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Simple Summary: Both prostate and pancreatic cancers are ranked in the top five leading causes of
cancer death in American. In prostate cancer, the mainstay of therapeutic approaches is inhibition
of the androgen receptor; however, resistance occurs within two years. In pancreatic cancer, there
is no targeted therapy available, and patients have the worst survival rate compared to all other
types of cancer. We identified a novel MLK1 inhibitor (NSC14465) and demonstrated anti-tumor
ability in both prostate and pancreatic cancers.

Abstract: It was shown that mixed lineage kinase 1 (MLK1) regulates pancreatic cancer growth;
however, its role in prostate cancer remains unclear. We showed that MLK1 is a tumor marker in
prostate cancer by analyzing clinical gene expression data and identified a novel MLK1 inhibitor
(NSC14465) from the compound library of the National Cancer Institute (NCI) using a MLK1 pro-
tein structure. The inhibitory effects of MLK1 were validated by an in vitro kinase assay and by
monitoring phosphorylation signaling, and the anti-proliferation function was shown in several
prostate and pancreatic cancer cell lines. We also demonstrated anti-tumor ability and prevention
of cancer-related weight loss in a syngeneic orthotopic mouse model of pancreatic cancer that mim-
icked the tumor growth environment in the pancreas. Our results demonstrate that the MLK1 in-
hibitor is an anti-tumor agent for malignant prostate and pancreatic cancers.

Keywords: MLK1; androgen receptor; prostate cancer; pancreatic cancer

1. Introduction

According to the American Cancer Society, prostate cancer is the second leading
cause of cancer death in American men and pancreatic cancer was the fourth in both men
and women in 2021 [1]. In prostate cancers, castration-resistant prostate cancer (CRPC)
occurs within a few years of androgen-deprivation therapy (ADT), and a key driver of the
malignant progression is the androgen receptor (AR) [2]. Although therapeutics targeting
AR activities have improved survival rates, none of these are curable, and resistance
emerges again [3]. Pancreatic cancer has the worst survival rate of all types of cancers,
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with five-year survival rates of 2.5-8.2% [4]. Currently, using a surgical approach in com-
bination with adjuvant chemotherapies is the standard therapeutic approach [5]; how-
ever, there are still unmet medical needs for treating pancreatic cancer.

The mitogen-activated protein kinase (MAPK) pathway consists of three sequential
layers of kinase activity that deliver signals by protein phosphorylation in a sequential
order: MAPK kinase kinases (MAP3Ks)-MAPK kinases (MAP2Ks, e.g.,, MEK1)-MAPKSs
(e.g., ERK1/2) [6]. The mixed lineage kinase 1 (MLK1) belongs to the MLK family, a sub-
group of MAP3Ks, and plays a critical role in regulating pancreatic cancer, in that MLK1
promoted proliferation and inhibited apoptosis partly via activation of MEK-ERK signal-
ing [7]. At first, it was believed that the MLK family cannot activate MEK-ERK signaling,
the mitogenic pathway for cell proliferation, which is only regulated by another subgroup
of MAP3Ks, RAF proto-oncogene kinases (RAFs) [8]; however, it was later demonstrated
that all the members of the MLK family (MLK1-MLK4) can activate the MEK-ERK path-
way and lead to anti-cancer drug resistance in cancer patients undergoing treatments with
RAF inhibitors [9]. Furthermore, in addition to overexpression, gain-of-function muta-
tions of the MLK1 were frequently found in the melanoma, contributing to its role in can-
cer biology [9].

Although the MLK1 is involved in the above mentioned tumors, its role in prostate
cancer remains unclear. In this study, we showed that MLK1 can serve as a tumor marker
in prostate cancer and aimed to utilize MLK1 as a therapeutic target. We identified a novel
MLKT1 inhibitor (NSC14465) from the NCI compound library and demonstrated its anti-
tumor functions in prostate and pancreatic cancer cells. Our results support that MLK1
can be a therapeutic target in treating malignant prostate and pancreatic cancers.

