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Abstract

Background: Cholesterol plays vital roles in human physiology; abnormal levels have deleterious pathological
consequences. In cancer, elevated or reduced expression of cholesterol biosynthesis is associated with good or
poor prognosis, but the underlying mechanisms are largely unknown. The limonoid compounds A1542 and A1543
stimulate ERK/MAPK by direct binding, leading to leukemic cell death and suppression of leukemia in mouse
models. In this study, we investigated the downstream consequences of these ERK/MAPK agonists in leukemic cells.

Methods: We employed RNAseq analysis combined with Q-RT-PCR, western blot and bioinformatics to identify and
confirm genes whose expression was altered by A1542 and A1543 in leukemic cells. ShRNA lentiviruses were used
to silence gene expression. Cell culture and an animal model (BALB/c) of erythroleukemia induced by Friend virus
were utilized to validate effects of cholesterol on leukemia progression.

Results: RNAseq analysis of A1542-treated cells revealed the induction of all 18 genes implicated in cholesterol
biosynthesis. Expression of these cholesterol genes was blocked by cedrelone, an ERK inhibitor. The cholesterol
inhibitor lovastatin diminished ERK/MAPK activation by A1542, thereby reducing leukemic cell death induced by
this ERK1/2 agonist. Growth inhibition by cholesterol was observed both at the intracellular level, and when orally
administrated into a leukemic mouse model. Both HDL and LDL also suppressed leukemogenesis, implicating these
lipids as important prognostic markers for leukemia progression. Mechanistically, knockdown experiments revealed
that the activation of SREBP1/2 by A1542-A1543 was responsible for induction of only a sub-set of cholesterol
biosynthesis genes. Induction of other regulatory factors by A1542-A1543 including EGR1, APT (FOS + JUN) LDLR, IER2
and others may cooperate with SREBP1/2 to induce cholesterol genes. Indeed, pharmacological inhibition of AP1
significantly inhibited cholesterol gene expression induced by A1542. In addition to leukemia, high expression of
cholesterol biosynthesis genes was found to correlate with better prognosis in renal cancer.
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Conclusions: This study demonstrates that ERK1/2 agonists suppress leukemia and possibly other types of cancer
through transcriptional stimulation of cholesterol biosynthesis genes.

Keywords: Drug screening, ERK1/2 agonist compounds, Apoptosis, Leukemia inhibition, Cholesterol biosynthesis,

SREBP1/2, AP1

Background

Cholesterol is an essential lipid required for cellular
homeostasis; it is a precursor for steroid hormones,
essential component of plasma membranes, enriched
in lipid rafts and plays a critical role in intracellular
signal transduction [1]. Despite high expression in
cancer cells, the role of cholesterol in cancer progres-
sion is controversial [2, 3]. Although in some epi-
demiological  studies, accumulation of serum
cholesterol was associated with risk factors for certain
cancers [1-7], in other studies the opposite or no
correlation was observed [8—14]. Recent studies sug-
gest that intracellular cholesterol is more important
to cancer progression than serum cholesterol [15, 16].
Indeed, higher expression of cholesterol biosynthesis
genes in melanoma cells was linked with decreased
patient survival [7].

The level of membrane sterols is controlled by SCAP
(SREBP Cleavage Activating Enzyme) and HMGCR
(HMG-CoA Reductase) [7, 17]. Both proteins as well as
several members of cholesterol hemostasis proteins
share the Sterol Sensing Domain (SSD), allowing
protein-protein interaction. Through SSD, SCAP and
HMGCR bind Insulin Induced genes (Insigs). This inter-
action allows binding to the Sterol Regulatory Binding
Proteins (SREBPs), which initiate transcriptional regula-
tion of cholesterol biosynthesis genes [18]. Member of
SREBP genes, SREBP1 and SREBP2 selectively regulates
expression of certain cholesterol biosynthesis genes such
as HMGCSI1, HMGCR, FDPS and FDFTI [7, 19]. While
SREBP expression is regulated by Insulin via MAPK,
AKT and p53 [7], a recent study also implicated Early
Response Gene 1 (EGRI) in regulating cholesterol bio-
synthesis [20]. The induction of EGRI in liver cells de-
pends on the ERK1/2 pathway, placing it directly
downstream of the insulin receptor pathway [21].

