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ABSTRACT: The small molecule iMDK induces apoptosis in
H441 papillary lung adenocarcinoma cells that harbor KRAS®'Y;
however, the molecular mechanism by which iMDK induces
apoptosis remains unknown. In addition, due to its hydrophobic
structure, iMDK is insoluble in water, making iMDK unsuitable for
clinical translation. To understand the molecular mechanism, we
conducted RNA-seq analysis to identify genes that are regulated by
iMDK in H441 cells. RNA-seq data analysis indicated that iMDK
activated the ATF3-CHOP (DDIT3)-mediated apoptotic pathway.
iMDK did not induce apoptosis in ATF3 or CHOP CRISPR
knockout H441 cells, indicating that iMDK induced apoptosis
through the ATF3-CHOP pathway. Notably, iMDK also activated
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Cancer cells
(e.g., mutant KRAS)
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ATF3 and induced apoptosis in both sotorasib (KRAS®'2C inhibitor)-naive and resistant H358 bronchioalveolar carcinoma cells that
harbor KRAS®"?“. To administer iMDK in water, we encapsulated iMDK in multiple lipid or polymer nanoparticles that could be
suspended in water. Importantly, iMDK that was encapsulated in DPPC/DOTAP/DSPE-PEG/ Cholesterol lipid nanoparticles but

not DPPC/DPPG/DSPE-PEG/Cholesterol or PEI-PEG-LinA

nanoparticles induced apoptosis in H441 cells in vitro.

Intraperitoneal injection of water-soluble iMDK lipid nanoparticles (DPPC/DOTAP/DSPE-PEG/Cholesterol) significantly
reduced the growth of H441 xenografts without inducing liver toxicity in vivo. These results suggest that water-soluble iMDK lipid
nanoparticle delivery is effective for treating subtypes of KRAS mutant lung cancers that retain the ATF3-mediated apoptotic

pathway.
KEYWORDS: LNP, iMDK, ATF3, CHOP, KRAS, lung cancer

B INTRODUCTION

iMDK  (3-[2-[(4-Fluorophenyl)methyl]imidazo[2,1-b]thiazol-
6-yl]-2H-1-benzopyran-2-one) (Figure la) was originally
discovered as a small molecule that inhibits the expression of
MDK (also known as midkine), a growth factor that is
expressed in H441 human lung papillary adenocarcinoma cells
that carry the driver oncogene KRAS®?V.' Molecular and
biochemical analyses indicated that iMDK also inhibited the
PI3K-AKT pathway and induced apoptosis in H441 cells,
HEK293 human embryonic kidney cells, and H520 human
lung squamous cell carcinoma cells but not A549 human lung
carcinoma cells that carry KRASS'?® or NHLF normal human
lung fibroblasts.' iMDK has also been shown to effectively
suppress growth of HSC-2 human oral squamous carcinoma
cells,” PC3 human prostate cancer cells,” HI1299 human
nonsmall cell lung carcinoma cells,* BCBL-1, BC-1, GTD, TY-
1 primary effusion lymphoma cells,” and KMM-1, NCI-H929,
and RPMI-8226 multiple myeloma cells.’ Although iMDK is
potentially a promising cancer drug to suppress the growth of
subtypes of cancer cells, the molecular mechanism by which
iMDK suppresses cancer cell growth remains unknown. Also,
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the insolubility of iMDK in water due to its hydrophobicity
hampers efforts to translate iMDK into the clinic. Previous in
vitro and in vivo xenograft studies were conducted by
dissolving iMDK into the toxic solvent DMSO,"*” which is
not suitable for preclinical and clinical application.

In the present study, to understand the molecular
mechanism by which iMDK induces apoptosis in H441 lung
cancer cells carrying KRAS'?Y, we conducted RNA-seq
combined with a gene knockout approach using CRISPR/
Cas9 and aimed to identify genes that are involved in apoptosis
induced by iMDK. The recent discovery of small molecules
(e.g., sotorasib) that bind to KRASS'*“ and in turn suppress
the growth of cancer cells that are driven by KRAS!*“ has
revolutionized the treatment strategy for KRAS mutant lung
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Figure 1. iMDK induces the expression of ATF3 and DDIT3 (also known as CHOP) in H441 papillary lung adenocarcinoma cells that harbor
KRAS®'?. (a) Structure of iMDK. (b) Immunoblots indicating the expression of proteins from cell extracts of H441 cells that were treated with
DMSO, iMDK (5 yM), miransertib (10 M), and sotorasib (10 M) for 48 h. (c) Cell viability measured by the MTS assay for H441 and A549
lung carcinoma cells (KRAS'?%) that were treated with DMSO, iMDK (S M), miransertib (10 uM), and sotorasib (10 uM) for 48 h (n = 8). (d)
Volcano plot of DESeq?2 tests for genes that are differentially expressed (fold change >1.5 and adjusted P value < 0.1) from RNA-seq of H441 cells
treated with iMDK (S uM) vs DMSO for 24 h. (e) Gene ontologies associated with genes significantly upregulated in H441 cells treated with
iMDK that were analyzed in (d). (f) TagMan gene expression analysis indicating mRNA expression of ATF3, CHOP (DDIT3), and TNF from
H441 and AS549 cells that were treated with DMSO, iMDK (5 uM), or miransertib (10 £uM) for 24 h (n = 3). Student’s t-test values are indicated

