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Abstract

LSD1/KDML1 is a histone demethylase that preferentially removes methyl groups from the mono-
and di-methylated lysine 4 in histone H3 (H3K4), key marks for active chromatin for
transcriptional activation. LSD1 is essential for pluripotent embryonic stem cells and embryonic
teratocarcinoma/carcinoma cells and its expression is often elevated in various cancers. We
developed a new LSD1 inhibitor, CBB3001, which potently inhibited LSD1 activity both in vitro
and /n vivo. CBB3001 also selectively inhibited the growth of human ovarian teratocarcinoma
PA-1 and mouse embryonic carcinoma F9 cells, caused the downregulation of pluripotent stem
cell proteins SOX2 and OCT4. However, CBB3001 does not have significant inhibition on the
growth of human colorectal carcinoma HCT116 cells or mouse fibroblast NIH3T3 cells that do not
express these stem cell proteins. Our studies strongly indicate that CBB3001 is a specific LSD1
inhibitor that selectively inhibits teratocarcinoma and embryonic carcinoma cells that express
SOX2 and OCT4.

Graphical Abstract

CBB3001 inhibits the essential function of histone demethylase LSD1 in pluripotent cancer cells
that exhibit stem cell properties.
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1. Introduction

Lysine-methylation is a major covalent modification of histones that epigenetically regulates
gene expression, chromatin structure, and chromatin organization.: 2 It is well established
that the mono-, di- and trimethylations of lysine 4 (K4) in histone H3 (H3K4) are associated
with actively transcribed genes with an open chromatin structure.1=3 Histone methylation is
dynamically controlled by specific histone methyltransferases and demethylases.?
Specifically, the methylations of H3K4 are primarily catalyzed by histone
methyltransferases such as MLL (Mixed Lineage Leukemia) SET-domain methyltransferase
complexes which are composed of additional essential components including WDR5 and
RBBP5.2 4 The methylation of H3K4 by WDR5-associated methyltransferases has been
shown to be essential for the pluripotency and self-renewal of embryonic stem cells.® The
methylation states of H3K4 are dynamically regulated by a group of histone demethylases
including lysine-specific demethylase 1 (LSD1, also called KDM1, AOF2, or BHC110) and
JARID1A-1D (also called KDM5A-5D).1: 3. 6 These demethylases specifically remove the
methyl group in the mono-, di- and trimethylated H3K4 to regulate gene expression and
chromatin structure in various cells.

LSD1 belongs to the flavin adenine dinucleotide (FAD)-dependent amine oxidase family,
and specifically catalyzes the demethylation of mono- and di-methylated H3K4 through
amine oxidation.l: 6: 7 The unique LSD1-dependent demethylation requires a protonated
nitrogen in the methylated histone, precluding it from removing the methyl group from
trimethylated H3K4.1: 6.8 |_SD1 is highly conserved in high eukaryotes and it is essential for
pluripotency and self-renewal of embryonic stem cells.® The mouse null mutation of LSD1
genes causes embryonic lethality.? 10 We have previously shown that the levels of LSD1 are
significantly elevated in pluripotent germ cell tumor cells such as teratocarcinoma,
embryonic carcinoma, and seminoma cells!! and other cancer cells such as human
squamous lung carcinomas.12 Various independent reports also indicate that the expression
of LSD1 is often highly elevated in various human cancers.13-22

We have previously developed novel LSD1 inhibitors based on the co-crystal structures of
LSD1 protein associated with its H3K4 peptide substrate.!1 Our studies showed that these
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LSD1 inhibitors specifically inhibited the pluripotency and self-renewal of mouse
embryonic stem cells and pluripotent teratocarcinoma/embryonic carcinoma cells.}1 Our
subsequent investigation also revealed that LSD1 inhibition or inactivation is sufficient to
block the proliferation of many cancer cells that exhibit stem cell properties, such as
expression of SOX2 or other stem cell proteins.12: 23 |n these cells, we demonstrated that
inhibition or inactivation of LSD1 leads to the downregulation of SOX2, a key pluripotent
stem cell transcription factor for embryonic stem cells, embryonic carcinoma and
teratocarcinoma cells.11: 12. 23 The SOX2encoded gene at 3q926.33 is frequently amplified in
squamous cell carcinomas of lung, esophagus and oral cavity, small cell lung carcinomas,
and glioblatoma multiforme (GBM).24-26 SOX2 is also overexpressed in many other cancers
including breast and ovarian carcinomas.2’-31 The expression of SOX2 confers the stem cell
properties to cancer cells.12:27. 28 |t was also shown that LSD1 is essential for maintaining
the oncogenic potential of MLL-AF9 leukemia stem cells and acute myeloid leukemia.32: 33
Thus, LSD1 serves as a critical epigenetic target for various cancer cells with stem cell
properties such as expression of SOX2 or other stem cell proteins.12: 27, 28

