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Abstract
Acute promyelocytic leukemia (APL), a cytogenetically distinct subtype of acute myeloid
leukemia (AML), characterized by the t(15;17)-associated PML-RARA fusion, has been
successfully treated with therapy utilizing all-trans-retinoic acid (ATRA) to differentiate leukemic
blasts. However, among patients with non- APL AML, ATRA-based treatment has not been
effective. Here we show that, through epigenetic reprogramming, inhibitors of lysine- specific
demethylase 1 (LSD1, also called KDM1A), including tranylcypromine (TCP), unlocked the
ATRA-driven therapeutic response in non-APL AML. LSD1 inhibition did not lead to a large-
scale increase in histone 3 Lys4 dimethylation (H3K4me2) across the genome, but it did increase
H3K4me2 and expression of myeloid-differentiation–associated genes. Notably, treatment with
ATRA plus TCP markedly diminished the engraftment of primary human AML cells in vivo in
nonobese diabetic (NOD)- severe combined immunodeficient (SCID) mice, suggesting that ATRA
in combination with TCP may target leukemia-initiating cells. Furthermore, initiation of ATRA
plus TCP treatment 15 d after engraftment of human AML cells in NOD-SCID γ (with
interleukin-2 (IL-2) receptor γ chain deficiency) mice also revealed the ATRA plus TCP drug
combination to have a potent anti-leukemic effect that was superior to treatment with either drug
alone. These data identify LSD1 as a therapeutic target and strongly suggest that it may contribute
to AML pathogenesis by inhibiting the normal pro-differentiative function of ATRA, paving the
way for new combinatorial therapies for AML.

AML currently accounts for approximately 80% of all adult acute leukemias, with a median
age at diagnosis of 67 years (ref. 1). Although clinical advances in AML have been made,
treatment failure in non-APL AML remains high, with a particularly poor prognosis
commonly seen in the elderly, in patients with certain subtypes of AML and in patients with
secondary AML after cancer therapy2. Moreover, given projected improvements in life
expectancy in the general population and, concomitantly, an increase in the frequency of
AML (with a 38% increase in elderly cases predicted by 2031), the development of new and
effective anti-AML therapies is clearly required1. ATRA has held great promise in both
cancer treatment and prevention3, and research strategies that seek to extend the efficacy of
ATRA-based treatment to non-APL AML are key avenues of investigation4. Evidence
points to one of the underlying reasons for ATRA resistance in AML as a failure of ATRA
to induce proper transcriptional activation of retinoic acid receptor (RAR) target genes, such
as TNFSF10 (ref. 5) and RARA2 (ref. 6). An epigenetic analysis of primary AML samples
revealed that relative to normal CD33+ cells, loss of RARα2 expression in AML is
associated with a reduction in H3K4me2 on the RARA2 promoter7 (a modification that is
associated with transcriptional activation)8. The mono- and di-methyl lysine demethylase
LSD1 (KDM1A)9 is highly expressed in patients with AML (http://
www.proteinatlas.org/)10, and its overexpression has been implicated in various other
tumors11,12. Collectively, these data predicted that the use of small-molecule inhibitors that
target LSD1 (LSD1i) could result in epigenetic reprogramming that enhanced or facilitated
the execution of the ATRA-induced differentiation program in AML cells. We tested two
structurally unrelated compounds, trans-2-phenylcyclopropylamine (tranylcypromine, or
TCP)13, which is a time-dependent, mechanism-based irreversible inhibitor of LSD1, and a
non-competitive LSD1 inhibitor, 1,15–bis{N5–[3,3–(diphenyl)propyl]–N1–biguanido}–
4,12–diazapentadecane (the biguanide polyamine analog 2d)14.