2. Materials and Methods
2.1. Cell Lines

The mouse cell lines, tumorigenic TRAMP-C1, and human prostate cancer cell lines
(C4-2, DU145, PC3, and LNCaP) were purchased from the American Type Culture Col-
lection (ATCC; Manassas, VA, USA). All cells were maintained in the culture medium
suggested by the ATCC. The mouse pancreatic cell lines (6606PDA, 66061, and 7265PDA)
were kindly provided by Dr. David Tuveson (Cambridge University) via a material trans-
fer agreement. The three pancreatic cancer cell lines were maintained in Dulbecco’s mod-
ified Eagle medium/F12 (Invitrogen, Carlsbad, CA, USA) with 10% fetal calf serum, ac-
cording to established procedures [10]. In experiments with an AR inhibitor, MDV3100
(Selleckchem, Houston, TX, USA), cells were incubated with 10 uM MDV3100 for 24 h in
10% serum-containing RPMI 1640 medium.

2.2. Structure-Based Virtual Screening

Compounds from the National Cancer Institute (NCI) compound database were se-
lected for in silico screening. The compound library was prepared by removing molecules
that contained pan-assay interference compound (PAINS) structures [11] or violated
Lipinski’s rule of five [12]. The remaining compounds were filtered using the HTS module
in Pipeline Pilot [13], which removes molecules that are poor candidates for high-through-
put screening. The prepared compound library was then docked using FlexX [14]. The
MLKT1 structure (PDB ID: 3DTC) was obtained from the Protein Data Bank [15]. The co-
crystal ligand was selected as the reference ligand to define the binding site. Docked com-
pounds were ranked according to their docking score. The top-ranked 300 compounds
were selected for visual inspection. In addition, the docked compounds were filtered
based on the presence of a hydrogen bond to hinge residues [16]. Potential inhibitors were
then requested based on availability for further testing.
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2.3. In Vitro Kinase Assay

The inhibitory effects of the selected compounds were assessed using a Thermo
Fischer Scientific Z’LYTE activity assay (Thermo Fisher Scientific, Waltham, MA, USA).
In brief, the assay utilizes fluorescence resonance energy transfer (FRET) to evaluate
MLKT1 activity. The test compound was co-incubated with a fluorescein-labelled substrate,
ATP, and kinase in a buffer to induce a reaction for 1 h. A stop solution (EDTA) was
added, and the results were determined using a fluorescence reader. The data shown are
the average of two replicates. The kinase selectivity of NSC14465 was obtained using the
Thermo Fisher SelectScreen service (Thermo Fisher Scientific, Waltham, MA, USA). Pro-
tocols and assay conditions can be found online (http://www.thermofisher.com/select-
screen, accessed on 6/2/2021).

2.4. Transwell and Wound-Healing Assays

A human monocyte cell line, THP-1, was placed on the upper layer of cell culture
inserts with a permeable membrane (Corning, Glendale, AZ, USA) then incubated in cul-
ture media containing NSC14465 and a chemokine, mouse CCL2 recombinant protein
(R&D systems, Minneapolis, MN, USA), for 3 h. Two prostate cancer lines (DU145 and
PC3) and a mouse pancreatic cancer line, 6606PDA, were also used in a transwell assay
for 36 h. The number of migrated cells was counted by Image ] software. For a wound-
healing assay, TRAMP-C1, DU145, PC3, and 6606PDA cells were seeded into 12-well
plates and incubated for 24-48 h. When cells were confluent on the surface of the plate,
the assay was performed by using a 200 pL pipette tip to generate a scratch in each well.
Cells were incubated in culture media containing different concentrations of NSC14465
for 12 h. Images were collected at the end of the experiment.

2.5. Proliferation and Colony-Formation Assays

To perform the proliferation assay, different types of cells (LNCaP, C4-2, DU145, and
PC3) were seeded in 96-well plates for 24 h followed by enzalutamide/MDV3100 (Selleck-
chem, Houston, TX, USA) or NSC14465 treatment for 3 days. A CCK-8 solution (Cell
Counting Kit-8, cat no.: CK04-05. Dojindo molecular technologies Inc, Kumamoto, Japan)
was applied to each well and incubated for 1 h. The measurement was made by reading
the absorbance at 450 nm on an Epoch Microplate Spectrophotometer (BioTek Instru-
ments, Winooski, VT, USA).

