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Abstract

Background: Lysine-specific histone demethylase 1 (LSD1) is a potential target of cancer
therapy. In the present study, we aimed to investigate the combined antitumor activity of
a novel LSD1 inhibitor (ZY0511) with 5-fluorouracil (5-FU) and elucidate the underlying

mechanism in colorectal cancer (CRC).

Methods: We evaluated LSD1 expression in CRC tissues from patients who received 5-FU
treatment. The synergistic antitumor effect of 5-FU with ZY0511 against human CRC cells was
detected both in vitro and in vivo. The underlying mechanism was explored based on mRNA

sequencing (MRNA-seq) technology.

Results: Overexpression of LSD1 was observed in human CRC tissues, and correlated with
CRC development and 5-FU resistance. ZY0511, a novel LSD1 inhibitor, effectively inhibited
CRC cells proliferation, both in vitro and in vivo. Notably, the combination of ZY0511 and 5-FU
synergistically reduced CRC cells viability and migration in vitro. It also suppressed Wnt/B-
catenin signaling and DNA synthesis pathways, which finally induced apoptosis of CRC cells.
In addition, the combination of ZY0511 with 5-FU significantly reduced CRC xenograft tumor
growth, along with lung and liver metastases in vivo.

Conclusions: Our findings identify LSD1 as a potential marker for 5-FU resistance in CRC.
ZY0511 is a promising candidate for CRC therapy as it potentiates 5-FU anticancer effects,
thereby providing a new combinatorial strategy for treating CRC.
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Introduction

Colorectal cancer (CRC) is the third most com-
mon malignancy and fourth most common cause
of cancer-related deaths worldwide, with annual
increases in morbidity and mortality. Over the
past decades, 5-fluorouracil (5-FU) has remained
the gold standard for CRC treatment.! 5-FU
resistance occurs frequently, especially in patients
with advanced CRC, which leads to response
rates of only 20-25%.2 By combination with other
drugs, such as oxaliplatin, irinotecan, and tar-
geted therapies, the response rates for 5-FU-based
chemotherapy have increased to 40-50% in
advanced CRC, which has improved overall

survival.> However, despite these improvements,
the efficiency of the above combinatorial strate-
gies remains far from satisfactory. A better under-
standing of 5-FU resistance mechanism and
better options of combinational therapy strategy
are urgently needed to improve the overall sur-
vival of patients with advanced CRC.

Epigenetic dysregulation plays crucial roles in
development and progression of human CRC. The
machinery that controls DNA and histone modifi-
cation has become a major attraction for targeted
CRC therapies.*> Lysine-specific histone demethy-
lase 1 (LSD1) is a histone-modifying enzyme
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responsible for demethylating histone H3 lysine 4
(H3K4) and histone H3 lysine 9 (H3K9) 67 ;
thus, it regulates the expression of many genes
that are important in biological processes.
Overexpression of LSDI1 is observed in many
human cancers, such as acute myeloid leukemia
(AML),8 colorectal,®19 oral,!! breast,!? lung,!3:14
and prostate cancer,!> and is associated with a
poor survival rate of cancer patients. Increasing
evidence suggests that LSD1 is involved in tumo-
rigenesis through regulating cell stemness, motil-
ity, epithelial-mesenchymal transition (EMT),
and glycolysis metabolism.” Knockdown or inhi-
bition of LSD1 effectively inhibited cancer cell
proliferation, invasion, and migration, supporting
LSDI1 as a promising cancer therapy target.

Recent studies have shown that LSD1 overex-
pression is also associated with resistance to
chemotherapy drugs such as paclitaxel and cispl-
atin,!%17 and LSD1 knockdown largely eliminates
this resistance. Previous research has shown that
LSD1 depletion enhanced the chemosensitivity
of human oral squamous cell carcinoma cells to
5-FU,!! suggesting an association between LSD1
overexpression and 5-FU resistance. Moreover,
LSD1 could reduce H3K4me2 and H3K9me2
cellular levels, which predicted worse survival
outcomes of pancreatic cancer patients who were
undergoing adjuvant fluorouracil chemother-
apy.!® Therefore, we hypothesized that LSDI1
inhibitors could be used for CRC treatment and
to enhance the sensitivity to 5-FU. However, the
effects of LSD1 inhibitors, alone or in combina-
tion with 5-FU, on CRC remains unclear.

Previously, we developed a novel and potent
small molecular LSD1 inhibitor, ZY0511, with
an IC;, of 1.4nM. ZY0511 inhibited prolifera-
tion of multiple human cancer cell lines, includ-
ing breast cancer, prostate cancer, and CRC cells
m wvitro.1920 Here, our results demonstrate that
ZY0511 inhibits growth of human CRC cells
both in vitro and in vivo. Notably, LSD1 overex-
pression is correlated with 5-FU resistance in
human CRC specimens, and ZY0511 combined
with 5-FU synergistically suppresses CRC cells
growth and metastasis, both # vitro and in vivo.
Collectively, our findings identify LSD1 as a
potential marker for 5-FU resistance in CRC.
ZY0511 is a promising candidate for CRC ther-
apy as it potentiates 5-FU anticancer effects,
thereby validating a combinatorial strategy for
treating CRC.

Materials and methods

Materials

5-FU was purchased from Tianjin Jinyao Amino
Acid Co., Ltd. (Tianjin, China). For all n vitro
assays, 5-FU was dissolved in dimethyl sulfoxide
(DMSO) to a 10-mM stock solution and diluted
in the relevant assay medium to provide the final
desired concentration. For in vivo experiments,
5-FU was dissolved in 0.9% phosphate-buffered
saline (PBS) and dosed at 0.1ml/10g of body
weight. For all iz vitro assays, medium with 0.1%
DMSO served as the vehicle control.

Cell lines and cell culture

Human CRC cell lines including SW620,
HCT116, SW480, LOVO, DLD-1, SW48,
HCT15, HT29, and human normal colonic epi-
thelial cell line NCM460 were purchased from
the American Type Culture Collection (ATCC,
Manassas, VA, USA). Cells were maintained in a
humidified incubator at 37°C with 5% CO,, and
grown in RPMI 1640 or the Dulbecco’s modified
Eagle medium supplemented with 10% heat-
inactivated fetal bovine serum (Hyclone, Logan,
UT, USA) and 1% antibiotics (penicillin and
streptomycin).

Synthesis and preparation of ZY0511
ZY0511((E)-N'-(4-chloro-7-hydroxy-2,3-dihydro-
1H-inden-1-ylidene)-3-(morpholinosulfonyl) ben-
zohydrazide) was synthesized in the State Key
Laboratory of Biotherapy, Sichuan University
(Sichuan, China); its structural formula is shown in
supplemental Figure S1A. For i wirro assays,
ZY0511 was dissolved in DMSO and diluted in the
relevant culture medium to a final DMSO concen-
tration of 0.1% (v/v). For i wvivo experiments,
ZY0511 was suspended in 5% N-methyl-2-
pyrrolidone INMP) and 95% polyethylene glycol
(PEG) 400 and administered by oral gavage at vol-
umes of 10ml/kg/day.