above bars. Error bars represent + standard deviation.

cancers; however, such cancer cells eventually become resistant
to KRASS"2€ inhibitors by different mechanisms,”” thus urging
the cancer research community to develop novel therapeutics
to treat such KRAS®'?C inhibitor-resistant cancers. We sought
to determine whether iMDK can suppress the growth of
sotorasib-resistant H358 bronchioalveolar carcinoma cells that
harbor KRASS!12C, Additionally, to aid future clinical
application, we developed a water-soluble form of iIMDK
using lipid nanoparticle (LNP) technology to encapsulate
iMDK, which can then be dissolved in water instead of DMSO.

B MATERIALS AND METHODS

Materials. Lipids were purchased from Avanti Polar Lipids
(Alabaster, AL, USA), including 18:1 TAP (DOTAP) (cat#:
890890), 16:0 PC (DPPC) (cat#: 850355), and 16:0 PG
(DPPG) (cat#: 8404S5S). O-Methyl-O’-succinylpolyethylene
glycol 2000 (cat#: 17928), poly(ethylenimine) solution (cat#:
408700), linoleic acid (cat#: L1376), and the ALT Activity
Assay (cat#: MAKO0S2) were purchased from MilliporeSigma
(St. Louis, MO, USA). EDC (cat#: 22981) and N-
hydroxysuccinimide (NHS) (cat#: 24500) were purchased
from Thermo Fisher (Waltham, MA, USA). iMDK (cat#:
5126) and sotorasib (also known as AMGSI10; cat#: 7713)
were purchased from Tocris Bioscience (Minneapolis, MN,
USA). Miransertib (also known as ARQ092; cat#: HY-19719)

was purchased from MedChemExpress (Monmouth Junction,
NJ, USA).

Cells. H441 papillary lung adenocarcinoma cells, A549 lung
carcinoma cells, and H358 bronchioalveolar carcinoma cells
were obtained from ATCC (Manassas, VA, USA). H358R cells
(sotorasib-resistant H358 cells) were generated by culturing
H358 cells at 10 uM sotorasib for 8 months. ATF3 or CHOP
(DDIT3) knockout H441 cells were created using ATF3
CRISPR Plasmids (h) (cat#: sc-416577, Santa Cruz Bio-
technology, Dallas, TX, USA) or DDIT3/CHOP/GADD153
CRISPR Plasmids (h) (cat#: sc-400051-KO-2, Santa Cruz
Biotechnology).

Immunoblot Analysis. Cells were lysed in ice-cold RIPA
Lysis and Extraction Buffer (cat#: PI89900; Thermo Fisher).
Cell lysates were cleared by centrifugation (30 min at 10,000g
at 4 °C), and protein concentration was determined using
Direct Detect Assay-free Cards (cat#: DDAC00010-GR;
MilliporeSigma). Equal amounts of protein (50 ug) were
separated on an SDS-PAGE gel. The gel was electrophoreti-
cally transferred to a Hybond PVDF transfer membrane and
incubated with primary and secondary antibodies. An antibody
specific for actin (cat#: LMAB-C4) was obtained from Seven
Hills Bioreagents (Cincinnati, OH, USA). An antibody specific
for MDK (also known as midkine) was obtained from Abcam
(cat#: ab52637, Waltham, MA, USA). Antibodies specific for
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P-AKT (cat#: 4060S), AKT (cat#: 92728), Cleaved PARP
(cat#: 5625S), P-ERK (MAPK T202/Y204, cat#: 9101S),
ERK1/2 (cat#: 4695S), CHOP (cat#: 2895S), and ATF3
(cat#: 18665S) were obtained from Cell Signaling Technology
(Danvers, MA, USA).