In a colony-formation assay, cells (1000 per well) were seeded for 24 h followed by
NSC14465 for 10 days. Colonies were stained with crystal violet (Sigma-Aldrich, St. Louis,
MO, USA) and photographed.

2.6. Animals and the Syngeneic Orthotopic Mouse Model of Pancreatic Cancer

Animal experiments were performed in accordance with a protocol approved by the
Taipei Medical University Animal Care and Use Committee (number: LAC-2021-0052,
Taipei, Taiwan). An established procedure to establish the syngeneic mode was followed
[10]; in brief, 1 x 105 6606PDA cells were mixed with Matrigel (Corning, NY, USA) and
orthotopically injected into the pancreas of 8-week-old male C57BL/6 mice (NLAC, Taipei,
Taiwan). From three days after tumor cell injection, 30 pg NSC14465 dissolved in 200 uL
phosphate buffered saline (PBS) was administered i.p. into mice (~1.2 mg NSC14465/kg)
three times a week. Mice treated with 1% DMSO in 200 pL PBS (~80 uL DMSO/kg) served
as the reference control.

2.7. Western Blot Analysis

Cell lysates were processed with 6x Laemmli sample buffer, followed by electropho-
resis. Samples were transferred to polyvinylidene difluoride membranes and blocked
with 5% milk in TBST (Sigma-Aldrich, St. Louis, MO, USA). Western blotting was per-
formed with the following antibodies at 4 °C overnight: anti-pMAP3K9 (T312) (cat. no.:
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BS-6779R, Thermo Fisher Scientific, Waltham, MA, USA), anti-MAP3K9 (cat. no.:
ab228752, abcam, Cambridge, UK), anti-p70 S6K, anti-p-Akt (S473), anti-Akt, anti-
PMEK1/2(5217/221) (cat. no.: 9204S, 9271S, 9272, 9121S; Cell Signaling Technology, Inc.,
Danvers, MA, USA), and anti-GAPDH (cat. no.: GTX100118, GeneTex, Irvine, CA, USA).
Membranes were washed with TBST twice and incubated with a horseradish peroxidase
(HRP)-antibody at room temperature for 1 h. After incubation with an HRP substrate
(WesternBright ECL HRP Substrate, Advansta, San Jose, CA, USA), images were taken
with an Amersham™ Imager 600 (GE Healthcare, Chicago, IL, USA).

2.8. Bioinformatics and Statistical Analyses

Several datasets (Wallace [17], Grasso [18], Arredouani [19], and Tomlins [20]) were
used to compare the MLK mRNA expression in normal and tumor tissues using the On-
comine [21] (http://www.oncomine.org/, accessed on 6/2/2021) and Gene Expression Om-
nibus (GEO) databases (http://ncbi.nlm.nih.gov/geo/, accessed on 6/2/2021). Gene Expres-
sion Profiling Interactive Analysis (GEPIA2) [22] and cBioPortal [23] were used to analyze
the correlation of mRNA expression. The Human Protein Atlas [24] (http://www.protein-
atlas.org/, accessed on 6/2/2021) was used to analyze the overall survival in the prostate
cancer patients. All data are presented as the mean + standard deviation (SD). Differences
between individual groups were analyzed by Student’s t-test.

3. Results

3.1. Association of Increased MLK1 Messenger Ribonucleic Acid (mRNA) with Tumors and
Poor Survival Rate in Clinical Datasets of Prostate Cancers

Since there are four genes in the MLK family (MLK1-MLK4), we decided to compare
their associations with a signature gene profile of prostate cancers. We selected four fre-
quently-amplified genes (AR, PIK3CA, PIK3CB, and CCND1) and one overexpressed
gene (RSPO2) that were identified in tumors from metastatic CRPC (mCPRC) in a multi-
institutional clinical sequencing study [25]. It was known that AR amplification sensitizes
prostate cancers to low levels of androgen, that PI3K (PIK3CA/B) and Wnt (RSPO2) path-
ways can bypass the AR function for cell proliferation, and that CCND1 regulates the cell
cycle; therefore, all five genes are involved in mCRPC [25]. Consistently, when we ana-
lyzed the genetic mutation profiles in cBioPortal [23], this showed that all the five genes
exhibited gene amplification and increased mRNA levels (except CCND1) in a prostate
cancer dataset (Firehose Legacy) from The Cancer Genome Atlas (TCGA) (Figure 1A).