In a recent study, we identified limonoid compounds,
designated A1542 and A1543, that specifically bind and
activate ERK1/2, leading to apoptosis and inhibition of
leukemia [22]. While ERK1 activation often leads to in-
creased cell proliferation, A1542 and A1543 induce
over-activation of this kinase pathway, triggering apop-
totic cell death. Herein, we investigated the underlying
mechanism of drug-induced apoptosis in leukemic cells
by these compounds. Using RNAseq analysis, we ob-
served a dramatic increase in expression of all 18 choles-
terol biosynthesis genes by A1542 and A1543. We

showed that while SREBP1/2 were partially responsible
for induction of these cholesterol biosynthesis genes,
A1542-A1543-induced upregulation of EGR1, AP1
(FOS + JUN) and possibly several other regulatory fac-
tors played a pivotal role in controlling this process. In
animal model of leukemia, these cholesterol-inducing
agents inhibited leukemia progression. In accordance,
addition of cholesterol, suppressed the leukemic cell
growth. These results uncover a novel mechanism
underlying the cell death through ERK activation and
implicate cholesterol as anti-cancer agent in certain
types of cancers.

Methods

Cell culture and drug therapy

Murine erythroleukemia cell line CB3 was previously
established in our group [23] and the human erythroleu-
kemia cell line HEL was obtained from ATCC (ATCC-
TIB-180). Cell line CB3 was isolated from Friend Murine
Leukemia Virus (F-MuLV)-induced erythroleukemia and
reported previously [23]. Mycoplasma negative cell lines
CB3 and HEL were cultured and maintained in Dulbec-
co’s Modified Eagle Medium supplemented with 5% fetal
bovine serum (HyClone, GE Healthcare, Australia) at
37°C, 5% COs,.

The compounds A1542, A1543 (generated in house),
Lovastatin (Aladin, Shanghai, China) discussed herein
were dissolved in dimethyl sulfoxide (DMSO), diluted to
the indicated concentrations and used in the experi-
ments. DMSO alone was used as a vehicle control. Chol-
esterol (Sigma Aldrich, Shanghai, China) and Lovastatin
(Aladin, Shanghai, China) were dissolved in Ethanol.
Tanshinone IIA (Tan IIA) was obtained from APExBIO
(APExBIO, Houston, Texas) and dissolved in DMSO.
Cells were treated with the indicated concentrations of
A1542 compound or other drugs, 24 h later were lysed
and used for RNAseq, Q-RT-PCR or western blot.

Total cholesterol measurement

HEL cells were treated with compounds, cholesterol or
control DMSO for 24 h and lysed in 500ul of 1% Triton
X (Sigma) for 10min. Cells were centrifuged (10,
000RPM) for 10 min, supernatant was separated and
used to determine total cholesterol using assay kit from
Leebio (Leebio, Shanghai, China).
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RNA preparation, Q-RT-PCR

Cultured HEL cells were isolated and used for total
RNA extraction using TRIzol (Life Technologies;
Thermo Fisher Scientific, USA), according to the
manufacturer’s instructions. The total RNA was used
to synthesize ¢cDNA using reverse transcription reac-
tion by the PrimeScript RT Reagent kit (Takara Bio,
Beijin, China). These cDNAs were then used for Q-
RT-PCR analysis using FastStart Universal SYBR-
Green Master (Roche, Shanghai, China) and the Step
One Plus Real-time PCR system (Applied Biosystems/
Thermo Fisher Scientific), with GAPDH as control.
The primer sequences are shown in Additional
Table 1. In general, each Q-RT-PCR experiment was
performed using at least three replicates (n = 3).

Western blot analysis

Previously published standard protocols were used to
perform the western blot experiments [22]. Using the
following antibodies: Polyclonal rabbit antibodies for
ERK (ab184699) and SREBP1 (ab3259) was purchased
from Abcam; the EGR1 (Cat. n0.22008-1-AP) antibody
was obtained from Proto Technology (Proteintech, Bu-
curesti, Romania); the phospho ERK (Cat. n0.9101S)
antibody was obtained from Cell Signaling Technology
(CST, Danvers, MA01923); the GAPDH (Cat. no.
G9545) antibody was obtained from Sigma Aldrich; goat
anti mouse and goat anti rabbit HRP conjugated anti-
bodies were obtained from Cell Signaling Technology
(Cat. no. 5470 s and 5151 s). Antibody dilution was con-
ducted according to the manufacturer’s instructions.
The Odyssey system (LI COR Biosciences) was used to
analyse the protein detection.