Patient samples

A total of 60 patients with CRC were recruited
from the Guizhou Provincial People’s Hospital.
This study was conducted with the approval of the
Guizhou Provincial People’s Hospital, China (per-
mit number: 2016037), and the patients enrolled
in this study did not receive any neoadjuvant
chemotherapy or radiation therapy prior to
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Table 1. Relationship between expression level of LSD1 and clinical features of CRC patients.

Characteristics Number (n) % LSD1 X2 p value
High Low

Gender

Male 32 53 23 9 1.685 0.194

Female 28 47 24 4

Age [years)

<60 31 52 25 6 0.202 0.653

=60 29 48 22 7

Location

Colon 34 57 26 8 0.090 0.764

Rectum 26 43 19 7

TNM stage

I 5 8 2 3 8.843 0.031

Il 27 45 20 7

1 20 33 18 2

v 8 13 8 0

Distant

yes 8 25 8 0 3.346 0.067

No 52 75 39 13

CRC, colorectal cancer; LSD1, lysine-specific histone demethylase 1A; TNM, tumor node metastasis.

surgical treatment. The clinical information of
patients has been summarized in Table 1. The
stage of all tissue specimens was determined
according to the American Joint Committee on
Cancer (AJCC) guidelines for colorectal tumors:
stagel, 5 patients; stage I, 27 patients; stage III, 20
patients; stageIV, 8 patients. The tissue samples,
dissected by a senior pathologist in the operating
room, were frozen immediately in liquid nitrogen
and stored at —80°C. The clinical diagnosis, tumor
stage, histology differentiation, and resection mar-
gin were determined by routine histopathology
examination of hematoxylin and eosin (H&E)-
stained specimens by a blinded pathologist.

MTT assay
Cells (35 X 103/well) were plated in 96-well
plates and incubated overnight, followed by

5-FU treatment of various concentrations with
or without ZY0511. After treatment, 10ul of
MTT (3-[4,5-dimethylthiazole-2-yl]-2,5-diphe-
nyltetrazolium bromide; 5mg/ml) was added to
each well and incubated for an additional 1-4h.
Then, the medium was discarded and 150l of
DMSO was added to dissolve the formazan.
Absorbance was measured at 570nm using a
Microplate Auto reader (Bio-Rad, Hercules, CA,
USA). The cell viability was calculated as (OD of
drug-treatment) X 100%/(control OD). The IC,,
values were calculated using Graph-Pad Prism 6
software (San Diego, CA, USA), using XY
modeling.

Combination index score calculation
To evaluate the combination effect of ZY0511
and 5-FU, pre-incubated cells were co-treated
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with various concentrations of the two drugs for
72h. Drug synergism was analyzed using the
CompuSyn software (Biosoft, Ferguson, MO,
USA).2! Following software instructions, drug
combinations at non-constant ratios were used to
calculate the combination index (CI) values in
our study; CI <0.75, CI=0.75-1.25, and CI
>1.25 were considered to reflect synergistic,
additive, and antagonistic effects, respectively.

Colony formation assay

For colony formation assays, SW620 and DLD-1
cells were seeded in triplicate into six-well plates
(3-5 X 103/well) and incubated overnight. Cells
were then cultured in various concentrations of
5-FU, with or without ZY0511 for 10-14days.
Growth medium was replaced every 2 days. Then,
cells were fixed with methanol, stained with a
0.5% crystal violet solution for 15—20min, and
the colonies (>50 cells) were counted under a
microscope.

Apoptosis assay

For apoptosis assays, cells (1 X 10%well) were
seeded into six-well plates and cultured in the
presence or absence of drugs, as indicated. After
48h, the cells were harvested and apoptosis was
determined using an Annexin V/PI apoptosis
detection kit according to the manufacturer’s
instructions using FCM (BD Biosciences, San
Jose, CA, USA). The data were analyzed using
FlowJo software (Ashland, OR, USA).

Mitochondrial membrane potential (A¥Ym)

assay

The A¥Ym of cells treated with ZY0511 and/or
5-FU was measured. Briefly, SW620 and DLD-1
cells (2 X 105/well) were plated in six-well plates,
followed by ZY0511 (1.25 and 2.5uM) and/or
5-FU (10uM) treatment for 48h. Then, AYm
was determined according to the retention of the
rhodamine 123 dye in cells. Cells were harvested,
washed with PBS, and then incubated with rho-
damine 123 (5ug/mL) at 37°C for 15min in the
dark. After washing twice, the cells were incu-
bated again in PBS at 37°C for 30 min in the dark
and fluorescence was then measured using FCM.

Wound healing and transwell migration assay
SW620 and DLD-1 cells were seeded into six-
well plates. When cells grew to 80% confluence,

the cell monolayers were damaged with a micro-
pipette to create a 2-mm wide linear wound, fol-
lowed with various concentrations of 5-FU and/
or ZY0511 treatment. After 24h of incubation,
cells were fixed and photographed. Images were
acquired wusing a microscope (Zeiss, Jena,
Germany) and the inhibition of migrated cells
was expressed using a percentage of the value
assigned for the untreated group.

Transwell migration assays were carried out in
24-well plates using Boyden chambers with an
8-um pore size PET membrane (MCEP24H48,
Millipore, Billerica, MA, USA). Briefly, 4-6 X 10%
cells in 100ul of a non-serum culture medium
were resuspended in the upper chamber and
medium with 10% fetal bovine serum was used as
a chemoattractant in the lower chamber. After
24h of incubation, non-invasive cells on the
upper surface membrane were gently removed
using a cotton swab. The invasive cells were fixed
with paraformaldehyde and stained with 0.2%
crystal violet. The stained invasive cells were pho-
tographed under an inverted light microscope
with a 20X objective and quantified by manual
counting in three randomly selected areas.

Immunoblot assay

Western blot analyses were performed as per a
previously described method.22 Briefly, cells were
harvested, washed twice with chilled PBS, and
then lysed with RIPA buffer containing protease
inhibitor cocktail. The concentrations of the cell
lysate were measured using the Coomassie bril-
liant blue G-250 method and equalized before
loading. Equal amounts of protein from each
sample were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and then
transferred to polyvinylidene difluoride mem-
branes (Millipore). Membranes were blocked
with 5% skim milk and incubated with specific
primary antibodies at 4°C overnight. After the
incubation with the relevant secondary antibod-
ies, the reactive bands were identified using an
enhanced chemiluminescence kit (Amersham
Bioscience, Piscataway, NJ, USA), scanned, and
analyzed using a Gel-Pro imager and software.
Western blot analyses were performed using pri-
mary antibodies against LSD1 (CST#2139),
Bcl-2 (CST#15071), Bax (CST#2774), cas-
pase-3 (CST#9662), E-cadherin (CST#14472),
vimentin (CST#5741), MMP2 (CST#40994),
TIMP2 (CST#5738), AKT (CST#4691),
GSK3-p (CST#12456), B-catenin (CST#8480),
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and cyclin D1 (CST#2978). B-Actin (CST#3700)
was used as an internal control. All antibodies
were purchased from Cell Signaling Technology
(Danvers, MA, USA).

mRNA sequencing

mRNA Sequencing (mRNA-Seq) was performed
using a profiler service provided by NOVELBIO
Corporation (Shanghai, China). Total RNA was
purified from SW620 cells after DMSO, 5-FU
(10uM), and/or ZY0511 (1.25uM) treatment for
48h and stored in TRIzol (Invitrogen, Carlsbad,
CA, USA). Triplicate samples were harvested for
each group, and significant probe sets were filtered
for detection using a fold-change >1.5, a p<<0.05
(Student’s 7 test), and a false discovery rate <0.05.
The differentially expressed genes were enriched
using gene ontology (GO) analysis.