We next performed correlation analyses of the MLKs with the five amplified genes.
We found that both MLK1 and MLK4 behaved similarly, showing positive correlations
with three of the five signature genes (AR, PI3KCA, and PI3KCB), while both MLK2 and
MLK3 exhibited a negative correlation (Figure 1B). It should be noted that not all the
MLKs showed a positive correlation with CCND1 and RSPO2, suggesting a functional
independence. Since MLK1 had a better correlation with the signature genes than MLK4,
we hypothesized that MLK1 is a tumor marker associated with prostate cancers. To further
analyze the clinical significance, we examined the mRNA expression between normal and tu-
mor samples using the Oncomine [21] and the GEO databases. As shown in Figure 1C, MLK1
mRNA expression was significantly increased in the prostate cancers compared with the
normal tissues in several clinical datasets [17-19]. Furthermore, we asked whether MLK1
expression affects overall survival by analyzing the clinical data of TCGA using the Hu-
man Protein Atlas [24]. Indeed, the poor survival rate in the prostate cancers was associ-
ated with higher expression of MLK1 compared to the lower one (cut off = 1.22 FPKM, p
= 0.0248, Figure 1D). In summary, our results suggest that MLK1 is a tumor-associated
marker in prostate cancer.
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Figure 1. MLK1 mRNA expression is associated

with prostate cancers. (A) Analyses of genetic al-

terations with a prostate cancer dataset (TCGA, Firehose Legacy) using the cBioPortal server. Each
box represents a patient. (B) Correlation analysis for four MLK genes (MLK1-MLK4) with fre-
quently-mutated genes (AR, PI3KCA, PI3KCB, CCND1, and RSPO2) identified in mCRPC. Correla-

tion coefficients with positive values and statistic

al significance (p < 0.05) are labeled red. (C) Com-

parison of MLK1 mRNA expression in normal (N) and tumor (T) tissues using three clinical datasets
(Wallace/GSE6956, Grasso/GSE35988, and Arredouani/Oncomine). (D) The impact of MLK1 mRNA
expression on the survival of prostate cancer patients was analyzed in the Human Protein Atlas.
FPKM: fragments per kilobase of transcript per million mapped reads. Student’s t-test: * p < 0.05, ***

p <0.001.
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3.2. Identification of an MLK1 Inhibitor, NSC14465

We next identified potential MLK1 inhibitors using a structure-based virtual screening
approach. The workflow of in silico screening can be seen in Figure 2A. Compounds from the
NCI compound database were docked using FlexX [14]. The compounds were then ranked
based on their docking score, with the top-ranked 300 compounds selected for further filter-
ing. Kinase inhibitors targeting the ATP binding site have a high preference for hydrogen
bonds with hinge residues [16]. Therefore, docking poses that did not display a hydrogen
bond to the MLK1 hinge residues (E221, F222, and A223) were removed. Compounds were
visually inspected and selected based on availability. In total, eight compounds were selected
for in vitro kinase analysis.

The selected compounds were tested at 10 pM. Of these, compound 14465 (NSC14465)
showed the greatest inhibition towards MLK1 (Figure 2B). To elucidate the protein-ligand
interactions for inhibition, an interactive analysis of the docking pose was performed. Com-
pound 14465 contains a melamine core that forms one hydrogen bond and two hydrogen
bonds to the backbones of hinge residues E221 and A223, respectively (Figure 2C). The mela-
mine core also forms hydrophobic interactions with residues A169, A223, and L275. Two
rings, a toluene and a naphthalene ring, are attached to the melamine amino groups in a meta
position. The toluene moiety occupies a pocket to make hydrophobic interactions with resi-
dues F155, V158, and K171. The naphthalene ring yields an additional hydrophobic interac-
tion to residue I150. These interactions suggest that NSC14465 can form favorable interactions
within the MLK1 binding site. Together, this analysis suggests that NSC14465 is an MLK1
inhibitor.

