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ABSTRACT: The pure four diastereomers (11a−d) of trans-benzyl (1-((4-(2-
aminocyclopropyl)phenyl)amino)-1-oxo-3-phenylpropan-2-yl)carbamate hydro-
chloride 11, previously described by us as LSD1 inhibitor, were obtained by
enantiospecific synthesis/chiral HPLC separation method. Tested in LSD1 and
MAO assays, 11b (S,1S,2R) and 11d (R,1S,2R) were the most potent isomers against
LSD1 and were less active against MAO-A and practically inactive against MAO-B. In
cells, all the four diastereomers induced Gfi-1b and ITGAM gene expression in NB4
cells, accordingly with their LSD1 inhibition, and 11b and 11d inhibited the colony
forming potential in murine promyelocytic blasts.
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Epigenetics influences gene expression through various
mechanisms, such as methylation of cytosines in DNA,

histone post-translational modifications, and nucleosome
positioning along the DNA. About histone covalent mod-
ifications, such post-translational changes can be put up,
removed, or interpreted by three distinct groups of enzymes,
namely, writers, erasers, and readers, respectively.1 Among the
erasers, two classes of histone demethylases are known to
remove methyl mark(s) from the ε-amino group of lysine
residues, the lysine-specific demethylases (LSDs) and the
JumonjiC (JmjC) demethylases.1,2 LSD1 is the best studied
LSD, and it is typically associated with Co-REST, a corepressor
protein involved in a multicomponent repressive complex
including also REST and HDAC1/2. LSD1 acts through a
FAD-dependent mechanism similar to monoamine oxidases
(MAOs), and specifically removes methyl groups from mono-
and dimethylated Lys4 of histone H3 (H3K4me1/2). Never-
theless, in specific contexts (e.g., androgen receptor) LSD1
changes its specificity from H3K4 to H3K9,3 thus acting either

as a transcriptional corepressor or coactivator depending on its
binding partners and substrates.
In addition to histones, LSD1 has also been shown to

demethylate modified lysines in nonhistone proteins (including
p53, STAT3, E2F1, and DNMT1),4−6 and because of its
versatility, it has been implicated in a variety of physiological as
well as pathological processes, including tumorigenesis7,8 and
viral infections.9,10 Moreover, LSD1 has been described to
regulate the expression of a number of genes through its
catalytic action.4,11

Because of the relevant role played by LSD1 mainly in tumor
initiation and progression,12−17 a number of LSD1 inhibitors
has been reported to date. Some of them are related to known
anti-MAO agents such as tranylcypromine (TCP, compounds
1−4 in Figure 1) or phenelzine (5 and 6, Figure 1), which
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covalently link the FAD moiety of the enzyme inhibiting its
catalytic potential;18−21 others (7−10) have been reported as
reversible LSD1 inhibitors (Figure 1).22−25 More importantly,
two TCP-based LSD1 inhibitors recently entered in clinical
trials for cancer treatment.26

Following our studies on design, synthesis, and biological
evaluation of small molecule modulators of histone methyl-
ation/demethylation,27−33 in 2010 we described some TCP-
containing compounds as novel LSD1 inhibitors.34 Among
them, the benzyl (1-((4-(2-aminocyclopropyl)phenyl)amino)-
1-oxo-3-phenylpropan-2-yl)carbamate hydrochloride 11 (Fig-
ure 2) was one of the most potent, with Ki = 1.3 μM, and

strongly enhanced the efficacy of all-trans retinoic acid (ATRA)
on growth and differentiation of acute promyelocytic leukemia
(APL) cells, including primary murine APL blasts.34

Since compound 11 contains three stereogenic centers, one
at the N-benzyloxycarbonyl-phenylalanine moiety and two at
the cyclopropyl ring, keeping these last two chiral centers fixed
with a trans stereochemistry, we planned to systematically
investigate the anti-LSD1 activity of the four stereoisomers of
11, the compounds 11a−d (Figure 2).