Cell Viability Assay. Cells were plated in 24-well plates at
a density of 1 X 10° cells and cultured at 37 °C for 24 h.
Medium was removed by aspiration and replaced with fresh
culture medium containing iMDK (5 pM), miransertib (10
uM), or sotorasib (10 M) that was dissolved in DMSO or
iMDK that was encapsulated in water-soluble nanoparticles.
Cells were treated for 48 h before an MTS assay to determine
cell viability based on the manufacturer’s protocol (CellTiter
96 AQ Cell proliferation assay, cat#: G3582; Promega,
Madison, WI, USA).

RNA-Seq Analysis. For RNA-seq, RNA was extracted from
H441 cells treated with DMSO or iMDK at 5 M for 24 h.
RNA was sent to the CCHMC DNA sequencing core
(Cincinnati, OH, USA) as described previously."’ Quality
assessment and preprocessing of RNA-seq reads were
performed using FASTQC, Trim Galore, and SAMtools.
Reads were then aligned to the hg38 genome using Bowtie2.
Low-quality alignments were removed by using SAMtools.
Potential PCR duplication reads were identified using the
Picard tool and excluded. Gene expression was counted using
htseq-count. Differential expression analysis was performed
using the Bioconductor DESeq2 package.'' Differential
expression with at least a 1.5-fold change and false discovery
rate <0.1 was considered significant. A volcano plot showing
the differential expression result was generated using the
Bioconductor EnhancedVolcano package. Gene ontology
(GO) analysis was conducted using the ToppGene Suite
bioinformatical tool (https://toppgene.cchmc.org)."

qRT-PCR. RNA was extracted from H441, H358, and A549
cells using the QIAGEN RNeasy Mini Kit (cat#: 74104;
QIAGEN, Germantown, MD, USA). Following extraction,
reverse transcription reactions were carried out with an iScript
cDNA synthesis kit (cat#: 1708890; Bio-Rad, Hercules, CA,
USA) according to the provided manufacturer’s instructions.
The synthesized cDNA was used for quantitative PCR (qPCR)
using a StepOnePlus Real-Time PCR System with specific
TagMan gene expression assay probes for ATF3 (cat#:
4331182; Hs00231069 m1), CHOP (also known as DDIT3;
cat#: 4331182; Hs00358796_gl), TNF (cat#: 4331182;
Hs00174128 m1), and 18S RNA (cat#: 4333760T) (Thermo
Fisher). Expression levels of ATF3, CHOP (DDIT3), and TNF
were normalized using 185 RNA to control for variations in
RNA input and cDNA synthesis efficiency. The resultant data
were expressed as mean =+ standard deviation (SD) and
analyzed statistically using the 2-tailed Student’s t-test to
determine significance. All statistical analyses were conducted
using GraphPad Prism version 10 (GraphPad Software,
Boston, MA, USA).

Nanoparticle Formulation. DPPC/DOTAP/DSPE-
PEG/Cholesterol (DPPC[DOTAP]) or DPPC/DPPG/
DSPE-PEG/Cholesterol (DPPC[DPPG]) was dissolved in
chloroform at concentrations of 25, 12.5, 12.5, and 5 mg/mL,
respectively. Each lipid preparation (3 mL) was mixed
thoroughly in a round-bottom flask. The organic solvent was
then removed by using a rotary evaporator to form a thin lipid
film on the walls of the flask. The lipid film was hydrated with
16.5 mL of deionized (DI) water to form liposomes at a final
concentration of 10 mg/mL. The liposome suspension was put

into a sonicator water bath for 2 h at room temperature to
reduce the particle size and ensure uniformity. The liposome
solution was transferred to a 50 mL tube and subjected to
additional water bath sonication. While maintaining sonication,
6.6 mL of iMDK dissolved in tetrahydrofuran (THF) at a
concentration of 5 mg/mL was added dropwise to the
liposome suspension. After the addition was complete, the
mixture was sonicated for another 30 min. The iMDK-loaded
lipid nanoparticle (LNP) solution was then transferred back to
the round-bottom flask, and THF was removed by using rotary
evaporation. To purify the iMDK-loaded LNPs, the solution
was dialyzed against DI water for 6 h to remove any remaining
THF and unencapsulated iMDK. The final iMDK LNP
solution was then ready for use. Before each use, the iMDK
LNPs were sonicated for an additional 30 min to ensure
quality.