ShRNA generation and transfection

The shRNA molecules, shSREBP1 and their correspond-
ing scrambled constructs, were generated by synthesiz-
ing and subcloning at least 3 shRNAs for SREBP1 and
scrambled DNA into the Bcul sites of PLent-GFP plas-
mid (Vigene Bioscience, Rockville, MD, USA). For lenti-
virus production, the above plasmids (10pg) and
packaging plasmids psPAX2 (5 pg) and pMD2.G (10 pug)
were co-transfected into growing HEK293T cells, using
Lipofectamine 2000 (Life Technologies; Thermo Fisher
Scientific), as described [24]. 48 h post DNA transfection
the supernatants were collected and used to transduce
HEL (1 x 10°) cells. The medium was changed 24 h post
transduction, maintained for five more days and cells
were selected for drug resistance using medium contain-
ing puromycin (5 pg/ml) (Solarbio, Beijin, China). Pooled
transfected cells were used for expression analysis. The
sequence of shRNAs was listed in Additional Table 2.
Among three shRNAs, shSREBP1-clone 2 showed the
highest inhibition and used for the study.
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RNAseq analysis and heatmap

The RNAseq was performed by the Beijing Genomics
Institute (BGI, Wuhan, China), using A1542-treated
(1 uM) HEL cell RNA versus control (DMSO) treated
HEL cells. The RNAseq data was mapped using HISAT2
and differential expression analysis was conducted with
cufflinks. In total there were 4259 genes expressed at
above a trace level in at least one of two the samples (i.e.
>20 FPKM). Of these genes, 67 were differentially
expressed with a fold change greater than 2 or less than
0.5. These 67 genes were displayed in a network map
using STRING [25] version 11, an unsupervised Markov
Cluster Algorithm (MCL) was used to sort the genes
into 5 distinct clusters. The three largest clusters (C1,
C2 and C3) were assessed for Gene Ontology (GO) Bio-
logical Process enrichment.

TCGA analysis

TCGA data for renal cancer was obtained through The
Human Protein Atlas (proteinatlas.org) pathology portal
[26, 27]. The P values from the survival data for the pa-
tients is taken from a Log-rank analysis after the patients
were split into two groups, based upon whether the ex-
pression for each gene was above and below the cutoff.
The cutoff is determined by the FPKM values that yield
the greatest difference in terms of patient survival.

Leukemia drug therapy in vivo

Our research group has previously described the produc-
tion of F-MuLV [22, 23]. For leukemia induction, 1 day
old BALB/c mice (male & females; Tongxin, Chongging,
China) were inoculated by a single intraperitoneal (IP)
injection of F-MuLV, using U-40 type needles. After
viral injection, mother and neonates were maintained in
our pathogen-free animal facility. Infected neonates were
then weaned at 4 weeks and separated into cages (max-
imum five per cage). Five weeks of post-viral infection,
group of male and female mice (n=10) were treated
with cholesterol (CHO; 5 mg/kg), lovastatin (LOV; 5 mg/
kg), LDL (5 mg/kg), HDL (5 mg/kg) or DMSO as a ve-
hicle control every other day for 2 weeks, as described
[22, 24]. Cholesterol (SigmaAldrich, Shanghai, China)
was dissolved in sesame oil and given leukemic mice via
gavage. HDL and LDL (Leebio, shanghai, China) was dis-
solved in saline and given mice via intraperitoneal (IP).
Mice developing signs of late-stage leukemia (U-shape
posture, slow movement, weight loss) were sacrificed hu-
manely using cervical dislocation under supervision of
experienced staff. The sick mice in the final disease
stages were sacrificed, hematocrit was measured and
spleen weight at the time of death was used for statistical
analysis.


http://proteinatlas.org
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Animal care

Animal care and procedures were accordance with cri-
teria for use of laboratory animals in our institution. The
animal protocol for this manuscript was reviewed and
approved by the Guizhou Medical University Animal
Care Committee in accordance with the guidelines of
the China Council of Animal Care (Approval ID
#1900373).