The pure diastereomers 11a−d were tested against LSD1, in
comparison with the isomeric mixture 11. MAO-A and MAO-B
inhibitory assays were also performed, to assess their selectivity
profile. Furthermore, 11a−d were evaluated in human leukemia
NB4 cells to explore their capability to inhibit LSD1 in cells
following transcriptional effects on genes related to LSD1
activity and/or cell differentiation. Finally, the most potent
diastereomers 11b,c were tested for their ability to affect
clonogenic potential of murine promyelocytic blasts.
The preparation of the four diastereomers 11a−d was based

on enantiospecific synthesis starting from the trans isomers 12a
(1S,2R) and 12b (1R,2S), which were obtained through high-
performance liquid chromatography (HPLC) separation of the
racemic intermediate tert-butyl 2-(4-aminophenyl)cyclopropyl
carbamate 12, prepared as previously described by us.34 Both
the anilino derivatives 12a and 12b underwent a reaction with
N-(3-(dimethylamino)propyl)-N′-ethylcarbodiimide hydro-
chloride (EDCI), triethylamine, N-hydroxybenzotriazole
(HOBT), and the enantiomerically pure ((benzyloxy)-
carbonyl)-L- or -D-phenylalanine in dry dichloromethane at
room temperature, to obtain the tert-butoxycarbonyl (Boc)-
protected intermediates 13a−d. The cleavage of the Boc
protection by 13a−d through the use of 4 N hydrochloric acid
in dioxane/tetrahydrofuran at room temperature afforded the
four stereoisomers 11a−d (Scheme 1).

As a result of a screening of various eluents and chiral
stationary phases (CSPs), we were able to obtain a baseline
HPLC separation of the two enantiomers of 12 by the
cellulose-derived Chiralcel OD CSP in combination with a
mobile phase consisting of a mixture of n-hexane/2-propanol/
DEA 70:30:0.1 (v/v/v) (Figure S1b in Supporting Informa-
tion). The good enantioselectivity and efficiency of the OD
CSP permitted a productive scaling-up at the semipreparative
level. By using a 1 cm I.D. OD column, an amount of 5 mg of
sample was resolved for each HPLC run (Figure S1a in
Supporting Information). In this way, 10 mg of enantiomers
with an enantiomeric excess of 99% and yield >90% were
isolated (Figure S1c,d in Supporting Information). In the next
step, single enantiomeric forms of 12 (12a and 12b, where the
letters a and b denote the enantiomeric elution order) were
linked to the enantiopure amino acid fragment (L- or D-Z-
PheOH), and subsequently, the obtained stereoisomers were
treated with 4 N hydrochloric acid to provide their conversion
to the corresponding hydrochlorides (11a−d).

Figure 1. Structures of known irreversible (1−6) and reversible (7−
10) LSD1 inhibitors.

Figure 2. Chemical structures of the four stereoisomers of the
prototype 11, compounds 11a−d.

Scheme 1a

aReagents and conditions: (a) HOBT, EDCI, Et3N, L- or D-Z-PheOH,
CH2Cl2, 1.5 h, rt; (b) 4 N HCl, anhydrous dioxane/THF, overnight,
rt.
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The check of the enantiomeric and diastereomeric purity of
the four stereoisomers 11a−d was carried out by HPLC on the
amylose-based Chiralpak IA CSP using the mixture n-hexane/
ethanol/dichloromethane/DEA 50:45:5:0.1 (v/v/v/v) as a
mobile phase (Figure S2b in Supporting Information).
The knowledge of the dichroic properties of the enantiomers

of the trans-tert-butyl 2-(4-bromophenyl)cyclopropyl carbamate
(Br-tPCPA),34 prompted us to develop a multistep strategy for
the absolute configuration (AC) assignment of 11a−d based on
circular dichroism (CD) and chemical correlation methods. A
stepwise summary of the procedure employed is presented in
Figure S2 in Supporting Information.
In a first step of the empirical approach (Figure S2a in