For PEI-PEG-LinA synthesis, polyethylenimine (PEI) was
functionalized with biological fatty acids and polyethylene
glycol (PEG) via amidation using EDC/NHS-mediated
coupling, following a standard reaction scheme for all coupling
reactions as we previously described."’ Briefly, 450 mg (0.25
mmol) of PEI (MW 1800) was dissolved in 15 mL of ethanol
at 40C for 15 min. Next, 150 mg (0.07S mmol) of PEG-
COOH, 350 mg (1.250 mmol) of LinA, 316 mg (1.656 mmol)
of EDC, and 238 mg (2.070 mmol) of NHS were dissolved in
15.75 mL of ethanol plus 1.57 mL of 500 mM MES buffer and
reacted at 40 °C for 15 min. The two solutions were
immediately mixed and allowed to react overnight at 40 °C.
After the reaction, ethanol was removed via rotary evaporation,
and the product was resuspended in deionized water. The
conjugated PEI was dialyzed against deionized water using a 20
kDa membrane for 4—5 days, extracted twice with diethyl
ether, and lyophilized. Before use, the lyophilized polymers
were suspended in 10 mM MOPS buffer (pH 7.4) and
sonicated.

Mouse Experiments. All animal experiments conducted
were approved by the Cincinnati Children’s Hospital Institu-
tional Animal Care and Use Committee (IACUC) under
protocol 2023-0034, which is amended and reviewed yearly.
Human H441 lung cancer xenografts were established in 6—8
wk-old female NU/J nude mice (cat#: 002019; Jackson
Laboratory, Bar Harbor, ME, USA) by subcutaneous (s.c.)
injection of H441 cells (1 X 10°/50 L) mixed with Matrigel
(cat#: CB-40234A; BD Pharmingen, San Diego, CA, USA)
into the dorsal flank. The mice were randomly assigned into
three groups (n = 8 per group) S—8 days after tumor
inoculations. iMDK (9.7 mg/kg) dissolved in 100% DMSO
(iMDK-DMSO) or formulated in LNP (iMDK-LNP) was
intraperitoneally injected every day. Tumors were measured S,
10, and 13 days after the first injection of iMDK, and the
tumor volume was calculated as a X b® X 0.5, where a and b
were large and small diameters, respectively. After treatment
for 13 days, body weights were measured and mice were
euthanized. Xenografts were then removed and prepared for
histological analyses. For the analysis of serum ALT, blood was
drawn from the heart of the mice 13 days after the first iMDK
injection.

B RESULTS

RNA-Seq Indicating that iMDK Activates the ATF3-
CHOP-Mediated Apoptotic Pathway. We previously
identified small molecule iMDK as an inhibitor of the
expression of MDK and an inducer of apoptosis in H441
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Figure 2. ATF3 and CHOP are required for iMDK-mediated apoptosis in H441 cells. (a) Inmunoblots indicating the expression of proteins from
H441 cell extracts with or without ATF3 (CRISPR/Cas9 with sgATF3 #2 or #9) that were treated with DMSO or iMDK (0.5 uM) for 48 h. (b)
Cell viability measured by MTS assay for H441 cells with or without ATF3 (CRISPR/Cas9 with sgATF3 #2 or #9) that were treated with DMSO
or iMDK (0.5 uM) for 48 h (n = 8). (c) Immunoblots indicating that cleaved PARP was induced by iMDK in H441 control cells but not in H441
cells lacking CHOP (CRISPR/Cas9 with sgCHOP #2 or #3). (d) Cell viability measured by the MTS assay for H441 cells with or without CHOP
(sgCHOP #2 or #3) that were treated with DMSO or iMDK (0.5 M) for 48 h (n = 12). Student’s t-test values are indicated above bars. Error bars

represent + standard deviation.

papillary lung adenocarcinoma cells that harbor KRAS®'?Y
(Figure 1b,c)." Since we also identified that iMDK inhibited
the PI3K-AKT pathway in H441 cells' (Figure 1b), we
hypothesized that iMDK induces apoptosis through the
inhibition of the PI3K-AKT pathway. However, miransertib
(also known as ARQ092),'* another PI3K-AKT pathway
inhibitor, inhibited the PI3K-AKT pathway in H441 cells but
failed to induce PARP cleavage, a marker for apoptosis (Figure
1b), and failed to suppress cell growth (Figure 1c), indicating
that the inhibition of the PI3K-AKT pathway is not sufficient
to explain the mechanism by which iMDK induced apoptosis
in H441 cells. To identify the mechanism, we sought to
determine the genes that were affected by iMDK in an
unbiased fashion using RNA-seq with RNA isolated from
H441 cells that were treated with iMDK or DMSO (control)
for 24 h. RNA-seq analysis indicated that iMDK significantly
induced 545 genes while reducing 491 genes (fold change >1.5
and adjusted P value <0.1; Figure 1d and Table S1). We
analyzed the 545 genes induced by iMDK using the ToppGene
Suite bioinformatical tool (https://toppgene.cchmc.org),"
which indicated that 48 genes fall into the positive regulation