Survival and statistical analysis

Mice survival rates were computed and plotted accord-
ing to the nonparametric Kaplan-Meier analysis. Statis-
tical analysis was carried out using the two-tailed
Student t-test with significance considered at by *P<
0.05, *P<0.01, **P<0.001 & ****P<0.0001, and by
one-way ANOVA with Tukey’s post-hoc test, using Ori-
gin 3.5 software (Microcal Software, Northampton, MA,
USA). The results were plotted as the means + standard
deviation using data from at least three independent
experiments.

Results

The ERK1/2 agonist, A1542, induces expression of
cholesterol biosynthesis genes in leukemic cells

We previously identified limonoid compounds A1541-3
from medicinal plants with potent anti-leukemic activity
(Additional Fig. 1) [22]. These compounds were shown to
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have affinity to ERK1/2 by binding to the pocket B site
within ERK1/2, causing marked upregulation of the
MAPK/ERK kinase activity, leading to cytostatic and cyto-
toxic effects [22]. In contrast to these compounds, the limo-
noid cedrelone (Additional Fig. 1) binds to pocket A within
ERK1/2, and inhibits the kinase, leading to G,/M cell cycle
arrest and apoptosis [22]. To uncover the mechanism
underlying growth inhibition, RNAseq analysis was per-
formed using A1542 and vehicle control (DMSO) in the
human erythroleukemia cell line HEL. Remarkably, we ob-
served a dramatic increase in mRNA levels for all 18 genes
involved in cholesterol biosynthesis (Fig. 1a, b). These re-
sults were confirmed by Q-RT-PCR showing that A1542
treatment increased the expression of these cholesterol bio-
synthesis genes (Fig. 1d-e; Additional Fig. 2). Accordingly,
A1542 treatment significantly increased total cholesterol
level in HEL cells (Fig. 1c). Dose dependent induction of
cholesterol genes was also observed following treatment
with A1543 (Additional Fig. 3). In contrast, the ERK1/2 in-
hibitor, cedrelone, inhibited the expression of these genes,
demonstrating that both activation and inactivation of
ERK1/2 influence the cholesterol biosynthesis machinery.

Induction of cholesterol biosynthesis gene expression is
mediated by activation of MAPK/ERK by A1542/3

Since A1541-43 act as agonists of MAPK/ERK [22], we
next examined the impact of the MAPK/ERK pathway
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on cholesterol activation and cell death. The cholesterol
inhibitor Lovastatin was previously reported to have
anti-cancer activity through inhibition of MAPK/ERK
[28, 29]. While A1542 and A1543 induced ERK phos-
phorylation in HEL cells; Lovastatin (LOV) treatment
completely reduced phosphorylation of these kinases
(Fig. 2a, b). Addition of A1542 or A1543 together with
LOV dramatically induced pERK relative to LOV treat-
ment alone (Fig. 2a, b), indicating opposing effects of
these agents on ERK phosphorylation.

The effect of LOV alone or together with A1542 on
survival of HEL cells was assessed to determine the ICs,.
In this experiment, A1542 and LOV had ICs, of
0.34puM £ 0.05 and 18.45puM +1.25, respectively (Fig.
2¢). The combination of LOV + A1542 compounds re-
sulted in intermediate ICsy of 6.65uM + 1.32 (Fig. 2c).
Similar results were observed in the erythroleukemia cell
line CB3 treated with A1542, lovastatin or both agents
(Fig. 2¢). These results demonstrated a direct correlation
between the levels of phospho-ERK expression induced
by A1542 and cell survival and suggested a role for chol-
esterol in this process. To further investigate this possi-
bility, the growth rate of HEL cells was determined after
treatment with cholesterol (CHL), LOV or both. While
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treatments with CHL or LOV alone inhibited prolifera-
tion, combination of CHL + LOV resulted in intermedi-
ate levels of growth suppression (Fig. 2d). This result
indicates moderation of cell death induced by A1542 via
LOV through suppression of ERK. Treatment of HEL
cells with CHL resulted in higher total cholesterol indi-
cating that cells absorbing this lipid (Fig. 2e).