Reverse transcription-polymerase chain

reaction

Total RNA was extracted from the eight cell lines
using with TRIzol reagent, according to the man-
ufacturer’s instructions. cDNAs was synthesized
using a Thermo-Scientific reverse transcription
kit (Waltham, MA, USA). Real-time qPCR (Bio-
Rad, Hercules, CA, USA) was conducted using
the SoAdvanced™ Universal SYBR Green kit
(Bio-Rad), according to the manufacturer’s
instructions: 95°C pre-denaturation for 30s, 40
cycles of 95°C denaturation for 5s, 60°C anneal-
ing and extension for 20s, followed by a dissolu-
tion curve analysis (65-95°C in 2-5s steps of
0.5°C each). The fold change between the target
gene mRNA transcripts and the B-actin control
was calculated and is shown in the histogram.
Primer sequences used were: LSDI1: F-GTC
TCG TTG GCG TGC TGA TCC; R-GAA
GAG TCG TGG AAT CGG CTG TG:; B-Acun:
F-CAT GTA CGT TGC TAT CCA GGGC;
R-CTC CTT AAT GTC ACG CAC GAT;
CAD: F-CCT ACA CGG ATG GAG ACC
TGG AG; R-CAC ATG CTC AGA GAT GGC
GAT GG; DHODH: F-TTC TCT TCG CCT
CCT ACC TGA TGG; R-GAG GTG AAG
CGA ACA GCC AGT C; DCTPPI: F-TCC
ATC AGC CTC GGA ATC TCC TC; R-GCT
GCT AAT GCC ACC AGG TAG ATG; DUT:
F-TCA GGC TTG GCT GCA AAA CAR-CGT
TCG CAA ATG AGC TGT GC; TYMS:
F-GTG GTG AAC AGT GAG CTG TCC TG;
R-TTC AGT GGC TCG ATG TGA TTC
AGG; and POLDI1: F-CCG CTC CTA CAC

GCT CAA TGC; R-GGT CGG TGA TGA
TGC TGT GCT G.

Immunohistochemistry analysis

All tissues were fixed in 4% paraformaldehyde for
24-48h and paraffin-embedded. Then, tissues
were cut into 5-um sections and subjected to
standard staining with H&E. The paraffin tumor
sections were stained with Ki-67 and cleaved-cas-
pase 3. Images were obtained using a microscope
(Leica, DM4000B, Wetzlar, Germany). The
intensity of each antigen expression was graded as
follows: 0, no staining; 1, weak; 2, moderate; 3,
strong. The semi-quantitative evaluation on the
basis of staining intensity was scored as the per-
centage of cells staining positively, as follows: 0,
no staining; 1, 1-25% of the cells stained; 2, 26—
50% of the cells stained; 3, 51-75% of the cells
stained; and 4, >75% of the cells stained.
Intensity score was multiplied by the density score
to yield an overall score of 0—12 for each speci-
men. The immunoreactivity of each slide was
divided into three groups based on the final
scores: 0, negative; 1-4, low expression; 4—12,
high expression. Negative controls without the
primary antibody incubation were included in
each staining run. Each slide was read and scored
independently by two pathologists, in a blinded
fashion.

Animal studies

All animal experiments were approved by the
Institutional Animal Care and Treatment
Committee of the State Key Laboratory of
Biotherapy, Sichuan University, China (permit
number: 20161205-3). Female BALB/C nude
mice (18-20g, 6-8weeks old) using for animal
experiments were obtained from HFK Bioscience
Co., Ltd. (Beijing, China). Tumor xenograft
models (SW620 and DLD-1) were established by
injecting cancer cells subcutaneously into the right
flank of mice. Nude mice bearing tumor with an
average volume of 100-300 mm? in size were ran-
dom divided into four groups (z=10per group),
the vehicle, 5-FU, ZY0511, and the combination
of the two drugs. The dosage and approach of the
combination group was given as following: 5-FU:
30 mg/kg, three times per week for three consecu-
tive weeks wia intraperitoneal injection (D1/D2/
D3, D8/D9/D10, and D16/D17/D18); ZY0511:
50mg/kg, once daily by oral administration.
Tumor growth and mice body weight were regu-
larly measured every 3 days during the treatment.
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The tumor size was calculated according to the
formula: tumor volume (mm?3) = (L X W?)/2,
where L is the length and W is the width.

Toxicity evaluation

To investigate potential side effects or toxicity on
mice during the treatment, mice were observed
continuously for relevant indices such as body
weight loss, diarrhea, anorexia, and skin ulcer, or
toxic death. On the 27th day, all animals were
euthanized after blood collection for routine
blood analysis and blood chemistry analysis. The
organs such as the heart, liver, spleen, lungs, and
kidneys were collected and fixed in 4% formalde-
hyde solution prior to analysis by H&E staining,
and observed by two pathologists in a blinded
manner.

Mouse models of pulmonary and liver

metastasis

Liver metastasis models were established through
injecting of SW620 cells (2.5 X 10°) to the spleen
subcapsular space in BALB/C nude mice. The
established metastatic mice were random divided
into four groups (n= 10 per group), vehicle, 5-FU,
ZY0511 and two drugs combination group. Mice
were sacrificed under anesthesia after 9 weeks and
the livers were obtained. For the induction of pul-
monary metastases, SW620 cells (1 X 10%) were
delivered by intravenously injection into the tails
of mice. Mice were random grouped into four
groups (n=10per group) as the liver metastasis
model. After 10 weeks, mice were sacrificed under
anesthesia for collecting the lungs. The tumor
metastases were assessed through H&E staining
and quantified basing on the visual examination.
The data was quantified manually.

Statistical analysis

Data are expressed as the means * standard error
of the mean (SEM). The indicated sample size
(n) represents biological replicates. Group alloca-
tion and outcome assessment were not performed
in a blinded manner. All samples that met proper
experimental conditions were included in the
analysis. Survival was measured using the
Kaplan—Meier method. Statistical significance
was determined using Student’s ¢ test, ANOVA,
log-rank test, and Pearson’s correlation, using the
Prism 6 software (GraphPad Software, La Jolla,
CA, USA). Significance was set at p<0.05.