Here, we report the development of a new LSD1 inhibitor, which is structurally different
from our previous LSD1 inhibitors.11: 12 Our studies revealed that this inhibitor potently
inhibits LSD1 activity /in vitroand in cultured cancer cells. Importantly, this inhibitor
selectively impedes the proliferation of teratocarcinoma and embryonic carcinoma cells that
express pluripotent stem cell proteins SOX2 and OCT4. However, it has low toxicity towards
other cancer cells that do not express these pluripotent stem cell proteins, similar to that of

our previously developed LSD1 inhibitors based on the crystal structure of LSD1 protein.
11,12

2. Results and discussion

2.1 Design and organic synthesis of CBB3001

Because the catalytic domain of LSD1 shares significant similarity with other members of
the amine oxidase family, most investigation on LSD1 function involves the use of non-
selective amine oxidase inhibitors, such as tranylcypromine (trans-2-phenylcycpropylamine,
PCPA, Figure 1A), originally developed against two major isoforms of monoamine oxidases,
MAO-A and MAO-B, for clinical use as anti-depressants.® 8: 34-37 Tranylcypromine has
been shown to inhibit LSD1 activity with substantially reduced potency as compared to its
inhibition of MAOs. It inhibits LSD1 activity through the irreversible modification of the
covalently bound FAD at high concentrations (ICsg: submillimolar to millimolar), similar to
its inhibitory mechanism for MAQs.5: 8 15. 34,35, 38, 39 e tried to test a derivative of
tranylcypromine, CBB3001, towards LSD1 since the activity of this compound towards
LSD1 has never been reported. For the synthesis of CBB3001, we modified the Corey-
Chaykovsky chemical synthesis scheme, %043 as outlined in Figure 1B, to obtain better
yield.

2.1.1 Preparation of tert-butyl 4-(2-nitrocyclopropyl)phenyl carbonate (2)—To
obtain compound 2 (Figure 1B), the mixture of (E)-4-(2-Nitrovinyl)phenol, Boc,O, DMAP,
and triethylamine in dichloromethane was allowed to react at room temperature overnight.
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Water was then added and the organic layer was separated, washed, dried over NaySQy,
filtered and evaporated to dryness. The residue was dissolved in DMSO.
Trimethylsulfoxonium iodide was added to a suspension of 60% NaH in DMSO and then
(E)-tert-butyl 4-(2-nitrovinyl)phenyl carbonate DMSO solution was added dropwise to react
for another 2 hrs. The reaction was quenched with NH,4ClI and diluted with ethyl acetate. The
organic layer was separated, washed, dried over Na,SQOy, filtered and evaporated to dryness.
The resulting mixture was purified via column chromatography using ethyl acetate and
hexanes as eluents to afford compound 2 with 32% yield.

2.1.2 Preparation of tert-butyl 2-(4-(tert-
butoxycarbonyloxy)phenyl)cyclopropylcarbamate (3, CBB3001)—To obtain
compound 3 or CBB3001 (Figure 1B), compound 2 in a mixture of i-PrOH and 1N HCI was
added Zn powder to react at room temperature for 1 hr. The reaction was quenched with
NaHCO3 and diluted with ethyl acetate. The organic layer was separated, washed, dried,
filtered and evaporated to dryness. The residue was dissolved in dichloromethane and mixed
with triethylamine and Boc,O and the mixture was stirred overnight. Water was
subsequently added and the organic layer was separated, washed with 1N HCI and then
brine, dried, filtered and evaporated to dryness. The crude product was purified via column
chromatography using ethyl acetate and hexanes as eluents to afford compound 3, which is
designated as CBB3001 (Figure 1B and 1C), with 23% vyield.

2.2. Biochemical evaluation: CBB3001 potently inhibits LSD1 demethylase activity in vitro

To test whether CBB3001 has any inhibitory effect on the catalytic demethylase activity of
LSD1 protein, we constructed an in-frame fusion protein between the amino-terminus of
human LSD1 protein and the carboxy-terminus of glutathione-S-transferase (GST).1! This
fusion GST-LSD1 protein was expressed in bacterial BL21 strain that is deficient in protease
activity. The expressed GST-LSD1 protein was subsequently purified by the glutathione
affinity chromatography (Figure 2A). Since the LSD1 demethylase activity specifically
removes the methyl group from the mono- and di-methylated H3K4 in a stepwise manner,
we used a histone H3 peptide that contains a di-methylated lysine 4 (H3K4me2) as the
substrate for assaying the catalytic activity of LSD1 7 vitro.l1 Our studies showed that the
purified GST-LSD1 protein exhibited a potent demethylase activity by removing the methyl
group from the H3K4me2 peptide to produce the mono- and non-methylated H3K4 peptide
products, which can be analyzed by mass spectrometry (Figure 2B).11 Using the
demethylation assay, we found that inclusion of various concentrations of CBB3001 in the
demethylation reaction leads to the potent inhibition of LSD1 demethylase activity (Figure
2B). Quantification of inhibitory profile revealed that the IC5q of CBB3001 is about 21.25
UM toward the demethylase activities of LSD1 under our reaction conditions (Figure 2C),
indicating that this compound has potent inhibitory effects towards the purified LSD1
demethylase activity /n vitro.