Cholesterol blocks leukemic progression induced by friend
virus

We previously reported that A1542 and A1543 attenu-
ated leukemia in vivo, using the F-MuLV- induced
erythroleukemia mouse model [23]. Here, we used this
model to examine the effect of cholesterol on leukemic
progression. Newborn BALB/c mice (n=10) were in-
fected with F-MuLV. At 5 weeks post-viral infection (at
which stage leukemic cells are already detected) [30],
mice were given CHL (5 mg/Kg) via gavage every other
day for 2 weeks. Mice treated with vehicle alone suc-
cumbed to leukemia by 100 days post infection (Fig. 3a).
CHL treatment significantly delayed the onset of death
to 173 days (P = 0.0052). While hematocrit values of con-
trol mice dropped significantly in end point leukemic
mice, higher values were observed in CHL treated mice,

a 4 b 3 €15 d e s
™~ N ~ N N
Q Q Q N4 Q
] S a3 & o
EE EEZ EELO I éC) é{\‘b EETO B .
w32 P o SREBP1 o T
g % g § 0>J % 68 kDa q>.) é
BEq Bl B g05 Rd 1 0.3 5 E0° <
2 4 8 s T . 3302 ©
0.0 T T 0.0 T .
DMSO A1542 DMSO A1542 Vector ShSREBP1 Vector ShSREBP1
f 3 ® h 5 i
Aa -~ Scrambled g % % ! T Scrambled
SE | = shSREBP1 < 47 Scrambled L T 33 T
B S < | Scrambled P
c3 3 Zg 2 shSREBP1
S % = = shSREBP1 g2
® % %)
o = 52 Q Q
25 g ShSREBP1 2 4 g,
o 8 O 1 |-$| I 2 ’%‘
S By eE 2 == : 3
T T T T T % 0 T T T T % 0 T T T T & 0 T T T T
12 24 H48 72 96 X  DMSO A1542 DMSO A1542 ©  DMSO A1542 DMSO A1542 DMSO A1542 DMSO A1542
ours
is Scrambled k¢
% 87 —/ . 815 Scrambled
< < T e
Z
ze z
€ ShEREEP1 &0 shSREBP1
Q 4 O Tk
S S
S %]
22 =5
k) . 2
goll L LN L 1 3,162 —lesFa L
DMSO A1542 DMSO A1542 DMSO A1542 DMSO A1542
Fig. 4 Selected regulation of cholesterol genes by SREBPs. a,b Expression of SREBP1 (a) and SREBP2 (b) in HEL cells treated with A1542 (1 uM). c-
e Expression of SREBP1 (c), SREBP1 (d) and SREBP2 (e) in HEL cells transduced by shRNA for SREBP1 (shSREBP1) or scrambled control. f Growth
rate properties of sShSREBP1 and scrambled-HEL cells in culture. g-k Q-RT-PCR analysis of shSREBP1 and control cells for the indicated cholesterol
genes treated with A1542 (1 uM) or DMSO for 24 h




Yu et al. BMC Cancer (2021) 21:680

indicating lower anemia in this group (Fig. 3b). By end
point, tumor size was identical in all groups (Fig. 3c).
Next, the effect of Low-Density Lipoprotein (LDL) and
High-Density Lipoprotein (HDL) on progression of
leukemia was examined using the aforementioned model.
Intraperitoneal injection of HDL and LDL into leukemic
mice moderately inhibited leukemogenesis when com-
pared to the vehicle (DMSO) control mouse group (Fig.
3D), although not significant. No significant difference
was observed for either the hematocrit or spleen size of
the leukemic mice treated with DMSO, HDL or LDL (Fig.
3e, f). As hematocrit values are higher in CHL- versus
HDL/LDL-treated mice, the effect of HDL and LDL on
leukemogenesis may be weaker than total cholesterol.
These in vivo experiments demonstrated that increased
serum cholesterol levels suffice to inhibit leukemogenesis.