Results

LSD1 overexpression in human CRC tissues

is correlated with CRC development and 5-FU
resistance

To explore the clinical significance of LSDI1
expression in patients’ sensitivity to 5-FU, we
detected the expression level of LSD1 in human
CRC tissues and paired normal adjacent tissues
(NATs) using immunohistochemistry (IHC)
staining (the clinical characteristics of patients are
provided in Table 1). The relative levels of LSD1
were assessed by staining density scores. Our
results showed that, in CRC tissues, 37 cases
(62%) exhibited strong, 19 (32%) exhibited mod-
erate, and 4 (6%) exhibited weak or no immuno-
positivity. In contrast, most NATSs (53%) exhibited
weak or no LSD1 expression (Figure 1A, 1B).
The LSD1 expression on a cohort of 14 CRC tis-
sues selected randomly from these 60 patients
was further validated using western blot analysis.
Consistently with the results of IHC, we observed
elevated protein levels of LSD1 in CRC tissues,
compared with NATs (Figure 1C). Statistical
analysis revealed that expression levels of LSD1
significantly increased in CRC tissues compared
with the corresponding NATs (Figure 1B, 1C).
In addition, LSDI1 level was negatively correlated
with tumor node metastasis (TNM) stage of CRC
patients (Table 1). However, no significant asso-
ciation was found between LSDI1 expression in
CRC tissues and gender, age, or location
(p>0.05, Table 1). In addition, data mining of
mRNA expression in human CRC tissues and
matched NATSs in Gene Expression Omnibus
(GEO) database were performed and results
showed that evaluated expression of LSDI in
CRC tissues was negatively correlated with the
survival rate of CRC patients (Figure 1D).
Collectively, these results reveal that LSD1 over-
expression is tightly linked to CRC development.

Then, we focused on evaluating the correlation
between LSD1 overexpression and patient
response to 5-FU treatment based on IHC results.
Among 60 patients, 23 cases acquired 5-FU
resistance within 1year, and 37 cases were sensi-
tive to 5-FU treatment. For the 23 patients who
acquired 5-FU resistance, 19 cases (82.6%)
exhibited strong, 3 cases (13%) moderate, and 1
case (4.4%) weak immunopositivity (Figure 1E).
Conversely, for the 37 5-FU-sensitive patients,
16 cases (43.2%) exhibited strong, 18 cases
(48.7%) exhibited moderate, and 3 cases (8.1%)
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Figure 1. LSD1 overexpression in human CRC tissues is correlated with CRC development and 5-FU resistance (A) Representative
immunohistochemistry images of LSD1 protein in human NATs and CRC tissues with weak, moderate and strong immunopositivity,
respectively. Positive cells were stained brown. Scale bar, 50 uM. (B) Quantification of LSD1 expression in CRC tissues based

on staining density scores of IHC. (C) Immunoblot analysis of LSD1 expression in 14 pairs of human CRC tissues and NATs. (D)
Correlation analysis of LSD1 expression and patient survival by Kaplan-Meier analysis based on the GEQO database. (E] Quantification
of LSD1 expression in CRC tissues from patients resistance or sensitivity to 5-FU treatment based on IHC staining.
*%p < 0.01, ***p < 0.001.
CRC, colorectal cancer; GEO, Gene Expression Omnibus; IHC, immunohistochemistry; LSD1, lysine-specific histone demethylase 1; NAT, normal
adjacent tissues; 5-FU, 5-fluorouracil.
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exhibited weak or no immunopositivity (Figure 1E),
These results indicated that LSD1 upregulation in
CRC tissues is associated with 5-FU resistance in
patients. Taken together, our results suggest that
LSD1 overexpression is tightly linked to CRC
development and 5-FU resistance.

ZY0511 inhibits human CRC cell proliferation in
vitro

To investigate the potential functional roles of
LSD1 in CRC, we profiled mRNA and protein
expression of LSD1 in a panel of human CRC
cell lines, including SW620, HCT116, SW480,
LoVo, DLD-1, SW48, HCT15, and HT29 cells
using quantitative reverse transcription-polymer-
ase chain reaction (RT-qPCR) and western blot
analysis. The results revealed that all CRC cells
expressed a high level of LSD1 compared with
normal human colonic epithelial cell NCM 460
(Figure S1B). Specifically, the expression of
LSD1 was relatively high in SW620, DLD-1,
and HCT116 cells and low in SW48 and HT29
cells (Figure S1B). Our results are consistent
with previous studies reporting that LSDI
expression is high in SW620 cells and low in
HT29 cells.

Then, we evaluated the antiproliferative activity
of ZY0511 using the above cells. CRC cells were
treated with various concentrations of ZY0511
for 48h and 72 h, respectively, followed by MTT
assays. The results showed that ZY0511 inhib-
ited CRC cells proliferation in a concentration
and time-dependent manner, with IC,, values
ranging from 1.84uM to 19.11 uM for 48 h, and
0.53 uM to 2.5 uM for 72h, respectively (Figure
2A). In most cells, ZY0511 sensitivity was asso-
ciated with LSD1 expression level. For example,
SW620, HCT116, and DLD-1 cells with high
LSD1 expression were more sensitive to ZY0511
treatment, with IC;, values of 1.90 uM, 1.83 uM,
and 0.96uM for 72h, respectively, whereas
SW480 and SW48 cells with low LSD1 expres-
sion were less sensitive (IC;, of 2.5uM and
2.38 uM, respectively). However, the sensitivity
of LoVo and HCT15 to ZY0511 is not com-
pletely consistent with their LSD1 level. HCT15
with low LSD1 level is highly sensitive to
ZY0511 (ICs, of 0.4uM). Taken together,
ZYO0511 inhibited human CRC cells prolifera-
tion in wvitro. Cells sensitivity to ZY0511 was
associated mainly with LSD1 level. However,
there might be other factors involved in cell sen-
sitivity to ZY0511.

ZY0511 and 5-FU combination synergistically
inhibits CRC cells proliferation in vitro

Next, we evaluated whether ZY0511 in combina-
tion with 5-FU could synergistically inhibit CRC
cell proliferation. CRC cells were treated with
various concentrations of ZY0511 with or with-
out 5-FU, followed by MTT assays. The results
showed that ZY0511 significantly increased 5-FU
antiproliferative effect against CRC cells (Figure
2B). For example, in SW620 cells, the inhibition
rate for 5-FU (10uM) and ZY0511 (0.3 uM)
treatment alone was 45% and 26%, respectively,
whereas 5-FU and ZY0511 combination
increased the inhibition rate to 79% (Figure 2B).
In DLD-1 cells, the inhibition rate for 5-FU
(10uM) and ZY0511 (0.3 uM) treatment alone
was 51% and 29%, respectively, whereas 5-FU
and ZY0511 combination increased the inhibi-
tion rate to 72% (Figure 2B).

CI scores were analyzed based on inhibition rates,
and the CI <0.75, CI=0.75-1.25, and CI >1.25
indicated synergistic, additive, and antagonistic
effects, respectively. In DLD-1 with high LSD1
level, the CI scores for 0.6, 1.2, and 2.5uM
ZY0511 in combination with 10 uM 5-FU were
0.15, 0.1, and 0.05, respectively (Figure 2C).
Similarly, in SW620 cells with a high LSDI1 level,
the CI scores for the above-mentioned combina-
tion were 0.23, 0.13, and 0.26, respectively, sug-
gesting strongly synergistic antiproliferative
effects (Figure 2C). Notably, most of CI scores in
ZY0511 >2.5uM combinations indicated syner-
gistic effects in all CRC cells, except for HCT15
and LoVo cells. In HCT15 cells with a low LSD1
level, 97% of the CI scores for ZY0511 and 5-FU
combination were higher than 0.75, and 50% of
the CI scores were higher than 1.25, suggesting
additive effects or even antagonistic effects.
Collectively, these data suggested that ZY0511 in
combination with 5-FU synergistically inhibited
proliferation of CRC cells. The synergistic effects
were associated with the LSDI1 level in cells.
Therefore, SW620 and DLD-1 cells with a high
LSDI1 level and strong synergistic effects were
selected for further studies.