In contrast, our analyses revealed that tranylcypromine (PCPA) at 500 uM caused significant
inhibition of LSD1 demethylase activity, while 50 uM tranylcypromine did not have
substantially inhibitory effects (Figure 2B). Our results indicate that CBB3001 is
significantly more potent than tranylcypromine for LSD1 inhibition.

Bioorg Med Chem. Author manuscript; available in PMC 2019 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hoang et al. Page 5

2.3. Biological evaluation: CBB3001 is active in cancer cells to inhibit LSD1 activity in vivo

LSD1 was identified as a histone demethylase that removes the methyl group from mono-
and di-methylated H3K4. Inhibition or reduced expression of LSD1 /n vivo causes the
accumulation of the mono- and di-methylated forms of H3K4 but not trimethylated

H3K4.6. 11,12, 15, 38 Tq determine whether CBB3001 inhibits LSD1 /77 vivo, we treated a
human colorectal carcinoma cells, HCT116, with various concentrations of CBB3001
(Figure 3A and 3B). We found that treatment of this compound at 20 uM was sufficient to
induce the increased levels of the mono- and di-methylated H3K4 in histone H3, while there
was no change on the level of trimethylated H3K4 (Figure 3C). We also treated a human
ovarian teratocarcinoma cell, PA-1, originally derived from a metastatic ovary of a 12 year
old Caucasian female, with various concentrations of CBB3001 (Figure 3A and 3B). Similar
to the effects observed on HCT116 cells, treatment of PA-1 cells with this LSD1 inhibitor
also increased the levels of the mono- and di-methylated H3K4 in histone H3 but not the
level of trimethylated H3K4 (Figure 3C). These studies indicate that CBB3001 indeed
inhibits the histone demethylase activity of LSD1 in various cancer cells.

2.4. CBB3001 selectively inhibits pluripotent PA-1 teratocarcinoma cells but does not have
general cytotoxicity towards HCT116 cells

Although CBB3001 caused the increased levels of mono- and di-methylated H3K4 in both
HCT116 and PA-1 cells, we found that CBB3001 did not appear to affect the growth of
HCT116 cells, even at high concentrations of CBB3001 (>40 pM, Figure 3A and 3B). In
contrast, we observed that CBB3001 potently inhibited the growth of PA-1 cells between 5-
20 UM after 12-16 hours of treatment (Figure 3A and 3B).

We and others have previously shown that the activity of LSD1 is essential for the self-
renewal of pluripotent mouse embryonic stem cells and embryonic teratocarcinoma/
carcinoma cells but not for non-pluripotent cancer cells such as HeLa and 293 cells or
mouse fibroblast NIH3T3 cells, due to the specific requirement of LSD1 for the expression
of pluripotent stem cell proteins SOX2 and OOC4 in mouse embryonic stem cells and
embryonic teratocarcinoma/carcinoma cells.11: 12: 23, 44-46 The relative refractory effects of
CBB3001 on HCT116 cells suggest that CBB3001 does not have general cytotoxicity
towards cancer cells such as HCT116 cells that do not express these stem cell proteins. Thus,
the selective inhibition of PA-1 teratocarcinoma cells by CBB3001 indicates that this
compound is highly specific for LSD1 inhibition in teratocarcinoma cells that express SOX2
and OCT4.

2.5. CBB3001 selectively inhibits the expression of pluripotent stem cell proteins SOX2
and OCT4 to block the proliferation of pluripotent PA-1 teratocarcinoma cells

LSD1 has been shown to be specifically required for the self-renewal of pluripotent mouse
embryonic stem cells and embryonic teratocarcinoma/carcinoma cells. 11 12: 23 |nactivation
of LSD1 leads to the downregulation of pluripotent stem cell proteins such as SOX2 or
OCT4, which are essential for the pluripotency and self-renewal of pluripotent stem cells.
11,12, 23 \\fe found that treatment of CBB3001 indeed induced the downregulation of SOX2
and OCT4 proteins in PA-1 cells (Figure 4A and 4B). To further confirm the effect of
CBB3001 in PA-1 cells, we also used siRNA-mediated gene silencing to knockdown the
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expression of LSD1 in PA-1 cells by specific siRNAs. We found that knockdown of LSD1
indeed caused the increased levels of mono-and di-methylated H3K4, downregulation of
SOX2 and OCT4 proteins, and the growth inhibition of 1 cells (Figure 4C and 4D). These
studies confirm that CBB3001 is a specific inhibitor of LSD1 both in vitroand /n vivo.