Supporting Information), the absolute configuration of the
enantiomers of 12 was assigned using the enantiomers of the
parent Br-tPCPA as a reference. The CD spectra of 12 and the
reference compound, recorded in ethanol, are shown in Figure
S2a (Supporting Information). As expected, the enantiomeric
forms of 12 exhibited specular patterns. By comparing the CD
spectra of the compounds 12 to those of Br-tPCPA it appears
clear that the nature of the substituent at the para position of
the phenyl ring did not substantially influence the CD behavior.
The findings of the CD measurements allowed us to define a
parallelism between AC and CD band signs: to the first eluting
enantiomer on the Chiralcel OD CSP showing all positive CD
signals may be assigned the (1S,2R)-configuration and,
naturally, a reversed sign of the ellipticity is expected from
the second eluted (1R,2S)-enantiomer.
Once the AC of the two enantiomers of the key intermediate

12 was determined, the stereochemical assignment was
extended to the stereoisomers of 11 by chemical correlation
method. The reaction of connection between the amino acid
derivative and the carbamate 12 and the subsequent trans-
formation to hydrochlorides are stereoconservative processes.
So, the absolute configuration of each single stereoisomer of 11
is determined by the stereochemistry of the chiral Boc
derivative and the amino acid fragment (L or D) used in its
synthesis. The stereochemical course of reactions was
monitored by the enantio- and diastereoselective HPLC
conditions described in the previous section (Figure S2b in
Supporting Information).
The absolute configurations of the four stereoisomers of 11

were then assigned as follows: first eluted isomer 11a (S,1R,2S),
second eluted isomer 11b (S,1S,2R), third eluted isomer 11c
(R,1R,2S), and fourth eluted isomer 11d (R,1S,2R) (Figure 2).
The pure diastereomers 11a−d were tested against LSD1 in

comparison with the related mixture 11. Data reported in Table
1 show that, among the different pure diastereoisomers 11a−d,
the two compounds carrying the 1S,2R configuration at the
cyclopropyl ring displayed the highest LSD1 inhibition (11b,
configuration, S,1S,2R; IC50 = 0.03 μM; and 11d, configuration,
R,1S,2R; IC50 = 0.05 μM), independently from the config-
uration shown at the Z-phenylalanine chiral center. The related
enantiomers 11a (configuration, S,1R,2S; IC50 = 0.36 μM) and
11c (configuration, R,1R,2S; IC50 = 0.39 μM) were 8- and 12-
fold less potent, respectively, while the mixture of isomers 11
displayed an intermediate behavior (IC50 = 0.15 μM). Thus, the
enantiospecificity of the Z-phenylalanine moiety in this series of
compounds is not determinant for LSD1 inhibition, whereas
the configuration of the two stereogenic carbons at the
cyclopropane ring was important to establish stereoselective
high inhibition of LSD1.

Against the human MAO enzymes (Table 1), the stereo-
isomers 11a−d displayed submicromolar inhibition against
MAO-A, with a selectivity index for LSD1 ranging from 0.5 to
4.6. Interestingly, 11a and 11b (with the L-Z-Phe moiety, S
configuration) displayed low inhibition versus MAO-B, being
117- and 970-fold selective for LSD1, respectively, whereas 11c
and 11d (with the D-Z-Phe moiety, R configuration) were
almost totally inactive. Thus, in these compounds the presence
of the R configuration at the Z-amino acid moiety decreases the
inhibiting activity against MAO-B and increases the LSD1
selectivity.
LSD1 can control gene expression through demethylation.

