.
The AML differentiation and apoptosis-inducing effects of
ATRA/TCP cotreatment versus ATRA plus SALL4 knockdown
are generally comparable in most cases, whereas the latter
treatment tends to induce more severe apoptosis. Interestingly,
compared with mono and dual combination (ATRA�Dox) treat-
ments, triple drug (ATRA�Dox�TCP) treatment caused further
increased cellular differentiation, as judged by myeloid marker
expression levels, cell morphological appearances, and their super-

oxide anion production status. In addition, the triple combination
inhibited the proliferation of HL60 leukemic xenografts by nearly
91% compared with the control-treated groups in vivo (Fig. 6).
Again, none of the treated mice showed signs of illness or signifi-
cant weight loss during the experiments.

DISCUSSION

The use of ATRA has introduced the concept of differentia-
tion therapy. However, ATRA has been largely ineffective in
non-APL subtypes of AML. Therefore, it is important to iden-

FIGURE 5. ATRA dissociates SALL4 and LSD1 from RAR�. A, HL60 cells were treated with 1 �M ATRA for 24 and 48 h. Then, cell lysates were either
Western-blotted (WB, top panel, 20 �g input in each lane) or immunoprecipitated with SALL4 and RARa antibody (bottom panel, 200 �g input in each IP),
respectively, and Western-blotted with indicated antibodies. Representative results are shown, and experiments were repeated independently at least three
times. IB, immunoblot. B, ChIP analysis. HL60 cells were treated with the indicated drugs for 60 h. Chromatin was extracted and immunoprecipitated with the
indicated antibodies, followed by DNA elution, PCR, and agarose gel electrophoresis to analyze the tested RA-responsive element regions or identified SALL4
binding sequences. Band intensities from the agarose gel were quantified and normalized with input chromatin. Values are averages of four separate
experiments. *, p � 0.05; **, p � 0.01.
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tify the cellular signaling pathways that are aberrantly activated
and act to inhibit myeloid differentiation. We have shown pre-
viously that SALL4 plays a key role in maintaining leukemic cell

proliferation. Here we addressed its role in modulating leuke-
mic differentiation and its therapeutic potential in ATRA-
based differentiation therapy.

FIGURE 6. The synergistic effects of ATRA and SALL4 knockdown are further enhanced by coinhibition of LSD1. These experiments were conducted in
parallel with mono or double drug treatments (the results are shown in Fig. 2), and the results can therefore be compared. A, HL60 and TEX cells were treated
with ATRA�Dox�TCP for 60 h, and CD11b levels were detected by flow cytometry assays. B, representative flow cytometry profiles showing the CD11b and
annexin-V expression levels in primary AML cells obtained from patient AML1. C, cell morphology of the indicated cells by May-Grünwald-Giemsa staining was
evaluated after ATRA�Dox�TCP treatments. Representative images were taken using a Nikon Eclipse 90i microscope (�60). D, dose-response (for ATRA) and
time course studies showing superoxide anion production in ATRA�Dox�TCP-treated HL60 cells. Ctrl, control. E, triple drug treatment significantly decreased
tumor growth in xenograft studies. Tumor volume growth curves are expressed as the mean � S.E. (n � 3 in the control group, n � 4 per other group). **, p �
0.01 versus A�T or A�D group. A, ATRA; T, TCA; D, Dox.
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In APL, the PML-RAR� fusion protein causes a strong dom-
inant-negative effect, resulting in a blockade of RAR�-induced
differentiation. The RAR� signaling pathway, which is impor-
tant for myeloid differentiation, can also be inhibited by other
binding partners in non-APL AMLs. Our data support that
SALL4 overexpression in leukemia interferes with RA-RAR�
signaling, causing inhibition of differentiation and, therefore,
contributing to the leukemic phenotype. For therapeutic
potential studies, we first show that SALL4 expression levels
tightly associate with ATRA effects (Figs. 1 and 2). When
SALL4 is up-regulated, the anti-AML effects of ATRA were
largely blocked, whereas a reduction of endogenous SALL4
substantially improves these ATRA effects. In fact, we also
show that ATRA directly down-regulates SALL4 expression by
both Western blotting and mRNA quantitation in dose-re-
sponse and time course studies, suggesting that SALL4 is a
downstream target of ATRA (Figs. 3 and 5). This assumption is
supported by a recent study using embryonal day 8.5 mouse
embryos. When treated with RA, SALL4 was identified as one
of the most severely down-regulated genes in the presomitic
mesoderm (28). In our ChIP assays, ATRA treatment also led to
decreased SALL4 binding to target genes and dissociation of
SALL4 and epigenetic corepressors from RAR� (Fig. 5). There-
fore, ATRA treatment may also affect AML phenotypes by
modulating important stem cell factors such as SALL4.