2.6. CBB3001 also selectively blocks the growth of mouse embryonic carcinoma F9 cells
but not mouse fibroblast NIH3T3 cells that do not express pluripotent stem cell proteins
SOX2 and OCT4

Since PA-1 is a teratocarcinoma cell that express SOX2 and OCT4, we also tested whether
other cancer cells such as mouse embryonic carcinoma F9 cells are sensitive to
CBB3001.11:12.23 Oyr studies showed that treatment of F9 cells with CBB3001 led to the
growth inhibition and downregulation of SOX2 and OCT4 (Figure 5A-5C). In contrast,
CBB3001 did not have significant effects on the growth of mouse fibroblast cell NIH3T3
that does not express SOX2 or OCT4 (Figure 5A-5C).11 These studies are consistent with
our previous and current observations that PA-1 and F9 cells are selectively sensitive to
CBB3001 because LSD1 is specifically required for the expression of pluripotent stem cell
proteins SOX2 and OCT4 in these cells.11: 12,23

2.7. Tranylcypromine (PCPA) non-specifically inhibits the growth of all tested cells at high
concentrations

To compare the selectivity and potency of CBB3001, we also examined the effects of
tranylcypromine in our cells. Our studies revealed that tranylcypromine exhibited general
cytotoxicity towards the growth of PA-1, F9, HCT116, and NIH3T3 cells in a dose-
dependent manner, especially at high concentrations (> 200 uM, Figure 6 and 7). Our studies
are consistent with previous reports that tranylcypromine is a non-specific inhibitor that is
toxic to the growth of many cells.8 11. 47

2.8. CBB3001 is more selective and potent than several recently reported LSD1 inhibitors

Recently, in addition to tranylcypromine, several other compounds such as ORY-1001 (ORY
or RG-6016) and GSK2879552 (GSK) were reported to inhibit the demethylase activity of
LSD1 and to block the growth of many cancer cells with high potency (reported ICsq of
ORY=20 nM and ICsq of GSK=240 nM for inhibiting the growth of many cancer cells).48: 4°
To compare the selectivity and potency of CBB3001, we also tested the effects of
GSK?2879552 and ORY-1001 on our cells, in parallel to CBB3001 (Figure 8 and 9). Our
studies indicate that under our assay conditions (single dose and 16-30 hours), there were no
significant inhibitory effects of both GSK2879552 and ORY-1001 at their reported
concentrations or much higher concentrations (GSK2879552 at 5 uM and ORY-1001 at 2
uUM) in PA-1, HCT116, F9 and NIH3T3 cells (Figure 8 and 9), although a low level of
cytotoxicity of GSK2879552 (< 10-20%) towards all these cell lines was sometimes
observed. Thus, our studies indicate that CBB3001 exhibits selective and potent inhibitory
effects on teratocarcinoma and embryonic carcinoma cells that are consistent with the
requirement of LSD1 for the expression of pluripotent SOX2 and OCT4 these cells.
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2.8. The growth inhibitory effects of CBB3001 on PA-1 cells are not reversible

Since previous studies indicated that LSD1 maintains the self-renewal and pluripotency of
mouse embryonic stem cells and other embryonic carcinoma/teratocarcinoma cells by
preventing them from differentiation,11: 12. 23 we tested whether the growth inhibitory effects
of CBB3001 are reversible. We found that after treatment of PA-1 cells with CBB3001 for
24 hours, the growth inhibitory effects of CBB3001 were not reversible if the compound was
removed from the culture medium for another 24 hours (Figure 10A and 10B). It is possible
that by downregulating pluripotent stem cell proteins such as SOX2 or OCT4 (Figure 4) in
these cells by CBB3001, the cells are induced to undergo differentiation and stop growth, as
previously reported in LSD1-inactivated embryonic stem cells or embryonic carcinoma/
teratocarcinoma cells.

2.9. Dowregulation of SOX2 is sufficient to block the growth of PA-1 cells

PA-1 is a teratocarcinoma cell line that expresses pluripotent stem cell proteins such as
SOX2 and OCT4.12:50 As an example to demonstrate the importance of these pluripotent
stem cell proteins for the growth of PA-1 cells, we also used siRNA-mediated gene silencing
to knockdown the expression of SOX2 (Figure 10C). Our examination revealed that
downregulation ofby specific SIRNAs is sufficient to block the growth of PA-1 cells,
indicating that the downregulation of pluripotent stem cell proteins such as SOX2 by
CBB3001 serves as a mechanism for the selectivity of CBB3001 towards PA-1 cells.