Induction of cholesterol biosynthesis by ERK1/2 agonists
is partly regulated by SREBP1/2

The SREBP genes (SREBPI, SREBP2) regulate choles-
terol biosynthesis genes [7-18]. We found that expres-
sion of SREBP1 and SREBP2 was induced in HEL cells
treated with A1542 (Fig. 4a, b). Lentiviral-mediated
knockdown of SREBP1 (shSREBP1) resulted in decreased
expression for both SREBP1 (Fig. 4c, d) and SREBP2 in
HEL cells (Fig. 4e). Depletion of SREBPI1 significantly
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accelerated proliferation in culture (Fig. 4f). Thus,
growth inhibition by A1542 may be attributed to induc-
tion of SREBP1 expression by this liminoid (Additional
Fig. 1). We next assessed the effect of SREBP1 knock-
down on expression of 11 cholesterol biosynthesis genes.
Significant decrease in gene expression was only ob-
served for five genes (CYP51, HMGCS1, PDFS, MVD,
MSMO1,) with or without A1542 stimulation relative to
scrambled control (Fig. 4g-k). Five other genes (MVK,
IDIR, HSP17, LSS, NSDHL) were unaffected by SREBP1
depletion (Additional Fig. 4a-c, e-f). Interestingly, ex-
pression of FDFT1 was markedly upregulated in
shSREBP1 cells (Additional Fig. 4d). Overall, these re-
sults reveal that increased expression of cholesterol
genes by A1542 is only partially mediated by SREBP1/2,
and implicated other regulatory genes in the induction
of all 18 cholesterol biosynthesis genes by A1542/3.

A1542 induces expression of EGR1 and other
transcription factors implicated in regulation of
cholesterol biosynthesis genes

To uncover other transcription factors involved in chol-
esterol biosynthesis and leukemia inhibition, we further
analyzed the RNAseq data comparing A1542 treated
HEL cells with vehicle control. This analysis identified
67 differentially expressed genes in drug treated cells
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(selection criteria are described in the methods section;
Fig. 5a; Additional Table 3). Further network analysis of
these genes using String (string-db.org) identified five
clusters (S1-5) with distinct biological functions (Fig.
5b). The genes in cluster 5 (C5) were involved in choles-
terol biosynthesis and clusters C1-C4 include genes that
regulate this pathway (Fig. 5b). Q-RT-PCR analysis of
representative genes from clusters C2 (EGR1), C3
(IER2), C4 (CDC20) and C5 (LDLR) with their response
to A1542 is shown in Fig. 6b-e. EGR1, previously identi-
fied as a major regulator of the cholesterol biosynthesis
genes [20], exhibited the highest differential expression
in A1542 treated HEL cells (Fig. 5a, b). Q-RT-PCR (Fig.
6b) and western blotting (Fig. 6a) revealed a greater than
threefold increase in EGR1 expression in response to
A1542 treatment.

Protein-protein String analysis (String-db.org) revealed
the EGRI1 interactome (Additional Fig. 5). With the excep-
tion of PPP2R2A, the mRNA expression of these EGR1
interacting proteins: TNF, FOS, JUN, FOSB, BTG, IER2,
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Fig. 6 Expression of genes associated with cholesterol biosynthesis.
a,b Western blot (a) and Q-RT-PCR (b) analysis of EGR1 in HEL cell
treated with A1542 (1 uM) or vehicle control. ¢,e Q-RT-PCR analysis
for expression of CDC20 (c), IER2 (d) and LDLR (e) in HEL cells after
exposure to A1542 (1 uM) for 24 h
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EGR1 and PTGS2 was induced following A1542 treatment
(Additional Table 4), and this was validated by Q-RT-PCR
(Fig. 7a-g). Indeed, as A1542 activates MAPK/ERK signal-
ing, many of these genes (including TNF, FOS, JUN, FOSB
and IER2) are known downstream of this kinase pathway
[31, 32]. Among these genes, AP1 (FOS + JUN) activation
was previously implicated in cholesterol biosynthesis [33,
34]. We then examined the effect of the AP1 inhibitor
Tan IIA [35] on expression of the cholesterol genes in-
duced by A1542. While A1542 strongly induced all 18
cholesterol biosynthesis genes, addition of Tan IIA signifi-
cantly inhibited their expression (Fig. 7h-k; Additional Fig.
6). While Tan IIA known to lower cholesterol in macro-
phages [35], in HEL cells this compound alone induced
the cholesterol biosynthesis genes.