To further assess the antiproliferative effect of
ZY0511, colony formation assays were per-
formed. Consistent with MTT results, ZY0511
or 5-FU treatment alone significantly decreased
the number and size of colonies, compared with
the control. The combination of the two drugs
resulted in a more obvious inhibition based on
colony number and size (Figure 3A).
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Figure 2. 7ZY0511 and 5-FU combination synergistically inhibits CRC cells proliferation in vitro (A) The proliferation of human

CRC cells was evaluated by MTT assay after various concentrations of ZY0511 treatment for 48 and 72h, respectively. The IC50
values were the mean of three individual experiments. (B) Cells were treated with ZY0511 in combination with 5-FU in CRC cells.
Percentages of growth inhibition at each concentration of the drugs are presented. Data are show as mean of three independent
experiments. (C) Cl scores for CRC cells treated with 5-FU in combination with ZY0511 at the indicated concentrations. Each Cl score
represents data from three independent experiments.
Cl, combination index; CRC, colorectal cancer; 5-FU, 5-fluorouracil; MTT, 3-[4,5-dimethylthiazole-2-yl]-2,5-diphenyltetrazolium bromide.
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Figure 3. ZY0511 in combination with 5-FU induces apoptosis and inhibits migration of CRC cells (A) Representative images (top)
and quantification (bottom) of colony formation assay following ZY0511 and 5-FU treatment in CRC cells. Data are presented as
mean = SD (t test, *, p<0.05; **, p<0.01). (B) Representative images (top) and quantification (bottom) of apoptosis induction in
CRC cells with ZY0511 and 5-FU treatment. (C) A¥m assay in CRC cells with ZY0511 and 5-FU treatment. (D) Western blot analysis
of apoptosis proteins in CRC cells with ZY0511 and 5-FU treatment. (E, F) Representative images of wound-healing assay (E) and
transwell migration assay (F) in CRC cells treated with 5-FU and ZY0511. (G) Western blot analysis of indicated proteins in CRC cells

treated with 5-FU and ZY0511.

Cl, combination index; CRC, colorectal cancer; 5-FU, 5-fluorouracil; A¥m, mitochondrial membrane potential; SD, standard deviation.
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ZY0511 in combination with 5-FU induces
apoptosis

Next, we detected apoptosis levels using flow
cytometry (FCM) by using Annexin V/PI dual-
labeling. SW620 cell with ZY0511 (1.25uM or
2.5uM) or 5-FU (10uM) treatment exhibited
9.94%, 15.99%, and 8.66% apoptosis rates,
respectively, whereas the apoptosis rate increased
to 25.9% and 42.4%, respectively, when ZY0511
combined with 5-FU treatment was employed
(Figure 3B). Similar results were observed in
DLD-1 cells. The apoptosis rates were 15.68%,
17.47%, and 15.12% for ZY0511 (1.25uM or
25uM) or 5-FU (10uM) alone, 34.4% and
41.77% for ZY0511 and 5-FU combination,
respectively (Figure 3B).

The loss of mitochondrial membrane potential
(AWm) is an important event in the apoptotic pro-
cess. Thus, the A¥Ym alteration was detected
using the mitochondria-specific and voltage-
dependent dye Rh123 in SW620 and DLD-1
cells. In SW620 cells, ZY0511 (1.25uM and
25uM) and 5-FU (10uM) led to 16.48%,
48.65%, and 14.26% losses of A¥m, respectively,
and 59.77% and 62.77% losses of A¥Ym upon the
respective combinations (Figure 3C, S2A).
Similarly, in DLD-1 cells with the same treat-
ment as SW620, the AYm losses were 22.42%,
43.62%, 20.16%, 71.16%, and 87.73%, respec-
tively (Figure 3C, S2A).

To further confirm the apoptosis induction, Bcl-2,
Bax, and cleaved caspase-3 were detected using
western blot analysis in SW620 and DLD-1 cells
after ZY0511 (1.25uM and 2.5 uM) and/or 5-FU
(10uM) treatment for 48h. Unlike 5-FU alone,
5-FU in combination with ZY0511 significantly
decreased Bcl-2 expression (Figure 3D).
Conversely, cleaved caspase-3 and Bax signifi-
cantly increased after combination compared with
single treatment (Figure 3D). Taken together,
ZY0511 in combination with 5-FU significantly
induces apoptosis in SW620 and DLD-1 cells.

ZY0511 and 5-FU combination inhibits CRC

cells migration in vitro

To assess the effects of ZY0511 and 5-FU combi-
nation on cell migration, we performed wound-
healing assays. In SW620 and DLD-1 cells, the
wound was wider in 5-FU or ZY0511 treatment
alone than that in the control group. The wound
in the combination group was more obvious com-
pared with the single drug treatment, indicating

that ZY0511 in combination with 5-FU synergis-
tically inhibited CRC cells migration (Figure 3E,
S2B). Similar results were obtained in the tran-
swell migration assay (Figure 3F, S2C). In
SW620 cells, the combination of ZYO0511
(1.25uM and 2.5 uM) and 5-FU (10 uM) signifi-
cantly inhibited cell migration by 65.9% or
90.2%, respectively, and for DLLD1 cells, by 76%
and 89%, respectively (Figure 3F, S2C).

As epithelial to mesenchymal transition (EMT) is
an important process in the migration and inva-
sion of CRC, we detected the epithelial marker
E-cadherin, the mesenchymal markers vimentin,
metalloproteinase (MMP9), and metalloprotein-
ase inhibitor (TIMP2) in SW620 and DLD-1
cells after ZY0511 (1.25uM and 2.5 uM) and/or
5-FU (10 uM) treatment for 48h, using western
blot analysis. 5-FU alone changed vimentin
expression only minimally, whereas the combina-
tion treatment decreased vimentin and MMP9
expression significantly (Figure 3G). E-cadherin
and TIMP?2 increased significantly after the com-
bination treatment compared with the single drug
treatment. Collectively, ZY0511 in combination
with 5-FU significantly inhibits cells migration.

ZY0511 and 5-FU combination suppresses
Wnt/B-catenin signaling and pyrimidine
metabolism

To gain insight into the mechanism of how
ZY0511 and 5-FU combination treatment inhib-
ited CRC cells proliferation and migration, we
used mRNA sequence (mRNA-Seq) technology
to explore the factors or genes involved in the
antitumor effects of ZY0511 and 5-FU treat-
ment. Transcriptome analysis results showed that
a total of 4824 genes were markedly altered fol-
lowing 5-FU in combination with ZY0511 treat-
ment, compared with 5-FU treatment alone
(Figure 4A). Venn analysis revealed that 260
genes changed with significant differences (Figure
4B). GO enrichment analysis revealed that the
combination treatment upregulated the expres-
sion of genes closely associated with the apop-
totic, glycolytic, and immune processes (Figure
4C). Conversely, genes correlated with methyla-
tion, metabolic process, and RNA processing
decreased (Figure 4C). Further, according to GO
analysis, altered gene expression is related with
signaling pathways. Pathway analysis showed
these were involved in diverse biological pro-
cesses, including metabolic pathways, the Wnt
signaling pathway, fatty acid degradation, and the
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Figure 4. ZY0511 in combination with 5-FU suppresses Wnt/B-catenin signaling and pyrimidine metabolism. (A) Volcano plot
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downregulation, and gray represents no meaningful change). (B] Venn analysis showed significant differences gene expression.