of the apoptotic process (GO: 0043065) (Figure le and Table
S2). Among the 48 genes, ATF3, DDIT3 (also known as
CHOP; hereafter, CHOP), and TNF are of particular interest
since the ATF3-CHOP endoplasmic reticullum (ER) stress
pathway,"*~"” and TNF'® are known to induce apoptosis in
specific cell types. The induction of ATF3, CHOP, and TNF
by iMDK in H441 cells was confirmed by TagMan gene
expression analysis and Western blotting (Figure 1b,f). Of
note, miransertib neither induced the expression of ATF3 nor
CHOP (Figure 1b,f), indicating that the PI3K-AKT pathway
does not mediate the induction of ATF3 and CHOP by iMDK.
Previously, we showed that iMDK did not induce apoptosis in
A549 lung carcinoma cells that harbor KRAS®'? (Figure 1c).'
We assessed the expression of ATF3, CHOP, and TNF in
AS549 cells treated with iMDK. Notably, iMDK induced the
expression of TNF but not ATF3 or CHOP in AS49 cells
(Figure 1f), suggesting that the induction of ATF3 and CHOP
but not TNF by iMDK is required for iMDK-mediated
induction of apoptosis in H441 cells.

ATF3-CHOP Pathway Being Required for the Apop-
tosis Induced by iMDK in H441 Cells. To determine the
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role of the ATF3-CHOP pathway in iMDK-mediated
apoptosis in H441 cells, we used the CRISPR/Cas9 genome
editor to knock out ATF3 or CHOP in H441 cells and
assessed the apoptotic effect of iMDK in the knockout cells.
Notably, iMDK induced cleaved PARP and reduced cell
growth in parent H441 cells but not in ATF3 knockout H441
cells (two independent clones #2 and #9) (Figure 2ab),
indicating that iMDK requires ATF3 to induce apoptosis in
H441 cells. Likewise, iMDK failed to induce cleaved PARP and
reduce cell growth in CHOP knockout H441 cells (two
independent clones #2 and #3; Figure 2c,d), indicating that
iMDK also requires CHOP to induce apoptosis in H441 cells.
These data indicate that iMDK induces apoptosis in H441 cells
through induction of the ATF3-CHOP pathway.

iMDK Inducing Apoptosis in KRAS®'*“ Inhibitor
(sotorasib)-Naive and Resistant H358 Bronchioalveolar
Carcinoma Cells that Harbor KRASS'%C, Sotorasib (also
known as AMG510) has recently been approved'® by the FDA
to treat nonsmall cell lung cancer (NSCLC) that harbors

KRAS®"S; however, the majority of the sotorasib-treated
NSCLC recurs even after an initial successful response;
therefore, new therapeutics are required to target such
sotorasib-resistant NSCLC. We hypothesized that iMDK
might suppress the growth of sotorasib-resistant NSCLC. We
created sotorasib-resistant H358 bronchioalveolar carcinoma
cells that harbor KRASS™*“ by culturing the cells long-term
with sotorasib at 10 uM for 8 months (hereafter, H358R cells).
We treated parent H358 and H358R cells with sotorasib or
iMDK and assessed the cell growth. As expected, sotorasib
significantly suppressed the growth of H358 cells (Figure 3a,b)
associated with the induction of cleaved PARP and inhibition
of pERK (Figure 3c) but did not suppress the growth of
H358R cells (Figure 3a,b). iMDK also significantly suppressed
the growth of H358 cells (Figure 3a,b) associated with
induction of cleaved PARP, ATF3, and CHOP though less
effectively than sotorasib (of note, the expression of pAKT was
low in H358 cells) (Figure 3c). Importantly, iMDK
significantly suppressed the growth of H3S8R cells (Figure
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Figure 4. Lipid nanoparticles (LNP; DPPC/DOTAP/DSPE-PEG/Cholesterol) carrying iMDK induce apoptosis in H441 cells in vitro. (a)
Experimental scheme synthesizing LNP carrying iMDK. (b) Structure of lipid (left) or PEI (right) nanoparticles. (c) Zeta potential of DPPC/
DOTAP/DSPE-PEG/Cholesterol (hereafter, LNP[DOTAP]), DPPC/DPPG/DSPE-PEG/Cholesterol (hereafter, LNP[DPPG]), and PEI-PEG-
LinA that carry iMDK (n = 3). (d) Hydrodynamic diameters (size) of LNP[DOTAP], LNP[DPPG], and PEI-PEG-LinA that carry iMDK (n =
3). (e) Cell viability measured by MTS assay for H441 cells that were treated with LNP[DOTAP], LNP[DPPG], and PEI-PEG-LinA that carry
iMDK estimated at S M for 48 h (n = 8). (f) Immunoblots indicating the expression of proteins from cell extracts of H441 cells that were treated
with LNP[DOTAP], LNP[DPPG], and PEI-PEG-LinA that carry iMDK estimated at S M for 48 h. Panels a and b were made with
BioRender.com. Student’s t-test values are indicated above bars. Error bars represent + standard deviation.