Since EGR1 is known to induce cholesterol biosynthesis
genes [20], we showed here that treatment with Tan IIA
unable to block this upregulation by A1542 (Fig. 71), indi-
cating an independent mechanism of EGR1 induction by
the compound. We propose that ERK1/2 activation via
A1542/A1543 leads to induction of SREBP, EGR1, AP1
and possibly other transcription factors that together or-
chestrate the toxic induction of all 18 genes involved in
cholesterol biosynthesis. Activation of cholesterol biosyn-
thesis genes and other death promoting signals by A1541/
A1543 then responsible for growth inhibition and induc-
tion of cell death in leukemic cells (see model Fig. 8a).

High cholesterol genes associated with good prognosis in
renal cancer

Our observation that A1542 inhibits leukemogenesis by
inducing cholesterol biosynthesis, promoted us to exam-
ine whether high cholesterol biosynthesis is associated
with better prognosis in solid cancer. Through analyses
of TCGA data, we found that in renal cancer high ex-
pression of most cholesterol biosynthesis genes was as-
sociated with better prognosis (Fig. 8b). Thus, elevated
cholesterol biosynthesis genes could be used as prognos-
tic markers for selected types of cancers, and as thera-
peutic targets for others.

Discussion

The role of cholesterol in cancer is controversial, as both
high and low expression of genes involved in cholesterol
biosynthesis are associated with cancer progression. In
this study, we investigated the mechanism by which the
limonoid compounds, A1541/A1543, which we have pre-
viously shown to bind and activate ERK1/2, suppress
leukemia. We discovered that these ERK1/2 agonists ac-
tivate cholesterol biosynthesis genes and promote
leukemia cell death in a manner that can be inhibited by
a cholesterol inhibitor. Moreover, we found that higher
cholesterol activation is a good prognosis factor in
leukemia and other cancers.
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ERK activation is known to play a critical role in expres-
sion of the cholesterol biosynthesis genes [17, 18]. The ERK
inhibitor lovastatin was shown herein to inhibit ERK1/2 ac-
tivation, leading to lower cholesterol expression by A1542
and moderation of growth inhibition by this compound
[22]. Suppression of ERK by lovastatin in this study was
suggested to be the main cause of its anti-leukemia effect
[22]. The ERK1/2 agonist A1542-A1543 on the other hand
blocked survival and leukemic growth through the activa-
tion of cholesterol biosynthesis genes that can be blocked
by lovastatin. Activation of ERK1/2 by A1542/3 may suffice
to block tumor growth. Alternatively, these compounds
may activate additional pathways that cooperate with the
induction of cholesterol to exert their anti-cancer effect, a
possibility that requires future investigation.

The ERK1/2 agonists activated the expression of
SREBP1/2, which are known to regulate transcription of
cholesterol biosynthesis genes [7, 17, 18]. We showed that
knockdown of the SREBP genes in leukemia cells select-
ively blocked induction of cholesterol biosynthesis genes.
This result is consistence with previous observations in

which SREBP1 and SREBP2 were associated with the se-
lective regulation of the cholesterol biosynthesis machin-
ery [7, 19]. In addition, through RNAseq analysis we
identified 67 differentially expressed genes, many of which
accumulated in five clusters (C1-C5) connected to the
cholesterol pathways, whose expression was induced by
A1542 (Fig. 5b). Among these drug-induced genes, EGR1
was previously implicated in transcriptional regulation of
cholesterol biosynthesis [20]. Low-density lipoprotein re-
ceptor (LDLR), another gene induced by A1542, is also in-
volved in cholesterol biosynthesis. Indeed, knockdown of
the LDLR gene activate cholesterol biosynthesis genes in
Zebrafish [36]. LDLR upregulation by A1542 may then
control excessive cholesterol biosynthesis. The immediate
early response 2 gene (IER2) induced by A1542 is also re-
ported to be downstream of IGF1 and to induce choles-
terol biosynthesis [37]. Interestingly, ERK1 activation is
known to induce the mammalian/mechanistic target of
rapamycin (mTOR) [38], which promotes the expression
of the SREBPI gene [39]. MTOR which also regulates
AMPK in a feedback loop manner [40], responsible for
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Fig. 8 A model of A1542/A1543-mediated suppression of leukemia via cholesterol biosynthesis and role of latter in other types of cancer. a
Activation of ERK/MAPK by ERK1/2 agonist A1542/A1543 induces genes including SREBPs, EGR1 and AP1 (JUN-FOS) involved in cholesterol
biosynthesis, as well as other death promoting signals, together responsible for leukemia inhibition in culture and in vivo. b TCGA analysis of
renal cancer survival as a function of elevated cholesterol biosynthesis genes