(C) Representative GO term analysis of upregulated and downregulated genes after 5-FU and/or ZY0511 exposure. (D) Ingenuity
pathway analysis of SW620 cells after 5-FU and/or ZY0511 treatment. Results are expressed as -log (p value]. (E) The mRNA-seq
representative genes expression in SW620 and DLD1 cells after 5-FU and/or ZY0511 treatment. (F) Western blot analysis of Wnt/B-
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5-FU, 5-fluorouracil; GO, gene ontology; mRNA-seq, mTNA sequencing; RT-gqPCR, quantitative reverse transcription-polymerase chain reaction.
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TGF-beta signaling pathway (Figure 4D).
Notably, Wnt signaling, apoptotic, and metabo-
lism pathways were predominantly altered.

Aberrant activation of the Wnt/p-catenin pathway
contributes to the development of various human
cancers, including CRC. In CRC, B-catenin
accumulates in a free cytosolic form and engages
with nuclear T-cell factor (TCF) transcription
factors. We further detected the expression of f3-
catenin and its target proteins cyclin D1 and
c-Myc by using western blot analysis. The results
showed that ZY0511 and 5-FU combination
treatment significantly downregulated the expres-
sion of fB-catenin, cyclin D1, and c-Myc, which
was consistent with mRNA-Seq results, indicat-
ing the suppression of f-catenin signaling in the
two CRC cell lines (Figure 4E, 4F).

mRNA-Seq results also revealed alterations in the
pyrimidine metabolism pathway, a key component
of DNA synthesis. In turn, LSDI1 plays critical
roles in chromatin remodeling via histone demeth-
ylation and DNA damage, which are essential for
influencing genome DNA repair processes.
Consistent with the mRNA-Seq results, RT-qPCR
results confirmed the down-regulation of genes in
the pyrimidine metabolic pathway upon combina-
tion treatment, including carbamoyl-phosphate
synthetase (CAD), dihydroorotate dehydrogenase
(DHODH), Duchenne deoxyribonucleic acid
(DUT), dCTP pyrophosphatase 1 (DCTPPI),
TYMS, and DNA polymerase delta catalytic subu-
nit gene 1 (POLDI) (Figure 4E, 4G).

ZY0511 and 5-FU combination synergistically
inhibits tumor growth in vivo

The in vivo antitumor activities of ZY0511 and/or
5-FU were evaluated with mouse subcutaneous
xenograft models. Nude mice carrying SW620
and DLD-1 xenograft tumors were administered
ZY0511 (50mg/kg/day, orally), 5-FU (30 mg/kg,
thrice weekly, intraperitoneal injection), or both
drugs in combination for 3 weeks. Tumor volumes
and body weight were measured every 3 days. The
results showed ZY0511 or 5-FU treatment inhib-
ited the tumor growth in SW620 xenograft models
at an inhibition rate of 30% and 36%, respectively,
whereas the combination treatment produced
marked tumor regression with an inhibition rate of
66%, despite no apparent toxicity (Figure 5A,
5B). In DLD1 models, the tumor inhibition rates
were 43% for ZY0511 and 46% for 5-FU treat-
ment, respectively, whereas the inhibition rate

increased to 61% (Figure 5A, 5B). The tumor
weights showed a similar pattern (Figure 5B, 5C).
No loss of body weight was observed with this
dosage (Figure 5B, 5C). We also examined cells
proliferation and apoptosis induction in xenograft
tumors by IHC staining. Consistent with i vivo
results, the combination treatment caused a sig-
nificant reduction in proliferating cells stained
using nuclear Ki-67 in SW620 (Figure 5G) and
DLD-1 tumor tissues (Figure 5H), and a signifi-
cant up-regulation in apoptotic cells stained using
cleaved-caspase-3, compared with the single drug
treatments (Figure 5G, 5H).

To further evaluate the anti-metastatic effect of
ZYO0511 in combination with 5-FU i vivo, we
established an iz vivo metastasis model by intra-
venously injection of SW620 cells into nude mice.
Metastatic nodules of the lungs were quantified
after tumor-bearing mice being euthanized at
9weeks. Multiple large nodules were evident in
vehicle-treated groups, whereas the extent of lung
metastasis was reduced in ZY0511 and/or
5-FU-treated mice, with a particular reduction of
metastatic nodules in the combination treatment
group (Figure 5D, 5E).

The mouse liver metastasis model was generated
by spleen injection of SW620 cells, which is highly
invasive. Mice were ecuthanized 10weeks after
SW620 injection. ZY0511 or 5-FU treatment
alone did not affect the liver metastases or hepatic
tumor burden. However, ZY0511 in combination
with 5-FU dramatically reduced the number of
visible metastatic nodules on the liver surface of
tumor-bearing, compared with control mice
(Figure 5D, 5F). Thus, ZY0511 in combination
with 5-FU significantly inhibits tumor growth
and metastasis i vivo.

Safety profile of ZY0511 in combination with

5-FU in vivo

No obvious adverse effects were observed during
the ZY0511 and 5-FU treatment, such as toxic
death, dermatitis, or body weight Iloss.
Furthermore, microscopic examination showed
no pathologic changes in the heart, liver, spleen,
lungs, or kidneys of mice after ZY0511 and 5-FU
treatment (Figure 6A).

Discussion
LSD1 plays important roles in tumor progression
and drug resistance,??> and LSD1 inhibitors have
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Figure 5. ZY0511 in combination with 5-FU inhibits CRC growth in vivo (A) Representative images of tumor for SW620 and DLD'1
xenografts treated with vehicle, 5-FU (30 mg/kg) and/or ZY0511 (50 mg/kg), respectively. (B-C) Mean tumor volume (mm?3] (left),
tumor weights (middle) and body weights (right) of SW620 (B) and DLD1 (C) xenografts during treatment with 5-FU and/or ZY0511.
Data are shown as mean = SD. (n=6per group). (D) Representative images of live (top) and lung (bottom) metastasis nodules for
SW620 metastasis model treated with vehicle, 5-FU (30 mg/kg) and/or ZY0511 (50 mg/kg), respectively. (E-F) Numbers of lung (E) and
liver (F) metastasis nodules are shown as mean = SEM (n=6 per group). [(G-H) Representative images of Ki-67 and cleaved-caspase3
in SW620 (G) and DLD1 (H] xenograft tumor samples.

*p <0.05, **p < 0.01. Scale bar represents a distance of 50um.