% Inhibition % Inhibition
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H H
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Figure 2. Selection of MLK1-targeting inhibitors. (A) Workflow of the structure-based virtual screening approach. The
NCI compound library was virtually screened against the MLK1 structure (PDB ID: 3DTC). The resulting compounds
were ranked by their MLK1 docking score (orange box). The top 300 compounds were selected and compounds with no
hydrogen bonds were removed (green box). The remaining compounds were then selected (blue box) for in vitro kinase



Biology 2021, 10, 742

7 of 13

assay. (B) Structures and the inhibitory percentage of the selected compounds against MLK1. Compounds were tested by
in vitro kinase assay using a concentration at 10 uM. (C) The docking pose of NSC14465. NSC4465 (blue) consists of a
melamine (1) core with a toluene (2) and a naphthalene (3) ring in a meta position. Binding site residues (gray) are illus-
trated as lines and labeled as shown. Hydrogen bonds are illustrated as green dashes.

3.3. Validation of Inhibitory Effects of NSC14465 on MLK1

In order to validate that NSC14465 is a novel MLK1 inhibitor, we first analyzed its
selectivity by kinase assay against a panel of kinases from different kinase families (24
kinases). As shown in Figure 3A, most kinases were not inhibited by N5C14465 (% inhi-
bition < 3), and NSC14465 preferentially inhibited the MLK1 (% inhibition~38) compared
to other members in the MLK subgroup (% inhibition < 18). Although we showed that
both MLK1 and MLK4 had similar correlation patterns, with three frequently-amplified
genes in mCRPC (Figure 1A), the two proteins exhibit structural difference, since
NSC14465 only inhibited MLK1 but not MLK4. Therefore, these results further support
that NSC14465 is a novel MLK1 inhibitor.

We next evaluated the inhibitory function of NSC14465 for MLK1 in cellular assays.
Earlier studies showed that autophosphorylation at a threonine residue (Thr312) is crucial
for the kinase activity of MLK1 [26]. Thr312 is located in the activation loop of the MLK1,
and a threonine to alanine point mutation (T312A) will lead to reduced activity (1-2% of
the wild type) [26]. As shown in Figure 3B, NSC14465 can suppress the MLK1 phosphor-
ylation at Thr312 in two CRPC cell lines, C4-2 and DU145, in 1 h and 20 min, respectively;
consistent with the inhibitory effects of MLK1 in the in vitro kinase assay. Earlier studies
suggested that the ATK-S6K [27] and MEK-ERK [7] pathways were downstream of MLK1
signaling. Thus, we also demonstrated the inhibitory effects of NSC14465 in another
CRPC cell line, PC3, and monitored the phosphorylation statuses in several kinases (Fig-
ure 3C). In addition to the phosphorylation of Thr312 in MLK1, the phosphorylation of
AKT and S6K was also suppressed in 20 min, and reduced phosphorylation of MEK1/2
was apparent in 1 h (Figure 3C). When we asked whether the inhibitor affected the abun-
dance of endogenous MLK1, there was a clear dosage-dependent reduction in C4-2 at 20
min; in addition, after a 1-h treatment with 10 uM dosage, the normalized MLKI1 signal in
PC3 was decreased by almost 30% (red, Supplementary Figure S1). It is possible that dif-
ferent cell lines show different kinetic and dosage responses to the inhibitor. In summary,
we confirmed that NSC14465 inhibited MLK1 phosphorylation and its downstream sig-
naling.

Kinase Alias Conc.(uM) % Inhibition % Inhibition Average
MAP3K9 MILK1 10 43 33 38
MAP3K10 MLK2 10 <3 19 9
MAP3K11 MLK3 10 20 17 18
MAP3K21 MLK4 10 <3 7 <3