For the in vitro studies, we focused on the ATRA-responsive HL-60 AML M2 (ref. 15) cell
line and on ATRA-insensitive TEX cells, which are derived from primitive human cord
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blood cells immortalized by expression of the FUS (TLS)-ERG oncogene16. TEX cells
mimic the features of primary human AML and of leukemia-initiating cells (LIC) and are
more than 90% CD34+16. Treatment with ATRA and TCP increased the fraction of cells
expressing the myeloid differentiation marker CD11b (which regulates leukocyte adhesion
and migration to mediate the inflammatory response) by 21-fold and by 16-fold in HL-60
and TEX cells, respectively (Fig. 1a). We obtained similar results for ATRA-responsive
U937 cells and the ATRA-insensitive CD34+ KG-1a (ref. 17) cell line (Supplementary Fig.
1). Although 2 days of treatment with ATRA plus 2d or TCP had little effect on apoptosis in
either of the cell lines tested (Supplementary Fig. 2a), after 4 days with the ATRA plus 2d or
TCP combinations, we observed early or late apoptosis in 55% of TEX cells, with only a
minor increase in apoptosis in p53-null18 HL-60 cells (Supplementary Fig. 2b). These
findings together with the gene expression pathway analysis (Supplementary Table 1) are
consistent with the onset of post- differentiation cell death5,6, facilitated by the presence of
p53 in TEX cells19. Treatment with ATRA and LSD1i led to a marked increase in
respiratory burst activity in HL-60 cells (Fig. 1b) and induced the nuclear lobulation that is
associated with neutrophilic differentiation in both HL-60 and TEX cells (Fig. 1c).

Mirroring the results in the cell lines, treatment with ATRA and TCP increased the fraction
of CD11b+ cells in primary AML samples by a factor of up to 11-fold (Fig. 1d and
Supplementary Table 2). Treatment with ATRA plus LSD1i also induced differentiation-
associated morphological changes, including the formation of cytoplasmic neutrophil
granules (Fig. 1d). In agreement with previously reported findings20, treatment with ATRA
alone had, in general, only a limited effect in primary AML samples, and treatment with
TCP alone resulted in minimal activity in most samples. Confirming a direct role for LSD1
in myeloid differentiation, shRNA knockdown of LSD1 markedly potentiated the ability of
ATRA to induce the expression of CD11b in HL-60 and TEX cells (Fig. 1e and
Supplementary Figs. 3 and 4). Given that TCP also inhibits the related H3K4 demethylase
LSD2 (ref. 13), which shares homology in the enzymatic domain with LSD1, we also
performed knockdown of LSD2 (Fig. 1e and Supplementary Figs. 3 and 4). Although
knockdown of LSD2 did increase the effect of ATRA in both HL-60 and TEX cells, it was
much less effective at potentiating CD11b expression compared with shRNA knockdown of
LSD1.

Given that TCP enhanced the effects of ATRA in myeloid differentiation of AML cells
more effectively than 2d did, and also taking into consideration that it is already licensed for
use as an antidepressant, we focused our subsequent studies on TCP. An in vitro colony
formation assay showed that although treatment with either TCP or ATRA alone had a small
effect in HL-60 cells, treatment with ATRA and TCP together reduced the clonogenic
capacity of the HL-60 cells by 70% compared to treatment with ATRA alone (Fig. 2a).
Consistent with this finding, when we treated HL-60 cells in which LSD1 was knocked
down with ATRA, they also showed a reduction in clonogenic capacity of 40% compared to
treatment with ATRA alone (Fig. 2a). Notably, we confirmed these in vitro data using NOD-
SCID mice transplanted intrafemorally with primary AML samples (FAB M1 (ICD-O
M9873/3)) treated with ATRA or ATRA plus TCP ex vivo for 16 h prior to transplantation
and with the same drug regimens in vivo from day 1 after transplantation. Given that TCP
showed only minimal activity as a single agent in the majority of primary AML samples
tested (Supplementary Table 2), we did not include it alone in this series of experiments.
Here the ATRA plus TCP combination markedly diminished leukemic engraftment in both
the injected right femur as well as the non-injected bone marrow sites of the mice (Fig. 2b
and Supplementary Figs. 5 and 6). A disseminated 5-week AML graft can only be generated
in vivo by LIC21,22, and prior studies have shown that migration and hematopoietic
engraftment of non-injected bone marrow sites requires intact stem/progenitor cell
function23,24. Thus, the substantially reduced or absent migration and engraftment seen in