Growth factor independence 1 (Gfi-1) is a transcription factor
that regulates the adult hematopoietic stem and progenitor cells
development. In particular, it is able to repress the expression of
genes implicated in cell survival, proliferation, and differ-
entiation. In erythroid cells, Gfi-1b is part of a large protein
complex containing LSD1 and CoREST,35 and LSD1 depletion
derepresses Gfi-1b targets in lineage-specific patterns.35

Alterations of Gfi-1 expression and function have been
associated with neutropenia, allergy, autoimmunity, and
hyperinflammatory responses, as well as to lymphoma and
leukemia development.36 Integrin alpha M (ITGAM), also
known as CR3A and cluster of differentiation molecule 11B
(CD11B), is a typical marker of differentiation in leukemia
cells. Compound 11 was shown as able to enhance the
expression of the differentiation marker CD11B by ATRA in
NB4 cells and to induce differentiation of murine promyelo-
cytic leukemia (APL) blasts up to 77.9%,34 thus demonstrating
its cell differentiation properties in leukemia.
These findings prompted us to assess the capability of 11a−d

to induce Gfi-1b and ITGAM gene expression in human APL
NB4 cells, in comparison with the reference mixture 11. For
this scope, NB4 cells were incubated with the inhibitors at a
concentration corresponding to their biochemical IC50 value.
After 24 h, the mRNA expression of the Gfi-1b and ITGAM
genes was measured by quantitative RT-PCR and expressed as
fold-induction respect to DMSO used as a control. Data
depicted in Figure 3 show that 11a−d were able to induce gene
expression, increasing Gfi-1b expression up to 5/6-fold (11c
and 11d) or up-regulating the ITGAM (CD11B) gene up to
3.7-fold (11d). As expected, no significant differences were
observed between 11a−d since each compound was tested at
its respective biochemical IC50 on LSD1.
Finally, the most potent compounds 11b and 11d were

tested for their ability to inhibit colony formation of murine
promyelocytic blasts at the fixed concentration of 0.25 μM in
comparison with the isomeric mixture 11. After 7 days of

Table 1. LSD1, MAO-A, and MAO-B Enzyme Inhibiting
Activity of the Pure Diastereomers 11a−d in Comparison
with Their Mixture 11

IC50 (μM)b

compd ACa LSD1 MAO-A MAO-B

11 mixture 0.15 0.32 40%c

11a S,1R,2S 0.36 0.11 42.65
11b S,1S,2R 0.03 0.14 32.02
11c R,1R,2S 0.39 0.20 14%c

11d R,1S,2R 0.05 0.22 33%c

aAC, absolute configuration. bData represent mean values of at least
two separate experiments in duplicate; the error is within ±10%.
cPercentage of inhibition at 100 μM.
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semisolid culture, 11b and 11d inhibited about 59% colony
formation (Table 2), while 11 exhibited a lower value (about
37%), in line with the lower biochemical potency.

In summary, we previously described the Z-PheCONH-TCP
hydrochloride 11 as an efficient inhibitor of LSD1, also showing
differentiating effects in APL cells including primary murine
APL blasts.34

Since 11 has three chiral centers and is a mixture of different
diastereomers, we performed chiral separation and enantiospe-
cific synthesis to obtain the single pure diastereomers 11a−d
and tested them against LSD1 and MAO enzymes. In the anti-
LSD1 assay, the two diastereomers bearing the 1S,2R
configuration at the cyclopropyl ring, i.e., 11b (S,1S,2R) and
11d (R,1S,2R), were 8.2- and 11-fold more potent than the
related 11a (S,1R,2S) and 11c (R,1R,2S), respectively,
highlighting that in this series of compounds the stereo-
chemistry of the cyclopropane ring, and not that of the Z-amino
acid residue, is crucial for the inhibiting activity. Compounds
11b and 11d displayed also lower inhibiting potency against
MAO-A and scarce or no activity against MAO-B, thus resulting
in LSD1-selective. The four diastereomers 11a−d, when tested
in human APL NB4 cells at their biochemical IC50s to
determine the capability to induce Gfi-1b and ITGAM gene
expression as a marker of LSD1 inhibition in cells, highly
increased the expression of both the genes. Finally, 11b and
11d, the two most potent diastereomers against LSD1 in vitro,
inhibited the colony forming potential of murine promyelocytic
blasts by 59%. These compounds will be further investigated as
antiproliferative and cytodifferentiating agents in a panel of
cancer cells.
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