3. Conclusion

In this report, we report a new chemical compound, CBB3001, that specifically inhibits the
activity of histone demethylase LSD1. Unlike tranylcypromine that inhibits LSD1 at high
concentrations34 3% 51 this new LSD1 inhibitor specifically and potently inhibits the
demethylase activity of LSD1 in vitro, with 1C50 about 21 uM (Figure 1 and 2). While
tranylcypromine exhibits general cytotoxicity towards all our cell lines (Figure 6 and 7), we
found CBB3001 does not have general cytotoxicity towards cancer cells such as HCT116 or
NIH3T3 cells (Figure 3-5). However, as expected, CBB3001 displays strong growth
inhibitory effects on the growth of pluripotent teratocarcinoma PA-1 or embryonic
carcinoma F9 cells that express SOX2 and OCT4 (Figure 3 and 4). Our further studies
revealed that CBB3001 potently inhibited the expression of pluripotent stem cell proteins
SOX2 or OCT4 in PA-1 and F9 cells (Figure 3-5).11:12.50 Since HCT116 or NIH3T3 cells
do not express SOX2 and/or OCT4 or other stem cell proteins such as NANOG, CBB3001
does not have significant growth inhibitory effects towards HCT116 and NIH3T3 cells
(Figure 3 and 5). Our studies revealed that CBB3001 represents another class of chemical
compounds that exhibits potent and specific inhibitory effects toward LSD1. Our studies
further indicate that LSD1 serves as a critical epigenetic target in cancer cells that express
pluripotent stem cell proteins.
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4. Experimental

4.1. Organic synthesis

Preparation of tert-butyl 4-(2-nitrocyclopropyl)phenyl carbonate (2)—We
modified a chemical scheme to synthesize CBB3001.40-43 (E)-4-(2-Nitrovinyl)phenol (193
mg), Boc,0 (280 mg), DMAP (15 mg) and triethylamine (244 pL) in 5 mL DCM was
stirred at room temperature overnight. Then water was added into the flask and the organic
layer was separated, washed with brine, dried over Nay;SQOy, filtered and evaporated to
dryness. The residue was dissolved in 1 mL DMSO. To a suspension of 60% NaH (61 mg)
in 7 mL DMSO was added trimethylsulfoxonium iodide (335 mg) [11. The mixture was
stirred at room temperature for 30 min. Then (E)-fert-butyl 4-(2-nitrovinyl)phenyl carbonate
DMSO solution was added dropwise into the flask. The reaction was stirred at room
temperature for another 2 hrs. The reaction was quenched with NH4CI (aq) and diluted with
ethyl acetate. The organic layer was separated and washed with brine, dried over Na;SOy,
filtered and evaporated to dryness. The resulting mixture was purified via column
chromatography using EA and hexanes as eluents to afford 106 mg compound 2. Yield 32%.
1H NMR (400 MHz, CDCl3) 8 7.11 (s, 4H), 4.48 — 4.26 (m, 1H), 3.21 - 3.04 (m, 1H), 2.32
—2.11 (m, 1H), 1.66 — 1.59 (m, 1H), 1.53 (s, 9H); GC-MS m/z 179.0 (M-Boc).

Preparation of tert-butyl 2-(4-(tert-
butoxycarbonyloxy)phenyl)cyclopropylcarbamate (CBB3001)—Compound 2 (106
mg) was stirred in a mixture of 15 mL i-PrOH and 3.8 mL 1N HCI (aqg). Then Zn powder
(247 mg) was added into the flask. The mixture was stirred at room temperature for 1 hr.
The reaction was quenched with NaHCOj3 (aq) and diluted with ethyl acetate. The organic
layer was separated and washed with brine, dried over Na,SOy, filtered and evaporated to
dryness. The residue was dissolved in 15 mL DCM and mixed with triethylamine (210 pL)
and Boc,0 (250 mg). The mixture was stirred at room temperature overnight. Subsequently,
10 mL water was added into the flask and the organic layer was separated, washed with 1N
HCI (aqg) x1, brine x 1, dried over Na,SQy, filtered and evaporated to dryness. The crude
product was purified via column chromatography using EA and hexanes as eluents to afford
31 mg compound 3. Yield 23%.1H NMR (400 MHz, CDCl3) § 7.14 (d, /= 8.4 Hz, 2H),
7.05 (d, /=8.5 Hz, 2H), 4.85 (br s, 1H), 2.87 — 2.57 (m, 1H), 2.20 — 1.93 (m, 1H), 1.55 (s,
9H), 1.45 (s, 9H), 1.22 - 1.06 (m, 2H); LR-MS m/z 250.2 (M-Boc + H™).