Schenk et al. Page 3

Nat Med. Author manuscript; available in PMC 2013 January 08.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



the distal bone marrow of mice treated with ATRA plus TCP compared to that of untreated
mice or mice treated with ATRA alone indicates that the combination regimen eliminated
the LICs or severely impaired their function. Furthermore, consistent with the finding that
ATRA in combination with TCP did not induce apoptosis in mononuclear cells from the
bone marrow of normal healthy human donors in vitro (both total mononuclear cells and
CD34+ progenitors; Supplementary Fig. 7), treatment with ATRA plus TCP had no toxic
effects on normal cord-blood–derived hematopoietic stem or progenitor cells transplanted
into NOD-SCID mice (Fig. 2b and Supplementary Figs. 6 and 8).

To evaluate the ability of the ATRA plus TCP combination treatment to reduce tumor
burden, we initiated this treatment 15 d after transplantation in NOD-SCID γ (NSG) mice.
The results in the NSG mice mirrored those obtained in the NOD-SCID mice in which
treatment was initiated on day 1, with ATRA and TCP showing some activity when used as
single agents, but with ATRA plus TCP proving more effective than either alone, in
particular where we obtained higher levels of engraftment from untreated mice (primary
AML sample #090240) (Fig. 2c and Supplementary Fig. 9). Additionally, we performed
secondary transplants with right femur and bone marrow cells from NSG mice after
treatment (AML sample #0840). NSG mice transplanted with cells from mice treated with
ATRA plus TCP did not engraft in untreated secondary recipients, indicating that this
treatment eliminated tumorigenicity (Fig. 2d). However, cells from ATRA-treated mice also
did not engraft in secondary mouse recipients (Fig. 2d). It is unclear whether this result was
caused by an unexpected efficacy of ATRA toward this particular AML sample or whether
higher levels of engraftment would have resulted in a more potent differential effect for
treatment with ATRA plus TCP (as observed in Fig. 2b), and further studies will be required
to address this issue.

Given that LSD1 is an epigenetic modifier associated primarily with transcriptional
silencing, we analyzed the effects of ATRA, TCP or both in combination on gene
expression. A hierarchical clustering analysis of the 500 genes that showed the greatest
differential response to drug treatments in HL-60 or TEX cells revealed that the majority of
these genes were regulated concordantly by ATRA and TCP in the same direction (albeit
with TCP alone exerting a lesser effect in TEX cells) and, furthermore, that this regulation
was strengthened by the combination of the two drugs (Fig. 3a). Consistent with these
findings, the changes in global gene expression induced by treatment with ATRA, TCP or
both in combination correlated in HL-60 and TEX cells (Fig. 3b). We also compared the
distribution of gene expression intensities between HL-60 cells treated with TCP and those
transduced with LSD1 shRNA. This comparison revealed a remarkable association (Fig. 3c)
that was consistent with biological data indicating that LSD1 knockdown and TCP treatment
had broadly similar effects on ATRA-induced differentiation (Fig. 1). We also analyzed
genes regulated in the same direction in both HL-60 and TEX cells and found that similar
subsets of genes were altered in both cell lines after drug treatments (Fig. 3d, Supplementary
Fig. 10 and Supplementary Data 1). When we further functionally analyzed these subsets,
we found that they contained genes associated with the myeloid developmental program or
with apoptosis (Supplementary Table 1 and Supplementary Data 2) and that the ATRA plus
TCP combination treatment markedly elevated the number of upregulated genes in these
pathways. Our analysis focused on upregulated genes, as LSD1 is involved in transcriptional
repression; however, it is noteworthy that after treatment with ATRA plus TCP, the
downregulated genes included some that are key in AML pathogenesis and treatment
response, such as (in HL-60 cells) BCL11A (ref. 25), (downregulated 70%), BCL2 (ref. 26)
(downregulated 80%) and MYC (ref. 27) (down-regulated 70%).