ZAK 10 <3 <3 <3

BRAF 10 <3 <3 <3
MAP3K5 ASK1 10 <3 <3 <3

MAPK1 ERK2 10 <3 <3 <3
MAP2K6 MKK6 10 <3 <3 <3

MAPKAPK2 10 <3 <3 <3
MKNK?2 MNK?2 10 <3 <3 <3
HCK 10 <3 <3 <3
KSR2 10 <3 <3 <3

ACVR1 ALK2 10 <3 <3 <3
BMPR1B ALK6 10 <3 <3 <3

ERN1 10 <3 <3 <3
DYRK3 10 <3 <3 <3
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PDK1 10 <3 <3 <3
CAMKK1 CAMKKA 10 <3 <3 <3
EPHB4 10 <3 <3 <3
ROS1 10 <3 <3 <3
CLK3 10 <3 <3 <3
INSR 10 <3 <3 <3
PIK3CB/PIK3R1  p100 beta/p85 alpha 10 <3 <3 <3
_ (A)
20 min 1h 20 min 1h
ctrl 5 10 ctrl 5 10 NSC14465 ctrl ctrl 5 10 NSC14465
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————————— (5P DH

W EPEE
130_.—‘ ; 'r.“ MAP3K9

D S G — |
| ——— _——— | " -p70 S6K

C4-2
20 min n R —— —— -AKT(S473)
el 1 5 10 ctl 1 5 10 NSC14465 '

lgg— p-MAP3K9
T s ————— (T312)

130— -~
- 3- ---- MAP3K9
A — —————— (5 ]\ D[

—— ——— | —— AKT

p-MEK1/2

SR S—— o 17001)

——————  S—— G APDH

DU145 PC3
(B) ©

Figure 3. Validation of NSC14465 as a MLK1 kinase inhibitor. (A) Selectivity of the NSC14465. Five members in the MLK
subgroup (MLK1-4, ZAK), two selected MAP3K (BRAF, MAP3K5), and seventeen other kinases were examined by in vitro
kinase assay. The activity against each kinase was performed in duplicate and is shown as a percentage of inhibition (%
inhibition). (B) In vivo suppression of MLK1 phosphorylation by NSC14465. Cells (C4-2 and DU145), treated with
NSC14465 (1, 5, 10 uM) for different times (20 min and 1 h), were analyzed by Western blot assay with a phospho-specific
antibody, p-MAP3K9 (T312), against MLK1. (C) In vivo suppression of the selected signaling in the PC3 cell line. PC3 cell
lysates after treatment with NSC14465 (1, 5, 10 uM) for different times were analyzed by Western blot using the selected
antibodies. An antibody against GAPDH was used as a loading control.

3.4. Characterization of the Anti-Proliferation and Anti-Migration Effects of NSC14465

Since emerging evidence has suggested a role for MLK1 in malignant tumor progres-
sion [7,9,27], we examined the effects of NSC14465 in several prostate cancer cell lines.
Compared to the AR-positive cell lines (LNCaP and C4-2), the AR-targeting drug, Enzalutam-
ide, did not affect the proliferation of AR-negative cell lines (DU145 and PC3) (Figure 4A).
However, NSC14465 exhibited anti-proliferation effects on, not only AR-positive and an-
drogen-sensitive LNCaP, but also to all the CRPC cell lines (C4-2, DU145, and PC3) (Fig-
ure 4B). We also tested the anti-migration effect by monitoring the transwell activity of a
human monocyte cell line, THP-1, in response to short time treatment with NSC14465. As
shown in Figure 4C, NSC14465 can drastically suppress CCL2-promoted migration of
THP-1. Similar results were observed using human prostate cancer (PC3) and mouse pan-
creatic cancer (6606PDA) cell lines (Supplementary Figure S2). Furthermore, we observed
the anti-migration effects of NSC14465 using a wound healing assay in a mouse prostate
cancer cell line, TRAMP-C1 (Figure 4D). In addition, we found that NSC14465 efficiently
inhibited migration in human prostate cancer lines (PC3 and DU145) and one mouse pan-
creatic cancer cell line (6606PDA) (Supplementary Figure 53). Finally, we examined the anti-
tumor activities of the compound by directly monitoring the colony formation abilities, an
in vitro indication of tumor formation function. As shown in Figure 4E, the compound at 5
pM can drastically reduce the quantities of colonies from different CRPC cell lines. Again,
NSC14466 exhibited similar anti-tumor abilities against both AR-positive (C4-2) and AR-
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negative (DU145 and PC3) cell lines in the same experimental setting. In summary, our
results demonstrated that NSC14465 exhibits anti-proliferation and anti-migration effects,
partly through inhibition of MLK1.
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Figure 4. Anti-proliferation and anti-migration effects of NSC14465. (A) Monitoring proliferation of several human pros-
tate cancer cell lines after treatment with an AR inhibitor, Enzalutamide (MDV), for 3 days. (B) Monitoring proliferation
of several human prostate cancer cell lines after treatment with NSC14465 for 3 days. Student’s f-test: ** p < 0.01, *** p <
0.001, *** p <0.0001. (C) Transwell analyses of a human monocyte cell line, THP-1, incubated with NSC14465 (0, 1, and 10
puM) in the upper chamber and the mouse CCL2 chemokine in the lower chamber for 2 h. (D) Migration analyses of a
mouse cell line, TRAMP-C1, following NSC14465 treatment for 12 h. (E) Colony assays using human prostate cancer cell
lines after treatment with NSC14465 for 5 days.