In addressing the molecular mechanisms of the SALL4 inhib-
itory effect on ATRA activity, we found that SALL4 forms a
complex with RAR� and LSD1 but dissociated from this com-
plex in the presence of ATRA treatment. In the absence of an
agonist such as ATRA, RA receptors bind to RXR and recruit
the nuclear receptor corepressor or silencing mediator for ret-
inoid and thyroid hormone receptors along with epifactors
such as histone deacetylases or DNA methyltransferases to
repress gene expression (29, 30). A recent study suggests that
LSD1 also contributes to RAR�-mediated transcription via
repressive histone H3 methylation (31). Because SALL4
directly interacts with RAR� and also dynamically recruits
these epifactors, it would inhibit AML differentiation via sup-
pressing the RAR� pathway. At physiological concentrations
(10�9�10�8 M), ATRA binds to the RAR�-RXR heterodimer
and induces dissociation of corepressors interchangeably with
association of the coactivator complex, including CBP/p300,
causing chromatin decondensation and activation of transcrip-
tion (29). It is likely that sustained expression of repressive
oncoproteins (such as SALL4) in leukemia may interfere with
this switch and block differentiation gene transcription. As
shown in Fig. 4, although the corepressor complex containing
SALL4 and LSD1 gradually dissociates from RAR� on the RA-
responsive element, SALL4 remains localized on the tested pro-
moters, even with pharmacological doses of ATRA.

SALL4 is expressed in both APL and non-APL AMLs. In
exploring how SALL4 interferes differentially with ATRA-me-
diated pathways in these cells, we noticed that, although in NB4
(AML-M3) cells ATRA down-regulates SALL4 expression rap-
idly to a background level, in HL60 (AML-M2) cells, this
ATRA-mediated SALL4 reduction was slower and moderate
(Fig. 7A). The next question will be how SALL4 is eventually
degraded or recycled via unknown pathways in these different

cell types. On the other hand, although SALL4 protein interacts
with RAR� (�52 kDa) in both cell types, we failed to detect an
interaction of SALL4 with the PML-RAR� fusion protein
(�130 kDa) in NB4 APL cells (Fig. 7B). This raises the possibil-
ity that, by avoiding interference of repressive factors such as
SALL4, the PML-RAR� protein in APL may allow “easier”
access and binding of ATRA and, consequently, a more efficient
switch from corepressor to coactivator interaction, which even-
tually leads to clinically meaningful significance (Fig. 7C). How-
ever, further extensive mechanistic studies are needed to
address this assumption.

In testing the therapeutic potentials, we examined the anti-
AML effects by combined treatments of ATRA plus coinhibi-
tion of SALL4 and LSD1. It is worthwhile, however, to note that,
except for LSD1, coinhibition of other epifactors (such as DNA
methyltransferase and histone deacetylase) should also gener-
ate better anti-AML outcomes because these factors are bind-
ing partners of SALL4 and key components of the nuclear
receptor corepressor complex. The efficacy of each different
combination in inducing AML differentiation and apoptosis
will be addressed in further functional and mechanistic studies.

FIGURE 7. SALL4 differentially interferes with the ATRA-RA pathways in
APL and non-APL AML cells. A, comparison of ALL4 protein expression in
HL60 and NB4 cells after ATRA treatment at different time points or with
different dosages by Western blotting. �-Actin was used as an internal load-
ing control. B, co-IP experiments to detect potential SALL4 and PML-RAR�
interaction in NB4 cells. HL60 and NB4 cell nuclear extracts (200 �g) were
immunoprecipitated with IP-grade SALL4 antibody and Western-blotted
with anti-PML/RAR� and anti-RAR� antibodies, respectively. The experi-
ments were repeated at least twice, and similar results were obtained. IB,
immunoblot. C, a tentative model for the molecular interaction of SALL4 with
RAR�/RXR and PML-RAR� in APL and non-APL AMLs. See text for details.
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In conclusion, we discovered an unknown aspect of SALL4 in
leukemia. The overexpression of SALL4 in AML patients might
be a critical event of the multistep process of leukemogenesis,
and sustained expression of SALL4 plays an important role in
modulating leukemia phenotypes. This will have potential clin-
ical significance in combating non-APL AMLs and also other
leukemia and cancers.
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Note Added in Proof—The data shown in Fig. 5A were not correct in
the version of this article that was published on March 3, 2015 as a
Paper in Press. Specifically, the panels shown for RAR� antibody
probing of RAR� and SALL4 immunoprecipitates were reversed.
This error has been corrected. In addition, Lai-Han Leung was orig-
inally listed as Elaine Leung in the version of the article published on
March 3, 2015 as a Paper in Press.
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