We next examined the effects of treatment with ATRA, TCP and ATRA plus TCP on
H3K4me2 genome wide. Although we found no genome-wide increase in H3K4me2 in
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response to LSD1 inhibition, we found unique H3K4me2 clusters after the drug treatments
(Fig. 4a). Although treatment with ATRA or TCP alone led to an increase in H3K4me2, the
combined treatment had an even greater effect both genome wide and within the gene
promoter and 5′ transcribed regions (−2,000 to +2,000 bp from transcriptional start sites).
These data are consistent with the results previously obtained after deletion of Kdm1a (also
known as Aof2) in mouse embryonic stem cells in which the total amounts of H3K4me2

remained unchanged but in which 4% of promoters were found to gain dimethyl H3K4 (ref.
28). We found a positive correlation between upregulation of gene expression and H3K4me2,
with genes that gained clusters in promoter regions after treatments being more highly
expressed in treated samples than in untreated samples (P < 0.001) and vice versa (that is,
genes that did not gain H3K4me2 clusters were more highly expressed in untreated samples
(P = 0.043)). Furthermore, in genes associated with the myeloid differentiation program that
are upregulated by treatment with ATRA plus TCP, our chromatin immunoprecipitation
sequencing (ChIP-Seq) analysis revealed a strong correlation with increased amounts of
H3K4me2 at –2,000 or +2,000 bp from transcriptional start sites (Fig. 4b, c, Supplementary
Table 3 and Supplementary Fig. 11).

Drugs targeting aberrant but reversible epigenetic modifications (so called ‘epi drugs’) have
therapeutic potential, and epigenetic enzymes such as DNA methyltransferases, histone
deacetylases or histone methyltransferases or demethylases are bona fide targets for anti-
AML drug development4,29. Recently, several groups have developed new small-molecule
LSD1is based on monoamine oxidase inhibitors (of which TCP is an example), biguanide
polyamine analogs or oligoamine analogs30–34, and these efforts may yield results that lead
to future treatments with greater specificity and potency than TCP. At present, however,
TCP has a major advantage over other LSD1i in development in that it is well tolerated by
patients and has been used as an antidepressant and anxiolytic agent since 1960 (sold under
the brand names Parnate and Jatrosom)35. Furthermore, the TCP concentration used in this
study is representative of the range of peak plasma concentrations reported in patients
treated with this drug35. In summary, these data show the existence of therapeutically
relevant crosstalk between the ATRA-induced differentiation pathway and histone H3K4
methylation and that targeting LSD1 in combination with ATRA may be a promising
treatment for AML.

ONLINE METHODS
Cell lines, primary samples and cell culture

We obtained HL-60 cells from the German Collection of Microorganisms and Cell Cultures
(DSMZ) and maintained in them RPMI 1640 supplemented with 10% FBS (Sigma), 100
μml−1 penicillin and 100 μg ml−1 streptomycin. We maintained TEX cells in Iscove’s
Modified Dulbecco’s Medium (IMDM) supplemented with 15% FBS, 20 ng ml−1 stem cell
factor (SCF; PeproTech) and 2 ng ml−1 interleukin-3 (IL-3) (PeproTech). We grew normal
bone marrow mononuclear cells (AllCells, ABM011F) in IMDM supplemented with 20 ng
ml−1 SCF, 10 ng ml−1 each of IL-3, IL-6 and fms-related tyrosine kinase 3 (FLT3) and 10%
FBS. Primary AML samples collected in Germany were provided by the University Hospital
of Münster and were obtained at the time of diagnosis. Informed consent was obtained from
all patients in accordance with the Declaration of Helsinki, and the study was approved by
the Ethics committee of the University of Münster. In Canada, peripheral blood cells from
patients diagnosed with AML, and umbilical cord blood cells were collected after obtaining
informed consent according to procedures approved by the Research Ethics Boards of the
University Health Network and Trillium Health Centre. Low-density mononuclear cells
were isolated from AML samples and viably frozen. We obtained lineage-depleted cord
blood cells by negative selection using StemSep columns according to the manufacturer’s
protocol (STEMCELL Technologies, Canada) and frozen viably.
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Analysis of myeloid differentiation
We treated cells with ATRA (Sigma), and the LSD1 inhibitors 2d13 or TCP (Sigma) for 4 d
before analysis. We performed FACS analysis of CD11b expression on 5 × 105 cells using a
phycoerythrin-conjugated human CD11b-specific mouse monoclonal antibody at a 1:5
dilution (BD Pharmingen, #555388) on a BD LSRII FACS machine (Becton Dickinson)
with CellQuest software. We performed FACS analysis on live cells, which were sorted
using a LIVE/DEAD violet fluorescent stain (Invitrogen). We analyzed the level of
superoxide anion in HL-60 cells after differentiation using the Lumimax Superoxide Anion
Detection Kit (Stratagene) following the manufacturer’s instructions. Briefly, we treated 5 ×
105 cells with the above described ATRA plus LSD1i combinations for 4 d. We then
resuspended the cells in 200 μl reagent mix, to which we added phorbol-12-myristate-13-
acetate (PMA) to a final concentration of 200 ng ml−1. We read luminescence on a Mithras
LB940 multimode plate reader (Berthold Technologies). For the morphological analysis of
myeloid cell differentiation, we prepared cytospins by centrifugation in 150 μl PBS at a
speed of 300 rpm for 5 min using Superfrost Plus (VWR) positively charged glass slides.
We stained cytospun slides at room temperature with May-Grünwald-Giemsa (Sigma) and
examined cellular morphology using an Axiokop 2 plus microscope with an AxioCam MRc
camera (Carl Zeiss).