3.5. Demonstration of Anti-Tumor Effects of NSC14465 in a Syngeneic Pancreatic Cancer
Model

It was reported that reducing MLK1 expression can suppress MEK-ERK proliferation
signaling and inhibit proliferation in pancreatic cancer cells [7]; therefore, development of
MLKT1 inhibitors could be a therapeutic means to treat pancreatic cancer. In order to ex-
amine the anti-tumor effects of NSC14465 in pancreatic cancers, we first performed a pro-
liferation assay in three syngeneic mouse pancreatic cancer cell lines (6606PDA, 66061, and
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7265PDA) [10], and found that NSC14465 at dosages above 5 uM can inhibit proliferation
(Figure 5A). We further asked whether NSC14465 exhibited anti-tumor effects in vivo us-
ing a syngeneic orthotopic pancreas carcinoma model [10]. From three days after injection
of 6606PDA cells into the pancreas, mice were treated with NSC14465 three times a week
until sacrifice (Figure 5B). About one month (27 days) after tumor injection, the mice were
sacrificed due to apparent body weight loss in the vehicle control group. After we col-
lected tumors and analyzed tumor weights, we demonstrated that NSC14465 reduced tu-
mor size and tumor weight (Figure 5B).

The phenomenon of tumor-associated weight loss in mice recapitulated cancer cachexia
in cancer patients [28]; thus, we further analyzed changes of body weight between the carcass
and mice right before vehicle/or NSC14465 treatments (“before drug”, Figure 5C). Comparing
to the vehicle treatment group, mice treated with NSC14465 had significantly reduced
weight loss (Figure 5C). In another separate group, wild type male mice were treated only
with NSC14465, without tumor injection, and no body weight loss was observed, suggesting
the NSC14465 has no apparent toxic side effects in mice (Supplementary Figure 54). Our
results supported that NSC14465 inhibited MLK1 and suppressed pancreatic cancers, pre-
venting/or delaying development of cachexia.
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Figure 5. Anti-tumor effects of NSC14465. (A) Proliferation assays using mouse pancreatic cancer
cell lines following treatment with NSC14465 for 3 days. (B) Comparison of tumor weights from
mice orthotopically injected with 6606PDA followed by vehicle control or NSC14465 treatment. i.p.
intraperitoneal injection. 1% DMSO/PBS (phosphate buffered saline) served as vehicle control. (C)
Comparison of body weight changes in mice following NSC14465 treatment. Before drug: mice right
before vehicle or NSC14465 treatments. Student’s ¢-test: * p <0.05, *** p < (0.0001.