4.3. Cells, tissue culture, and growth inhibitory assays

HCT116, PA-1, F9 and NIH3T3 cells were purchased from ATCC and cultured in
RPMI-1640, DMEM, or MEM medium supplemented with 10% fetal bovine serum and 1%
antibiotics (Invitrogen). The cells have been recently authenticated and tested based on the
pseudo diploid genome for HCT116 cells and protein markers such as SOX2 or OCT4 in
PA-1 and F9 cells and p53 and p21 in HCT116 and NIH3T3 cells. We used previous
described procedures for growth inhibitory assays.!1: 12 Active growing PA-1, F9, HCT116
or NIH3T3 cells (30-50% confluent) were treated with dimethylsulfoxide (DMSO, vehicle
control) or with various concentrations of CBB3001 for 12—24 hours. Cells were examined
and cell images were acquired with 10X10 lens of Nikon ECLIPSE Ti-S microscope
equipped with NIS-Elements BR 3.1 software. Triplicated cells (technical repeats) were
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harvested by trypsin digestion, diluted, and blindly spotted onto a hemacytometer. Cells in
four corners of the hemacytometer were counted and to obtain average cells per dish. The
differences between control and CBB3001 treated cells were compared and plotted.
Experiments were repeated for three independent times with the same conclusion and one
example is shown.

4.4. In vitro demethylation assays

Human LSD1 cDNA were cloned into pGEXKG as a GST-LSD1 fusion protein. The
plasmid was transformed into £ co/i BL21 strain that is deficient for protease activity to
minimize the proteolytic degradation of the fusion protein. The GST-LSD1 was expressed
and purified from bacteria using the glutathione Sepharose beads (GE Healthcare). The
recombinant LSD1 protein was tested for demethylation assays using the di-methylated
H3K4 peptide as previously reported.1? Methylated H3K4 peptides were incubated with
recombinant LSD1 protein at 30 °C for 1 hour according to previously described methods.5
A typical 20 pl reaction contained 2 ug GST-LSD1, 1 pg methylated histone H3K4 peptides,
and various concentrations of CBB3001 or tranylcypromine. The reaction products were
analyzed by mass-spectrometry. The conversion efficiency of the di-methylated (Me2) H3K4
peptide by the demethylases to mono- (Mel) and non-methylated (Me0) H3K4 is calculated
using the integrated product peak areas in an Orbitrap XL mass-spectrometry (Thermo
Scientific) system using the following formula:11

Area(Me0)X2 + Area(Mel)/[Area(Me0) + Area(Mel) + Area(Me2)]X2

The in vitro ICsq of CBB3001 for LSD1 inhibition was calculated using the conversion
efficiency and the GraphPad Prism5 software as previously described.1!

4.5. Chemical, antibodies, and Western blotting

ORY-1001 (RG-6016), tranylcypromine, and GSK2879552 were purchased from APExBIo.
Anti-LSD1 (A300-215A) and anti-SOX2 (A301-741 A) antibodies were from Bethyl
Laboratories; Anti-mono-methylated (ab8895), di-methylated, and trimethylated (ab8580)
K4 of histone H3 (ab32356), and histone H3 (ab1791) antibodies were obtained from
Abcam. Log-phase growing cancer cells were treated with CBB3001 for indicated time and
the cells were then directly lysed in a buffer containing 0.5% SDS. Proteins in the lysates
were equalized and analyzed by Western blotting using antibodies against SOX2, OCT4,
LSD1, H3K4Mel, H3K4Me2, H3K4me3 and histone H3, and other proteins as described
previously.11

4.6. Small RNA Interference

Cells were transfected with 50 nM siRNAs using the DharmaFECT reagent 1 (Dharmacon)
for 30-36 hours for mMRNA analysis using quantitative real-time RT-PCR or for 48-60 hours
for Western blotting as described previouslyl. The siRNA sequences are: human LSDI:
GGAAGAAGAUAGUGAAAAC and human Sox2: CGCUCAUGAAGAAGGAUAA.
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4.7. Statistical Information

Experiments were usually performed with at least three independent repeats (biological
replicates) to ensure the results. For cell number assays, triplicated cell samples were used to
determine and compare the statistically significant differences between means of control
(DMSO) and CBB3001 treated cells using two-tailed paired t-test. Quantitative data are
expressed by bar graph and standard deviations (S.D.) are expressed as mean and error bars.
Different data sets were considered to be statistically significant when the P-value was <0.05
(*), 0.01 (**) or 0.001 (***),52
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Figure 1.
The synthesis scheme of CBB3001.

A. The structure of tranylcypromine (trans-2-phenylcycpropylamine).

B. Scheme for chemical synthesis of CBB3001: i) a) Boc,O, triethylamine, DMAP, DCM;
b) Trimethylsulfoxonium iodide, NaH, DMSO. ii) a) Zn, HCI (aq), i-PrOH; b) Boc,0, TEA,
dichloromethane (DCM). Compound 3 is CBB3001.

C. The structure of CBB3001.
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Analysis of CBB3001 and tranylcypromine (PCPA) on LSD1-dependent demethylation /n

vitro.