Analysis of apoptosis
We treated cells with the ATRA plus LSD1i combinations as described above for 2 or 4 d
before analysis. We performed FACS analyses on 5 × 105 cells using the Annexin-V FITC
apoptosis detection kit II (BD Pharmingen) according to the manufacturer’s instructions, and
we used propidium Iodide (Invitrogen) at 1 μg ml−1. We carried out the FACS analysis as
described above. We isolated CD34+ normal mononuclear cells by FACS using FITC-
conjugated human CD34-specific mouse monoclonal antibody at a 1:5 dilution (BD
Pharmingen, #555821).

In vivo treatment of AML in NOD-SCID and NSG mice
We cultured thawed primary AML and cord blood cells in X-VIVO 10 medium (Lonza)
supplemented with 15% BIT (STEMCELL Technologies) and a cytokine cocktail
containing SCF (100 ng ml−1), Flt3 ligand (Flt3L) (100 ng ml−1), IL-6 (20 ng ml−1) and
thrombopoietin (TPO) (50 ng ml−1). We cultured the cells in vitro for 16 h before
transplantation into mice, which were either untreated or were treated with ATRA alone (1
μM) or with ATRA (1 μM) plus TCP (10 μM).

NOD-SCID and NSG mice were bred and housed at the University Health Network,
Princess Margaret Hospital. All animal experimental protocols were approved by the
institutional Animal Care Committee of the University Health Network, Princess Margaret
Hospital. We performed the mouse repopulation assay as previously described36. Briefly, we
sublethally irradiated 10-week-old female NOD-SCID mice with 225 cGy from a 137 Cs γ-
irradiator and then injected them intraperitoneally with 200 μg purified CD122-specific
antibody 24 h before intrafemoral transplantation of AML or cord blood cells. All mice in
the same experiment received equal numbers of cells (3–4 × 106 AML cells or 5.3 × 104

cord blood cells per mouse). Immediately after cell transplantation, mice injected with cells
treated with ATRA or with ATRA plus TCP received a 21-d– release 10-mg ATRA pellet
(Innovative Research of America) implanted subcutaneously at the lateral side of the neck,
whereas mice injected with untreated cells received a placebo pellet (five mice per treatment
arm). Starting the next day, we injected mice intraperitoneally with PBS (for the cells treated
with ATRA alone or the untreated cells) or TCP (10 mg kg−1, for the cells treated with
ATRA plus TCP) daily for 21 consecutive days. To evaluate the ability of the ATRA plus
TCP combination treatment to reduce tumor burden, we injected AML cells into irradiated
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NSG mice (seven mice per treatment arm), and we initiated treatment as described above 15
d after transplantation. We killed the mice 5 weeks after cell transplantation and human
engraftment in the injected right femur and evaluated the non-injected bones for human
CD45+ chimerism by flow cytometry.