3a,b) associated with the induction of cleaved PARP and ATF3
(but not CHOP) as well as the inhibition of AKT (Figure 3c).
Miransertib, a PI3K-AKT pathway inhibitor, failed to induce
cleaved PARP, an apoptosis marker, while it inhibited AKT in
H358R cells (Figure 3d). These results suggest that iMDK
induces apoptosis in sotorasib-resistant H358R cells through
the induction of ATF3-mediated apoptosis but not by the
PI3K-AKT pathway inhibition (Figure 3e).

iMDK Encapsulated in Lipid Nanoparticles (LNP;
DPPC/DOTAP/DSPE-PEG/Cholesterol) Being Soluble in
Water and Inducing Apoptosis in H441 Cells In Vitro.
Due to its hydrophobic structure (Figure la), iMDK is not
soluble in water, which hampers efforts to translate iMDK into
the clinic. To make iMDK soluble in water, we employed
nanoparticles that can encapsulate hydrophobic small mole-
cules in the hydrophobic inner layer. The iMDK encapsulated
in the LNP is soluble in water in theory due to the hydrophilic
outside surface of the LNP. We tested three water-soluble
nanoparticles (lipid or polymer) as possible vehicles for
encapsulating and delivering iMDK in water: (1) DPPC/
DOTAP/DSPE-PEG/Cholesterol (lipid), (2) DPPC/DPPG/
DSPE-PEG/Cholesterol (lipid), and (3) PEI-PEG-LinA
(polymer). We mixed iMDK dissolved in tetrahydrofuran
(THF), an organic solvent, with these three different
nanoparticles dissolved in water. THF was removed from
iMDXK-nanoparticle mixtures with an evaporator followed by
dialysis in water (Figure 4a,b), as described in the Methods
section. We measured the surface charges and sizes of these
iMDXK-encapsulating nanoparticles in water using a Zetasizer

since positively charged and uniformly distributed nano-
particles are required to deliver small molecules efficiently
into cancer cells.”® The surface charges of DPPC/DOTAP/
DSPE-PEG/Cholesterol (hereafter, LNP[DOTAP]), DPPC/
DPPG/DSPE-PEG/Cholesterol (hereafter, LNP[DPPG]),
and PEI-PEG-LinA were 28, —20.9, and 32 mV, respectively
(Figure 4c), indicating that LNP[DOTAP] and PEI-PEG-
LinA are positively charged while LNP[DPPG] is negatively
charged. The size distribution of LNP[DOTAP] and LNP-
[DPPG] was uniformly distributed around 200 nm, while that
of PEI-PEG-LinA was not uniformly distributed around 400
nm (Figure 4d). We then treated H441 cells with these three
different nanoparticle formulations encapsulating iMDK and
assessed cell viability, the ATF3-CHOP pathway, and PI3K-
AKT pathway activities. Notably, LNP[DOTAP] containing
iMDK  significantly inhibited cell viability associated with
induction of the ATF3-CHOP pathway and inhibition of the
PI3K-AKT pathway in H441 cells, while the other nano-
particles, LNP[DPPG] and PEI-PEG-LinA, did not (Figure
4e,f), indicating that water-soluble LNP[DOTAP] is suitable
to deliver iMDK into H441 cells in vitro.
DPPC/DOTAP/DSPE-PEG/Cholesterol Nanoparticles
(LNP[DOTAP]) Encapsulating iMDK Suppress the
Growth of H441 Cell Xenografts In Vivo. To assess
whether water-soluble LNP[DOTAP] (hereafter, LNP) that
encapsulates iMDK (iMDK-LNP) suppresses growth of H441
cells in vivo, we established an H441 xenograft model using
nude mice and treated one group of mice by intraperitoneal
(IP) injection with iMDK-LNP and the other group of mice
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Figure S. Lipid nanoparticles (LNP; DPPC/DOTAP/DSPE-PEG/Cholesterol) carrying iMDK (iMDK-LNP) induce apoptosis in H441
xenografts without causing liver toxicity. (a) Shown are H441 xenografts from nude mice that were intraperitoneally treated with iMDK dissolved
in DMSO (iMDK-DMSO) or iMDK-LNP at 9.7 mg/kg body weight once daily for 13 days. (b) Tumor volume of H441 xenografts that were
untreated (n = 7) or treated with iMDK-DMSO (n = 8) or iMDK-LNP (n = 8), as described in (a). P values comparing day-13 tumor volumes are
shown. (c) Morphology and the expression of MDK and cleaved PARP in H441 xenografts from (ab) are shown by H&E and
immunohistochemical staining. Bars = 100 ym. (d) Cleaved PARPI-positive cells (%) in H441 xenografts from (c) (n = 3). (e) Body weight of
nude mice with H441 xenografts described in (b). (f) ALT activity from serum of nude mice with H441 xenografts that were untreated or treated
with iMDK-DMSO or iMDK-LNP as described in (a) for 13 days (n = 3). All P values are from Student’s t-test, as indicated. Error bars represent +

standard deviation.