A. Purified recombinant GST-LSD1 protein used for the /n vitro demethylation assay.

B. CBB3001 or tranylcypromine inhibits LSD1 demethylase activity /n vitro. Recombinant
LSD1 was incubated at 30 °C for 1 hour with the di-methylated H3K4 peptide and various
concentrations of CBB3001. The demethylated products, mono-methylated (H3K4Mel) and

non-methylated (H3K4me0), were analyzed by mass-spectrometry (MS). From top to
bottom panels: 1) 1 ug di-methylated H3K4 peptide without GST-LSD1; 2) 1 ug

dimethylated peptide + 2 ug GST-LSD1; 3) 1 ug di-methylated H3K4 peptide + 2 pg GST-
LSD1 + 30 uM CBB3001; 4 and 5) 1 pug di-methylated H3K4 peptide + 2 ug GST-LSD1

+ 50 uM or 500 uM tranylcypromine in 20 pl reaction as indicated.
C. The MS peak areas of control and various CBB3001 treated samples were integrated as
described in Experimental and used to calculate 1Csg of CBB3001 at 0, 1, 2, 5, 10, 15, 20,
30, 40, 50, 100 uM, respectively.
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Figure 3.
In vivo analysis of CBB3001 on LSD1 demethylation of methylated H3K4 in histone H3.

A. In vivo effects of CBB3001 on cancer cells. Actively growing HCT116 and PA-1 cells
were treated with various concentrations of CBB3001 for 16 hours and examined. Cells
were examined and cells images were acquired with 10x10 lens of Nikon ECLIPSE Ti-S
microscope equipped with NIS-Elements BR 3.1 software. Triplicated cells (technical
repeats) were used for examination and one set of representative treated cells was shown.
B. Triplicated treated cells (technical repeats) from Figure 3A were harvested by trypsin
digestion, diluted, and blindly spotted onto a hemacytometer. Cells in four corners of the
hemacytometer were counted to obtain average cells per dish. The differences between
control and CBB3001 cells in triplicated samples were plotted. Experiments were repeated
for three independent times with the same conclusion and one example is shown.
Statistically significant differences were determined using a two-tailed equal-variance
independent t-test. Different data sets were considered to be statistically significant when the
P-value was <0.05 (*), 0.01 (**) or 0.001 (***).

C. Total histones were extracted from control and CBB3001 treated cells and the levels of
mono-, di-, and trimethylated H3K4 and histone H3 were monitored by Western blotting
with specific antibodies indicated on the left, respectively, and quantified.

Bioorg Med Chem. Author manuscript; available in PMC 2019 May 01.
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Figure 4.
CBB3001 downregulates SOX2 and OCT4 expression in PA-1 cells.

A. PA-1 cells were treated at indicated concentrations of CBB3001 for 16 hours and cells
were examined and cells images were acquired as in Figure 3A.

B. The treated cells were lysed with 0.5% SDS-containing lysis buffer and the levels of
SOX2, OCT4, LSD1, mono-, di-, and trimethylated H3K4 and histone H3 were monitored
by Western blotting with specific antibodies indicated on the left, respectively, and
quantified.

C. PA-1 cells were transfected with 50 nM control (luciferase, luc) and LSD1 siRNAs for 48
hours and cells were examined and cells images were acquired as in Figure 4A.

D. The levels of SOX2, OCT4, LSD1, mono-, di-, and trimethylated H3K4 and histone H3
were monitored by Western blotting with specific antibodies indicated on the left,
respectively, and quantified.

Bioorg Med Chem. Author manuscript; available in PMC 2019 May 01.
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Figure 5.

CBB3001 Selectively inhibits the growth of F9 cells.

A. Actively growing F9 and NIH3T3 cells were treated with various concentrations of
CBB3001 for 30 hours and examined. Cells were examined and cells images were acquired
as in Figure 4A. Triplicated cells (technical repeats) were used for examination and one set
of representative treated cells was shown.

B. Triplicated treated cells (technical repeats) from Figure 5A were harvested by trypsin
digestion, diluted, and blindly spotted onto a hemacytometer. Cells in four corners of the
hemacytometer were counted to obtain average cells per dish. The differences between
control and CBB3001 cells in triplicated samples were plotted. Statistically significant
differences were determined using a two-tailed equal-variance independent t-test. Different

Bioorg Med Chem. Author manuscript; available in PMC 2019 May 01.
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data sets were considered to be statistically significant when the P-value was <0.05 (*), 0.01
(**) or 0.001 (***).

C. The treated F9 cells were lysed with 0.5% SDS-containing lysis buffer and the levels of
SOX2, OCT4, and actin (loading control) were monitored by Western blotting with specific
antibodies indicated on the left, respectively, and quantified.

Bioorg Med Chem. Author manuscript; available in PMC 2019 May 01.
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Figure 6.
Tranylcypromine inhibits the growth of both HCT116 and PA-1 cells.