Secondary transplants of AML-engrafted mice
We treated human AML-engrafted female NSG mice (five mice per treatment arm) with
ATRA, TCP or ATRA plus TCP as described above, with treatment starting 15 d after cell
transplantation. We transplanted a total of 1.5 × 106 pooled right femur or bone marrow
cells harvested from primary untreated control or drug-treated mice into sublethally
irradiated female NSG adult mice. We assessed AML engraftment of secondary recipients in
the right femur 9 weeks later, as described above.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
LSD1 inhibitors potentiate ATRA-induced differentiation of AML cells. (a) The expression
of the myeloid differentiation marker CD11b by fluorescence activated cell sorting (FACS)
in HL-60 (left) and TEX (right) cells using phycoerythrin-conjugated human CD11b-
specific mouse monoclonal antibody. Results from the FACS analysis performed after the
induction of cell differentiation using combinations of ATRA and 2d or TCP compared with
untreated control cells. Data were analyzed by one-way analysis of variance (ANOVA) (P <
0.0001) followed by Tukey’s post-hoc test (ATRA compared to ATRA plus TCP, P <
0.0001). Values represent the means and error bars represent the s.d. of three independent
experiments. (b) Functional change in myeloid differentiation in HL-60 cells as measured by
superoxide anion production performed after treatment with the indicated drug
combinations. Data were analyzed by one-way ANOVA (P < 0.0001). (c) Cell morphology
of HL-60 (top row) and TEX (bottom row) cells analyzed by May-Grünwald Giemsa
staining after treatment with the indicated drug combinations. (d) FACS analysis of primary
AML sample #5 (Supplementary Table 2, ICD-O M9873/3) showing CD11b+Annexin-V+