with iMDK dissolved in DMSO (iMDK-DMSO). Notably,
iMDK-DMSO and iMDK-LNP significantly suppressed the
growth of H441 xenografts in both groups compared with
untreated H441 xenografts (Figure Sab). MDK protein
expression in H441 xenografts from iMDK-DMSO or iMDK-
LNP treated mice was reduced compared with that from
untreated mice (Figure Sc). Cleaved PARP was significantly
induced in H441 xenografts from iMDK-DMSO- or iMDK-
LNP-treated mice compared to that from untreated mice
(Figure Sc,d). Importantly, body weight was not affected in
iMDK-DMSO-treated mice or iMDK-LNP-treated mice
compared with untreated mice (Figure Se). The activity of
ALT, a marker for liver toxicity, was induced in iMDK-DMSO-
treated mice but not in iMDK-LNP-treated mice compared to
that in untreated mice (Figure 5f). These results indicate that
IP-injected water-soluble iMDK-LNP is as effective as iMDK-

DMSO for inducing apoptosis in H441 cells and is less toxic to
the liver than iMDK-DMSO in vivo.

B DISCUSSION

iMDK, which was originally identified as a small molecule that
represses the expression of MDK, has been shown to suppress
the growth of different types of cancers, including KRAS
mutant lung cancers; however, the molecular mechanism by
which iMDK suppresses the growth of cancer cells is not fully
understood. Here, using RNA-seq combined with a CRISPR/
Cas9-mediated gene knockout approach, we determined that
iMDK suppresses the growth of H441 cells through the
induction of the ATF3-CHOP-mediated apoptotic pathway.
Using lipid nanoparticle technology, we also succeeded in
dissolving hydrophobic iMDK in water by encapsulating
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iMDK in water-soluble lipid nanoparticles. iMDK in lipid
nanoparticles (iMDK-LNP) was as efficient in inducing
apoptosis in H441 cells as iMDK in DMSO (iMDK-
DMSO), while iMDK-LNP did not cause liver toxicity
compared to iMDK-DMSO. Our data indicate that iMDK-
LNP is a promising and translatable anticancer drug to target
subsets of lung cancers that harbor mutant KRAS.

Activation of the ER stress pathway has been considered as a
promising approach to tumor growth suppression for the past
two decades.””** For example, an FDA-approved drug,
bortezomib, that activates the ER stress pathway to induce
apoptosis has been used to treat multiple myeloma and mantle
cell lymphoma.** Induction of ATF3 was shown to be critical
for bortezomib-mediated apoptosis in multiple myeloma,24
consistent with our data that ATF3 is required for iMDK-
mediated apoptosis in H441 papillary lung adenocarcinoma
cells. Since iMDK was also shown to induce apoptosis in
multiple myeloma cell lines,® it would be worth determining
whether iMDK-mediated apoptosis in multiple myeloma is also
through the activation of the ATF3-CHOP ER stress pathway.
Bortezomib was previously reported to induce apoptosis in
A549 cells more efficiently than in H441 cells™ in contrast to
our finding that iMDK induces apoptosis in H441 cells but not
AS49 cells, suggesting that the mechanism of action on ER-
mediated apoptosis by iMDK is different from that of
bortezomib. This also suggests that iMDK might be useful in
treating bortezomib-resistant multiple myeloma.

Although we focused on the ATF3-CHOP ER stress
pathway in the present study, our RNA-seq analysis indicated
that other ER stress response genes such as PERK/EIF2AK3,
IRElalpha/ERN1, and TRB3/TRIB3'” were also induced by
iMDK in H441 cells (Tables S1 and S3). Such other ER stress
genes might be critical for iMDK-mediated apoptosis in H441
cells, which can be validated by the CRISPR/Cas9-mediated
knockout approach used in this study. Since TNF was induced
in both iMDXK-sensitive H441 cells and iMDK-resistant A549
cells, we did not focus on the role of TNF; however, further
validation using the knockout approach for TNF would
determine the definitive role of TNF in iMDK-mediated
apoptosis in H441 cells. Of note, mRNA of ATF4, which is
another ER stress gene,17 was not highly induced by iMDK
(<1.5 fold: Table S3), which might be because the nuclear
translocation of ATF4 protein but not the induction of ATF4
mRNA is critical u})on ER stress. TRB3/TRIB3, a downstream
gene of CHOP,'”° is known to prevent AKT phosphor-
ylation,'”*” which suggests that the increase of AKT
phosphorylation in ATF3 or CHOP knockout H441 cells
seen in our study (Figure 2) might be through the decreased
TRB3/TRIB3 in such knockout H441 cells. However, the roles
of ATF4 and TRB3/TRIB3 in iMDK-mediated apoptosis need
to be validated at the protein level along with the knockout
approach in the future.