A. In vivo effects of tranylcypromine on HCT116 and PA-1 cells. Actively growing HCT116
and PA-1 cells were treated with various concentrations of tranylcypromine (PCPA) for 16
hours and examined. Cells were examined and cells images were acquired as in Figure 3A.
Triplicated cells (technical repeats) were used for examination and one set of representative
treated cells was shown.

B. Triplicated treated cells (technical repeats) from Figure 6A were harvested by trypsin
digestion, diluted, and blindly spotted onto a hemacytometer as in Figure 3B. The
differences between control and tranylcypromine-treated cells in triplicated samples were
plotted. Experiments were repeated for three independent times with the same conclusion
and one example is shown. Statistically significant differences were determined using a two-
tailed equal-variance independent t-test. Different data sets were considered to be
statistically significant when the P-value was <0.05 (*), 0.01 (**) or 0.001 (***).
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Figure 7.
Tranylcypromine inhibits the growth of both F9 and NIH3T3 cells.

A. In vivo effects of tranylcypromine on F9 and NIH3T3 cells. Actively growing F9 and
NIH3T3 cells were treated with various concentrations of tranylcypromine (PCPA) for 16
hours and examined. Cells were examined and cells images were acquired as in Figure 3A.
Triplicated cells (technical repeats) were used for examination and one set of representative
treated cells was shown.

B. Triplicated treated cells (technical repeats) from Figure 7A were harvested by trypsin
digestion, diluted, and blindly spotted onto a hemacytometer as in Figure 3B. The
differences between control and tranylcypromine-treated cells in triplicated samples were
plotted. Experiments were repeated for three independent times with the same conclusion
and one example is shown. Statistically significant differences were determined using a two-
tailed equal-variance independent t-test. Different data sets were considered to be
statistically significant when the P-value was <0.05 (*), 0.01 (**) or 0.001 (***).
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Figure 8.
Effects of ORY-1001, GSK2879552, and CBB3001 on HCT116 and PA-1 cells.

A. In vivo effects of tranylcypromine on HCT116 and PA-1 cells. Actively growing HCT116
and PA-1 cells were treated with various concentrations of CBB3001, GSK2879552 (GSK),
or ORY-1001 (ORY) for 16 hours and examined. Cells were examined and cells images were
acquired as in Figure 3A. Triplicated cells (technical repeats) were used for examination and
one set of representative treated cells was shown.

B. Triplicated treated cells (technical repeats) from Figure 8A were harvested by trypsin
digestion, diluted, and blindly spotted onto a hemacytometer as in Figure 3B. Statistically
significant differences were determined using a two-tailed equal-variance independent t-test.
Different data sets were considered to be statistically significant when the P-value was <0.05
(*), 0.01 (**) or 0.001 (***).
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Figure 9.
Effects of ORY-1001, GSK2879552, and CBB3001 on F9 and NIH3T3 cells.

A. In vivo effects of tranylcypromine on F9 and NIH3T3 cells. Actively growing F9 and
NIH3T3 cells were treated with various concentrations of CBB3001, GSK2879552 and
ORY-1001 for 16 hours and examined. Cells were examined and cells images were acquired
as in Figure 3A. Triplicated cells (technical repeats) were used for examination and one set
of representative treated cells was shown.

B. Triplicated treated cells (technical repeats) from Figure 9A were harvested by trypsin
digestion, diluted, and blindly spotted onto a hemacytometer as in Figure 3B. The
differences between control and tranylcypromine-treated cells in triplicated samples were
plotted. Experiments were repeated for three independent times with the same conclusion
and one example is shown. Statistically significant differences were determined using a two-
tailed equal-variance independent t-test. Different data sets were considered to be
statistically significant when the P-value was <0.05 (*), 0.01 (**) or 0.001 (***).
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Figure 10.
The growth inhibitory effects of CBB3001 is not reversible in PA-1 cells.

A. Actively growing PA-1 cells were treated with various concentrations of CBB3001 for 24
hours and the chemicals were removed. The cells were extensively washed and re-cultured
in fresh cell culture medium without CBB3001 for 24 additional hours. Cells were examined
and cells images were acquired as | Figure 3A. Triplicated cells (technical repeats) were
used for examination and one set of representative treated cells was shown.

B. Triplicated treated cells (technical repeats) from Figure 10A were harvested by trypsin
digestion, diluted, and blindly spotted onto a hemacytometer. Cells in four corners of the
hemacytometer were counted to obtain average cells per dish. The differences between
control and CBB3001 cells in triplicated samples were plotted. Experiments were repeated
for three independent times with the same conclusion and one example is shown.

C. PA-1 cells were transfected with 50 nM control (luciferase, Luc) or SOX2 siRNAs for 48
hours. Left and middle panels: Cells were examined and cells images were acquired as in
Figure 4A. Right panel: The levels of SOX2 and CUL1 (loading control) were examined in
transfected cells by specific antibodies.
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