cells (left). Cell morphology of AML cells from primary AML sample #5 (ICD-O M9873/3)
analyzed by May-Grünwald Giemsa staining after treatments with combinations of ATRA
and 2d or TCP compared with untreated control cells (right). PE, phycoerythrin. (e)
Knockdown of LSD1 synergistically enhances ATRA-induced differentiation. Results from
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HL-60 cells transduced with lentiviral vectors expressing shRNAs targeting LSD1
(shLSD1), LSD2 (shLSD2) and scrambled controls (shScram). Shown is the expression of
CD11b, as determined by FACS analysis. Data were analyzed by one-way ANOVA (P <
0.0001) followed by Tukey’s post-hoc test. *P < 0.05, ***P < 0.001. The P values shown for
Tukey’s tests represent comparisons between shLSD1#1 or shLSD2#2 compared to both
scrambled sequence shRNA controls (shScram#1 and shScram#2). Values represent the
means and error bars represent the s.d. of two independent experiments. See Supplementary
Statistical Methods for one-way ANOVA values of F and the degrees of freedom.
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Figure 2.
Treatment with ATRA and TCP together diminishes the engraftment of primary AML
samples. (a) Results from an in vitro colony forming unit assay performed on HL-60 cells
after treatment with drug combinations of ATRA, TCP or ATRA plus TCP (top), or HL-60
cells transduced with LSD1 or control shRNA after treatment with ATRA (bottom). Data
were analyzed by one-way ANOVA (P < 0.0001) followed by Tukey’s post-hoc tests (P <
0.001). See Supplementary Statistical Methods for one-way ANOVA values of F and the
degrees of freedom. Values represent the means and error bars represent the s.d. of three
independent experiments. (b) Levels of human CD45+ cell engraftment in NOD-SCID mice
transplanted with AML (FAB M1, ICD-O M9873/3) primary AML samples (n = 5) or
lineage-depleted cord blood (CB) cells (n = 5) by intrafemoral injection. The average levels
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of CD45+ cell engraftment in untreated mice or in mice treated with ATRA or ATRA plus
TCP in the injected right femur and non-injected bones as indicated (top). Data were
analyzed by robust ANOVA: injected right femur (090240, P < 0.0001; 0840, P < 0.0001;
CB, P = 0.1890); non-injected bone marrow (090240, P < 0.0001; 0840, P < 0.0001; CB, P
= 0.9600). The ATRA and ATRA plus TCP groups were analyzed by Winsorized t test, with
the statistically significant comparisons indicated. For a description of robust the ANOVA
statistical analysis performed and values of F and the degrees of freedom, see
Supplementary Statistical Methods. Representative flow cytometric analysis of AML or cord
blood engraftment in the injected right femur and non-injected pooled bone marrow of
untreated mice, mice treated with ATRA alone or mice treated with ATRA plus TCP
(bottom). Plots show live cells gated on forward- and side-scatter characteristics, and the
percentage of CD45+ human cells is indicated. (c) Levels of CD45+ cell engraftment
examined in NSG mice transplanted with AML (M1) primary AML samples (n = 7) and
treated with ATRA and ATRA plus TCP and, additionally, TCP alone after transplantation.
Data were analyzed by robust ANOVA and Winsorized t test, as above: injected right femur
(090240, P < 0.0001; 0840, P < 0.0001; 0858, P = 0.0093); non-injected bone marrow
(090240, P < 0.0001; 0840, P < 0.0001; 0858, P = 0.0055). (d) Leukemic engraftment the
injected right femur is shown from secondary NSG mouse recipients (n = 5) transplanted
with equal numbers of pooled bulk right femur and bone marrow cells from primary mice
that received AML sample #0840 untreated control mice and those previously treated with
drugs. Data were analyzed using one-way ANOVA: injected right femur (pooled from right
femur, P = 0.0961; pooled from bone marrow, P = 0.2646).
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Figure 3.
Treatment with ATRA plus TCP enhances the expression of a subset of genes associated
with the myeloid differentiation pathway. (a) Heatmap display of unsupervised hierarchical
clustering of genes in HL-60 (top) and TEX (bottom) cells differentially expressed in
response to treatment with combinations of ATRA, TCP or ATRA plus TCP. A red-blue
color scale was used to reflect standardized gene expression, with red indicating higher
expression and blue indicating lower expression. (b) Scatter plot analyses showing that
global differential gene expression ratios derived from the comparisons of TCP to untreated,
ATRA to untreated and ATRA plus TCP to untreated are highly comparable for HL-60 (top)
and TEX (bottom) cells. The Spearman’s correlation coefficients were calculated as: ATRA
compared to untreated and TCP compared to untreated: HL-60, r = 0.416, P < 0.001; TEX, r
= 0.308, P < 0.001. ATRA compared to untreated and ATRA + TCP compared to untreated:
HL-60, r = 0.502, P < 0.001; TEX, r = 0.452, P < 0.001. TCP compared to untreated and
ATRA + TCP compared to untreated: HL-60, r = 0.454, P < 0.001; TEX, r = 0.420, P <
0.001. (c) Box plots of the distribution of gene expression intensities after knockdown of
LSD1 in genes regulated by TCP (400 upregulated and 315 downregulated genes). (d) The
bars represent the number of genes upregulated and downregulated in both HL-60 and TEX
cells by ATRA, TCP and ATRA plus TCP. A cutoff value of a 1.4-fold change relative to
the untreated groups was selected. The identities of these genes are listed in Supplementary
Data 1.
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Figure 4.
Gene-specific increases in H3K4me2 induced by treatment with ATRA plus TCP correlate
with the upregulation of myeloid-differentiation–associated gene expression. (a)
Comparison of unique peaks and clusters genome wide (left) and -2,000 or +2,000 bp from
transcriptional start sites (TSS, right) that are present in samples treated with an indicated
drug but not the untreated controls (for example, ATRA compared to untreated) or in the
untreated control but not the treatment sample (for example, untreated compared to ATRA).
(b) Chip-Seq profiles of H3K4me2 modifications associated with ATRA, TCP or ATRA plus
TCP treatment for the ITGAM (CD11b, top) and LILRA5 (CD85f, bottom) genes in HL-60
and TEX cells. (c) The heatmap shown represents the standardized expression (left) and
standardized H3K4me2 (right) of the respective genes between untreated and samples treated
with ATRA, TCP or ATRA plus TCP.
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