4. Discussion

Although MLK1 is tightly correlated with AR expression in a prostate cancer clinical
dataset (Figure 1A), we found that the inhibitory effects of the MLK1 inhibitor NSC14465
applied to, not only AR-positive, but also AR-negative, cell lines (Figure 4B). A possible
explanation is that MLK1 is also critically involved in AR-negative prostate cancers. It is
known that alternative pathways (e.g., Wnt and PI3K) are activated to support tumor cell
proliferation during the development of the CRPC in response to AR inhibition [2]. The
underlying mechanisms are partly due to a mutual inhibition between AR and those al-
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ternative pathways. For example, AR activation suppresses Wnt signaling [29], and inhib-
itors targeting PI3K signaling enhance expression of AR-targeted genes [30]. Therefore,
alternative pathways may be de-repressed during AR inhibition and dominant in CRPC.
Interestingly, we found that MLK1 not only had a strong correlation with AR signaling
(Supplementary Figure S5A) but also with alternative pathways (i.e., PI3K and Wnt) (Fig-
ure S5B,C), suggesting that the MLK1 is also involved in some AR-suppressed processes
that play major roles during AR inactivation. It is important to understand whether MLK1
is indeed involved in the development of CRPC when patients are treated with ADT.
Thus, the development of an MLK1 inhibitor, either as a monotherapy or in combination
with current AR-targeting agents, may provide a promising strategy for treating multiple
types of prostate cancer.

Following the idea of targeting MLK1 as a therapeutic agent in treating prostate can-
cers, an earlier study in rats using a potent inhibitor of the MLK family showed that in-
hibiting MLKSs did not affect either the survival or proliferation status of normal prostate
epithelium in response to modulation of AR functions [31]. Therefore, targeting the MLK
family may not elicit side effects in normal tissues, but may increase cytotoxic effects in
the tumor cells of patients undergoing treatment with either ADT/or AR inhibitors. In
addition, it is possible that the members of the MLK family participate in different types
of CRPC. Two cell lines (C4-2B and 22Rv1) that express constitutively active AR variants
(AR-V) are known to be resistant to a AR-targeting inhibitor, enzalutamide [32]; however,
knockdown of MLK3 by a siRNA approach can sensitize both cell lines to the inhibitory
effect of enzalutamide, albeit to different degrees (C4-2B: 73% vs. 22Rv1: 28%) [32]. Since
NSC14465 exhibits comparable inhibitory effects against both the kinase activities of
MLK1 (38% inhibition) and MLK3 (18% inhibition) (~twofold difference, Figure 3A), the
anti-tumor effects of NSC14465 might depend on the relative abundance and activities of
the MLK family members in tumor cells.

It is important to show anti-tumors effects in our syngeneic pancreatic cancer mouse
model (Figure 5B). Although inhibition of MLK1 by siRNA was shown to facilitate anti-
proliferation effects in vitro using pancreatic cell lines [7], it is not clear whether using
small molecules targeting MLK1 can suppress pancreatic cancers in an animal model.
Moreover, it was of significance that mice treated with NSC14465 did not exhibit tumor-
associated weight loss (Figure 5C), considering that cancer cachexia has wide ranging
effects in patients with pancreatic cancer (63-64%) [33]. One possible explanation to the
prevention of cancer cachexia-like weight loss is that NSC14465 effectively suppresses
pancreatic cancer cells in the microenvironment in the pancreas. Therefore, further
modification of NSC14465 to improve its potency is a promising direction for treating
pancreatic cancers and for improving quality of life. However, one might also interpret
the lack of weight loss in the NSC14465 treatment group as an indication of a molecular
model showing a direct involvement of MLK signaling in cancer cachexia. Consistently,
it was shown that the MLK3/GDF15 axis serves an important role in inducing cancer
cachexia [34]; thus, inhibition of MLKs may suppress the tumor-derived factors involved
in cachexia. Based on our results, further investigation is required to clarify the connection
between MLK1, or MLK3, and cachexia in pancreatic cancers.

5. Conclusions

The MLKI is a relevant tumor marker in prostate cancer and targeting MLK1 can
lead to anti-tumor effects in prostate and pancreatic cancers.

Supplementary Materials: The following are available online at www.mdpi.com/article/10.3390/bi-
ology10080742/s1, Figure S1: Quantification of endogenous MLK1 and GAPDH. Figure S2:
Transwell analyses of cancer cell lines. Figures S3: Wound healing assays of human prostate and
mouse pancreatic cancer cell lines. Figure S4: Body weight changes in mice treated with NSC14465.
Figure S5: Positive correlation of MLK1 (MAP3K9) with frequently-mutated genes identified in
mCRPC. Full Western blot figures.
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