Renal cancer survival statistics

Medi Prognostic 5 years
Gene exp?esIZir;n ) relevance‘ suryival P score
(high expression)  high
IDI1 7.47 F 76% 0.00015
HMGCR 511 F 83% 0.0000094
SC5D 4.48 F 73% 1.10E-07
FDFT1 11.81 F 77% 6.60E-09
MVK 41.18 F 73% 0.0005
HMGCS1 8.9 F 74%  0.0000039
MVD 4.89 NP 80% 0.0012
CYP51A1  0.72 NP 80% 1.60E-09
DHCR7 6.29 F 74% 6.90E-07
LSS 4.51 NP 72% 0.023
HSD17B7 1.98 UnF 63% 0.000085
NSDHL  10.51 F 72% 0.000061
HMGCS1  5.42 NP 76% 0.064
FDPS 14.93 NP 67% 0.011
TM7SF2 6.47 F 81% 8.50E-08
SQLE 3.46 UnF 63% 0.00057
EBP 13.18 NP 73% 0.051
DHCR24 26.9 NP 58% 0.0078

F=Favourable; UnF=Unfavourable; NP=Not Prognostic

the cholesterol pathway regulation [41]. The mTOR path-
way may then be involved in cholesterol biosynthesis by
the compounds, that may require future investigation.
Overall, these results suggest that A1542/3 may induce
cholesterol genes through a complex process and further
characterization of this model may shed broader insights
into molecular mechanism of cholesterol biosynthesis.

In addition to the above regulators of cholesterol
biosynthesis, A1542 strongly activated the expression
of JUN, FOS, and FOSB, which are component of the
heterodimer AP1 signalling pathway. This complex
has been extensively studied as a key mediator of cell
transformation, proliferation, differentiation and apop-
tosis [42, 43]. The role of APl in survival vs apop-
tosis is now attributed to the cellular context and
extracellular stimulus [43]. AP1 activation was also
implicated in cholesterol biosynthesis [33, 34], al-
though its role in lipid induction and cell survival is
still unknown. Here we showed that pharmacological
inhibition of AP1 blocked the induction of cholesterol
genes by A1542, providing another pathway for lipid
synthesis. Induction of cholesterol biosynthesis by
AP1 and others as well as other death promoting
pathways such as tumor necrosis factor TNF [44] by
the compounds then may generate unique intracellu-
lar conditions that lead to apoptosis. Interestingly,
Glutamine depravation in KRAS mutant cancer cells
leads to apoptosis [45]. Reduction in glutamine

synthesis by the compound then could also play a
critical role in leukemic cell death.

While intracellular cholesterol levels in leukemic
cells are essential for the induction of an inhibitory
response by the compounds; we also tested for its ef-
fect in the serum by treating cells with cholesterol or
injecting the lipid into leukemic mice. Indeed, the dir-
ect injection of cholesterol into leukemic mice re-
vealed significant tumor inhibition. Injection of either
LDH or LDL also led to significant leukemic inhib-
ition. Since growth suppression by cholesterol was
also detected in culture, higher lipids then may trig-
ger an anti-leukemic effect identical or distinct from
the mechanism induced by A1542, a notion that may
require future investigations.

Conclusions

We showed that drug activation of ERK1/2 induces cell
death through induction of cholesterol biosynthesis.
While higher expression of SREBP1 was partially respon-
sible for activation of the cholesterol biosynthesis genes,
induction of other genes, including AP1, may cooperate
with these transcription factors to increase cholesterol
biosynthesis and trigger cell death. This study for the
first time identifies cholesterol genes induced under over
activation of ERK/MAPK as the cause of growth inhib-
ition in leukemia.
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