5-FU, 5-fluorouracil; SD, standard deviation; SEM, standard error of the mean.
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Figure 6. Safety profile of ZY0511 in combination with 5-FU in vivo and proposed mechanisms. (A)] Representative H&E staining
images of heart, liver, spleen, lung and kidney of mice after ZY0511 and 5-FU treatment. No obvious pathological changes were
observed in the control and treated groups. Scale bar represents a distance of 50 um. (B) Proposed mechanisms by which 5-FU co-
develop hypersensitivity to ZY0511. LSD1 inhibitor ZY0511 in combination with 5-FU synergistically reduced CRC cells proliferation
and migration by inhibition Wnt/B-catenin signaling and metabolism enzymes in the DNA synthesis, which finally induced apoptosis

and restored sensitivity to 5-FU.
5-FU, 5-fluorouracil; EMT, epithelial-mesenchymal transition; H&E, hematoxylin and eosin; LEF, lymphoid enhancer factor; TCF, T-cell factor.

great potential for cancer therapies.?* In the pre- our group, significantly inhibited human CRC
sent study, we demonstrated that ZYO0511, a cells proliferation and migration both . vitro and
novel and potent LSD1 inhibitor developed by @ wive. Importantly, we found that the
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overexpression of LLSD1 was associated with
patient sensitivity to 5-FU treatment, and the
combination of ZY0511 and 5-FU exerted syner-
gistic anticancer efficacy against CRC cells.
Moreover, our studies demonstrated that the
combination treatment suppressed the Wnt/B-
catenin signaling and pyrimidine metabolic path-
ways, thus inhibiting tumor proliferation and
metastasis. Our results provide a theoretical foun-
dation for the clinical application of LSD1 inhibi-
tors and a new combinatorial strategy for CRC
treatment.

The observations of LSD1 overexpression in solid
and hematological malignancies have led to the
active development of small-molecule LSDI1
inhibitors.23:25> Among these inhibitors, irreversi-
ble LSD1, such as GSK2879552 and ORY-1001,
are currently undergoing clinical studies for can-
cer therapy.!32¢ Though they exhibited good
activity against hematologic malignancies, such as
AML,26:27 and acute lymphoblastic leukemia
(ALL),26:28 their efficiency against solid tumors
was not obvious, except against small-cell lung
cancer (SCLC).!13 Moreover, these LSD1 inhibi-
tors comprise mainly tranylcypromine (TCP)
derivatives, which exhibit biological toxicity.
Thus, there is a large unmet clinical need to
explore novel, potent, and selective LSD1 inhibi-
tors with structural diversity against solid tumors.
For example, Sharma ez al. developed a potent,
specific, and reversible LSD1 inhibitor, HCI-
2509, with a benzamide structure. HCI-2509 has
remarkable single agent efficacy and i vivo toler-
ability in poorly differentiated malignancies such
as Ewing’s sarcoma, neuroblastoma, and prostate
cancer.?*31 We successfully used a conforma-
tional strategy to obtain and optimize the novel
and potent LSD1 inhibitor ZY0511. It has a ben-
zohydrazide scaffold, unlike the LSD1 inhibitors
currently in clinical studies. Our previous study
has shown that ZY0511 exhibits significant anti-
cancer effects against a variety of human solid
cancer cell lines i vitro, and is well tolerated n
vivo, suggesting it is highly safe. We successfully
obtained a patent from the State Intellectual
Property Office of the People’s Republic of China.

Previous studies have reported that LSDI1 is
upregulated in human CRC tissues, compared
with NAT's by IHC staining, western blot analysis,
or TCGA database, respectively.3233 Moreover,
the expression of LSD1 is significantly higher in
colon cancer with high TNM stages and distant
metastasis.® LSD1 knockdown by siRNA could

inhibit the proliferation of CRC cells. CBB1003,
a LSD1 inhibitor, suppresses HCT116 cells pro-
liferation with a IC,, value of 250.4uM.3* These
data evoked our interest on the anticancer effect
of ZY0511 in CRC. We further confirmed LLSD1
overexpression in human CRC specimens using
IHC staining, western blot analysis and TCGA
database were both used, which is different from
the above-mentioned studies, in which only a sin-
gle assay was used. Our results have shown that
ZY0511 exhibits significant anticancer and anti-
metastasis effects against human CRC cells, both
in vitro and in vivo. Compared with CBB1003 or
tranylcypromine, ZY0511 exhibited a 10- to 100-
fold stronger antiproliferative effect against CRC
cells in vitro. Moreover, to the best of our knowl-
edge, ZY0511 is the first LSDI1 inhibitor to
exhibit growth inhibition and anti-metastasis effi-
ciency against CRC i vivo, supporting ZY0511
as a promising candidate for CRC treatment.
Interestingly, we found that CRC cells with high
LSD1 levels (DLD-1, SW620, and HCT116)
were sensitive to ZY0511, and the CRC cells with
lower LSD1 levels (SW480 and HT29) were less
sensitive to ZY0511. These data suggest that
ZY0511 sensitivity is associated with LSD1 level,
which is consistent with previous studies.!?
However, we also found that the sensitivity of
small parts of CRC cells (LoVo and HCT15) to
ZY0511 was not completely consistent with their
LSD1 levels. For example, HCT15 with low
LSDI1 level has high sensitivity to ZY0511. Thus,
there might be other factors involved in sensitivity
of LSD1 inhibitors besides the LSD1 level. For
example, Zhang et al. found that expression of
Sox2, which is a target of LSD1, was associated
with sensitivity to LSD1 inhibition in lung, breast,
and ovarian cancer cells.3> CBB1007, an LSD1
inhibitor, selectively impaired the proliferation of
Sox2-expressing lung squamous cell carcinomas,
but not that of Sox2-negative cells.3> Moreover,
nonhistone substrates of LSD1 might be involved
in LSD1 inhibitor sensitivity. Although LSD1
was originally identified as a histone lysine dem-
ethylase, it has been shown to demethylate non-
histone substrates, such as p53, DNMTI,
MYPT1, HSP90, STAT3, ERa, and HIF-1a,36-37
which are important in cancer biology. Thus, the
basic status of these nonhistone substrates of
LSD1 might affect cells sensitivity to LSDI1
inhibitors. Pishas er al. found that the induction
of KDM1B was strongly associated with hyper-
sensitivity of SP-2509, a LSD1 inhibitor.3® To
provide a precision therapy strategy for using
LSD1 inhibitor, the factors that are involved in
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sensitivity of LSD1 inhibitors are worth further
investigation.

To date, 5-FU remains a commonly used chemo-
therapeutic drug for advanced CRC treatments
and clinical studies. However, drug resistance
remains a critical limitation to the clinical appli-
cation of 5-FU. Over the past decades, an
increased understanding of the 5-FU resistance
mechanism has promoted the progress of new
strategies that increase antineoplastic activity.
Accordingly, 5-FU-based chemotherapy, com-
bined with epigenetic modulatory drugs, is an
effective strategy to enhance chemotherapy sensi-
tivity in CRC. A combination of trichosstatin, a
histone deacetylase (HDAC) inhibitor, with
5-FU synergistically suppressed CRC viability by
downregulating expression of thymidylate syn-
thase (TS) ,3° KRAS, c-Myc,% or stemness pro-
moting markers, such as LGR5, Nanog, and
B-catenin.*! In the present study, we demon-
strated that LSD1 overexpression in CRC tissues
was associated with patients’ sensitivity to 5-FU
treatment. ZY0511 in combination with 5-FU dis-
played synergistic effects against CRC cell prolifer-
ation and migration, which indicated that ZY0511
could enhance chemosensitivity toward 5-FU ther-
apy. Our results are similar to those of a previous
study that demonstrated that LSD1 inhibitors par-
gyline and tranylcypromine enhanced 5-FU sen-
sitivity in oral squamous cell carcinoma cells.!!
Thus, LSD1 inhibitors in combination with 5-FU
might be an effective strategy for CRC therapy.