Therapy for unresectable lung adenocarcinomas has been
revolutionized in part thanks to small molecules that bind to
mutant driver oncogenes, including mutant KRAS, and
suppress tumor growth.”® Unfortunately, most lung adeno-
carcinomas that initially respond to such small molecules recur
later, suggesting that a subsequent approach to treat recurrent
lung adenocarcinomas is critically needed. For example, the
recent discovery of small molecule inhibitors (e.g., sotorasib)
that bind to KRAS®"?¢ has revolutionized the treatment of
patients with lung cancer that harbor KRAS®?S; however,
recurrence by different molecular mechanisms is most likely.®

One of the recurrence mechanisms is the activation of the
PI3K-AKT pathway, which enables cancer cells that harbor
KRASYC to evade KRASS"* inhibition.””** PI3K-AKT
inhibitors were shown to suppress the growth of a subset of
sotorasib-resistant cell lines that harbor KRASG!12C,2930
however, miransertib,'* a PI3K-AKT inhibitor, failed to induce
apoptosis in sotorasib-resistant H3S8R cells that carry
KRASC"€ (Figures 1 and 3), indicating that inhibition of the
PI3K-AKT pathway is not sufficient to suppress the growth of
a portion of KRAS®*¢ inhibitor-resistant cancer cells. In the
present study, we demonstrated that iMDK inhibited the
PI3K-AKT pathway, induced ATF3, and caused apoptosis in
sotorasib-resistant H358R cells that carry KRAS®'*“. The lack
of CHOP induction by iMDK in H358R cells suggests that
ATEF3 induced by iMDK may also mediate apoptosis through a
CHOP-independent pathway (e.g, NOXA/PMAIP1), the
potential mechanism of which is supported by clinical data
indicating that the induction of ATF3 but not CHOP was
significantly associated with longer progression-free survival
upon bortezomib plus dexamethasone therapy.”**' Thus,
iMDK performs better than PI3K-AKT pathway inhibitors
and warrants further studies of iMDK for translation into the
clinic.

In the present study, we succeeded in encapsulating water-
insoluble iMDK into the water-soluble lipid nanoparticle
DPPC/DOTAP/DSPE-PEG/Cholesterol (LNP[DOTAP]) to
deliver iMDK intraperitoneally into H441 xenografts without
liver toxicity in vivo. This approach has been previously used to
enable the hydrophobic small molecule paclitaxel to be
administered in water by using albumin-bound nanoparticles.
This achievement resulted in nab-paclitaxel (also known as
Abraxane), an FDA-approved-paclitaxel derived drug for
treating lung and breast cancers with reduced side toxicity
compared to paclitaxel dissolved in polyoxyethylated castor oil
(Cremophor EL) and ethanol.*” To the best of our knowledge,
our lipid nanoparticle composition has not been used for
encapsulating any hydrophobic small molecules, including
iMDK, for preclinical and clinical studies. Although the
physical and/or serum stability of our lipid nanoparticles
needs to be investigated, Gangurde et al. have shown that PEG
helps to create uniform lipid nanoparticles while DOTAP and
cholesterol destabilize and stabilize lipid nanoparticles,
respectively, for cationic light-activated liposomes.*® For
hydrophobic small molecules that are not eligible for
albumin-bound nanoparticles, our lipid nanoparticle composi-
tion might be useful to deliver such molecules in vivo.
However, further pharmacokinetics, pharmacodynamics, and
toxicity studies, not only for the liver but also the kidney and
other organs, in larger animals will be necessary in the future.

B CONCLUSIONS

Our study indicates that iMDK encapsulated in lipid
nanoparticles can be administered to mice with less side
toxicity than DMSO. We have shown that iMDK induces
ATF3-mediated apoptosis in subsets of human KRAS mutant
lung cancer cells, including KRASS*C inhibitor-resistant lung
cancer cells that do not respond to a PI3K-AKT inhibitor,
which suggests that iMDK is a promising therapeutic candidate
for treatment of KRAS inhibitor-resistant cancers.
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