However, the underlying mechanism of how
LSD1 regulates sensitivity to 5-FU remains
unclear. Mechanistically, we found that ZY0511
in combination with 5-FU inhibited the expres-
sion of B-catenin and its target genes, which indi-
cated that Wnt signaling was involved in the
synergistic anticancer efficiency of ZY0511 and
5-FU. Aberration of the classical Wnt/B-catenin
pathway is implicated in the development, occur-
rence, and metastasis in CRC.42 Overactive Wnt
signaling leads to constitutively active -catenin,
which, via lymphoid enhancer factor (LEF)/TCF
transcription factors, leads to the inappropriate
activation of Wnt target genes that control cells
proliferation and migration.*>>** More than 80%
of the sporadic CRC tumors exhibit hyperactive
Wnt signaling. Activation of the Wnt/pB-catenin
signaling pathway is an important mechanism of
5-FU resistance, and inhibition of B-catenin and
its downstream genes represents an important
potential strategy for the clinical reversal of 5-FU

resistance. For example, Guo et al. found that
HCT-8R, a 5-FU-resistant CRC cell, exhibited
high expression of B-catenin and TCF4 by sup-
pressing the checkpoint kinase 1 (CHKI1) path-
way. Wnt3a stimulation enhanced HCT-8R cells
resistance to 5-FU, whereas IWP-2, a Wnt path-
way inhibitor, reduced resistance.! The above-
mentioned studies support our results that
ZY0511 could enhance 5-FU sensitivity by inhib-
iting B-catenin. Moreover, there are several stud-
ies demonstrating that LSD1 could activate the
Wnt/pB-catenin pathway, which is consistent with
our results. In cancer initiating cells (CICs) of
hepatocellular carcinoma (HCC), LSD1 overex-
pression activated P-catenin by inhibiting the
expression of several suppressors of [B-catenin
signaling, especially Pricklel and APC. LSDI1-
associated activation of B-catenin is essential for
maintaining the activity of Lgr5+ CICs and drug
resistance, such as Cisplatin and sorafenib, in
HCC. LSDI1 inhibitors, such as pargyline and
GSK2879552, suppressed stem-like properties of
sorafenib-resistant HCC cells by derepressing the
expression of multiple upstream negative regula-
tors of the Wnt pathway.%> In the gastric cancer
cell line MKN-28, LSD1 knockdown suppressed
the expression of B-catenin, VEGF, and Bcl-2,
thus inhibiting cells proliferation and invasion,
and increased the activity of cisplatin i vitro.4°
Thus, our results demonstrated that LSD1 inhib-
itor and 5-FU synergistically inhibited CRC prolif-
eration by suppressing the Wnt pathway in CRC.

Apart from the roles in tumor progression and
drug resistance, LSD1 also participates in the reg-
ulatory network of tumors metastasis.*>47 LSD1 is
critical for survival and metastasis in breast can-
cer.*8 We have shown that LSD1 is overexpressed
in CRC tissues with distant metastasis, and cor-
relates positively with human CRC cell migration.
We found that ZY0511 and 5-FU synergistically
inhibited metastasis of CRC both i vitro and
vivo. In metastasis of CRC, E-cadherin epithelial
phenotype disappears and vimentin phenotype is
up-regulated. E-cadherin is silenced through its
promoter methylation or acetylation. For exam-
ple, treatment with entinostat, a HDACs inhibi-
tor, downregulated E-cadherin expression. LSD1
could be recruited to the promoters of vimentin
and E-cadherin, subsequently demethylating
H3K4m2 and H3K4m]1, activating vimentin, and
suppressing E-cadherin transcription, thereby
ultimately inducing EMT, which contributes to
CRC metastasis.¥> These studies support our
finding that ZYO0511 treatment upregulated
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E-cadherin and downregulated vimentin, thus
suppressed metastasis of CRC. Moreover, -
catenin is a versatile protein that interacts with
E-cadherin at the cell junction and participates in
the formation of adhesive.” Overexpression of
E-cadherin in cancer cells blocks the transcrip-
tional capacity of B-catenin, effectively shutting
down the expression of target genes, thereby pre-
venting cell migration. E-cadherin inhibition by
7ZY0511 treatment might result in B-catenin sup-
pression. Therefore, P-catenin and E-cadherin
interaction are involved in the anti-metastasis effi-
ciency of ZY0511 and 5-FU combination.

TYMS overexpression is one of the most well-
established mechanisms responsible for 5-FU
resistance.®® Our mRNA-Seq analysis revealed
that ZY0511 and 5-FU combination significantly
altered the genes of the subordinate pyrimidine
metabolic pathway, including TYMS, CAD,
DHODH, DUT, DCTPPI1, and POLD1, thereby
ultimately inhibiting DNA synthesis and leading
to apoptosis. TYMS is regulated by DNA meth-
ylation and histone modification. It has been
reported that HDAC activities are essential for
DNA synthesis and expression of repair genes
including TYMS. HDAC inhibitors trichostatin
and vorinostat, in combination with 5-FU,
exhibit synergistic antitumor effects by down-
regulating TYMS in CRC cells and enhancing
5-FU cytotoxicity.’® Thus, ZY0511 might
increase sensitivity of cells to 5-FU by inhibiting
TYMS expression. DCTPP1, a member of the
nucleoside triphosphate pyrophosphohydrolase
(NTP-PPase) family, maintains the accuracy of
DNA replication by cleavage of harmful nucleo-
tides. DCTPP1 can cause DNA promoter hypo-
methylation, resulting in high MDRI1 resistance
gene expression and 5-FU resistance, and inhibi-
tion of DCTPP1 can enhance 5-FU cytotoxicity
and reverse drug resistance.>! DHODH, the lim-
iting enzyme in the pyrimidine synthesis path-
way, is a direct molecular target of the B-catenin
downstream protein c-Myc.52 POLDI1 has proof-
reading capabilities for exonuclease activity and
is important for DNA repair, including nucleo-
tide excision, double-strand break, base excision,
and mismatch repairs.’> As these genes are
important in nucleotide pool maintenance and
DNA repair, their downregulation could impair
DNA synthesis and repair, eventually leading to
cell death. These findings suggest that ZY0511
may improve 5-FU cytotoxicity by impairing
DNA synthesis and repair.

In conclusion, our results provide theoretical evi-
dence for developing a combinatorial strategy of
LSDI1 inhibitor ZY0511 and 5-FU for treating
CRC. Although a systemic toxicity study will be
required for the clinical implementation of these
findings, our study provides a route map for
future personalized combinatorial strategy with
epigenetic drugs and traditional chemotherapy.
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