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Abstract

Mucin MUC4 is an aberrantly expressed oncogene in pancreatic ductal adenocarcinoma (PDAC),
yet no pharmacological inhibitors have been identified to target MUCA4. Here, we adapted

an /n silico screening method using the Cancer Therapeutic Response Database (CTRD) to
Identify Small Molecule Inhibitors against Mucins (SMIMSs). We found that Bosutinib as a
candidate drug to target oncogenic mucins among CTRD screening yielded 126 FDA-approved
drugs. Functionally, Bosutinib treatment alone/and in combination with gemcitabine (Gem)/5’
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fluorouracil (5FU) reduced viability, migration, colony formation, /in vivo xenograft growth,

and human PDAC organoid proliferation and growth in multiple PDAC cell lines. Further,
biochemical and molecular analyses showed that Bosutinib exhibited these functional effects

by downregulating MUC4 mucin at both transcript and translation levels in a dose- and time-
dependent manner. Mechanistically, global transcriptome analysis in PDAC cells upon treatment
with Bosutinib revealed disruption of the Src-ERK/AKT-FosL1 pathway, leading to decreased
expression of MUC4 and MUC5AC mucins. Taken together, Bosutinib is a promising, novel, and
highly potent SIMMs to target MUC4/MUCS5AC mucins. This mucin-targeting effect of Bosutinib
can be exploited in the future with cytotoxic agents to treat mucinous tumors.
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1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is a highly lethal disease with a five-year
survival of 11.5%, one of the lowest among major cancers [1]. Multiple factors specific

to PDAC contribute to this dismal prognosis, including its late symptomatic presentation
and lack of early detection methods leading to delayed diagnosis, which result in only

20% of patients being eligible for surgical resection at the time of clinical diagnosis.

For the other 80% of patients with borderline resectable, locally advanced, or metastatic
tumors, their outcome largely depends on their response to systemic therapy. Unfortunately,
currently available chemotherapy regimens have limited therapeutic efficacy in PDAC,
largely due to its complex tumor microenvironment (TME), which comprises a dense stroma
with cancer-associated fibroblasts and immune cells and a hypervascularity state, together
creating a physical and biological barrier to chemotherapies. Recent advances in multi-agent
chemotherapy regimens, such as FOLFIRINOX (Oxaliplatin, Irinotecan, Leucovorin, and
Fluorouracil), have improved the therapeutic response but are associated with high toxicity,
limiting their widespread and prolonged usage. As a result, there has been a rising interest
in identifying small molecule inhibitors of MUCINS (SMIM)/ targeted therapies in PDAC.
However, many had promising preclinical results but were not found to improve disease-free
survival (DFS) or overall survival (OS) in phase 1l and 111 clinical trials, such as Vandetanib
(EGFR, RET, VEGFR?2 inhibitor) in the ViP trial and Selumetinib and MK-2206 (MEK and
PI3K/AKT inhibitors) [2-5]. One important reason proposed for such disappointing clinical
results was that these trials did not identify patient subgroups with specific biomarkers that
would predict the response to these targeted therapies.

MUCINs (MUCs) are major tumor antigens and are less explored therapeutically in PDAC.
Among MUCs, MUC4 is a large transmembrane glycoprotein, undetectable in normal
pancreas, but its expression progressively increases from early to late stages of pancreatic
intraepithelial neoplasms (PanINs) to PDAC and eventually to metastatic cancer. We and
others have previously demonstrated that MUC4 is an important oncogene in PDAC, playing
a critical role in tumor initiation, progression, metastasis, tumor interaction with TME, and
drug resistance [6-10]. Correspondingly, downregulation of MUC4 using shRNA resulted

Cancer Lett. Author manuscript; available in PMC 2023 December 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Page 3

in a significant decrease in PDAC tumor growth, metastasis, and chemotherapy resistance
in in vitro studies and /n vivo mouse models [11-13]. The mechanisms of MUC4-mediated
changes have also been gradually elucidated, one of which is viathe interaction of its three
EGF domains with HER2 and HER3 receptors, which lead to the activation of AKT-NFkB,
FAK/SRC-JNK, and PI3K-ERK-cMY C pathways, resulting in PDAC tumor proliferation,
invasion, and metastasis [14—16]. In addition, the promoter sequence of MUC4 mucin has
also been well categorized, along with a dozen of transcription factors that regulate the
expression of this protein [17, 18]. Earlier and recent studies made a plot demonstrating
the expression of MUC4 mucin and its negative regulation of nucleoside transporters

and gemcitabine resistance [13, 19]. Sagar et al. demonstrated that MUC4 knockout

(KO) using the CRISPR/Cas9 system enhanced gemcitabine sensitivity by regulating high
human equilibrative nucleoside transporter 1 (RENTZ1) and human concentrative nucleoside
transporter 3 (hCNT3) levels [19]. Supportively, the ectopic introduction of MUC4 cDNA
in PDAC cells showed decreased gemcitabine sensitivity [10]. Similar to MUC4, MUC5AC
is another mucin found to be newly expressed in PanINs and PDAC. As a secreted protein,
MUCS5AC has been long recognized as a valuable tumor marker for early PDAC detection
and has also recently been found to play important roles in PDAC, especially in tumor
metastasis [20]. Multiple transcription factors for MUC5AC have also been discovered,
many of which overlap with those of MUC4 mucin [21].

This study tested the pre-clinical characterization of SMIMs targeting MUC4 and/or
MUCS5AC mucins in combination with traditional chemotherapeutic agents. We identified
an USFDA-approved SMIM, Bosutinib, specifically docks MUC4 and MUC5AC mucins
through unbiased computational analysis. We then demonstrated that Bosutinib inhibits
PDAC tumor initiation, proliferation, and metastasis both /n vitroand in vivo by
downregulating MUC4 and MUC5AC and improves the therapeutic efficacy of existing
chemotherapies such as Gemcitabine and 5FU. Transcriptomic analysis on PDAC cells
treated with Bosutinib revealed downregulation of the SRC-AKT/ERK-FosL1 pathway. Our
findings maximize the utility of Bosutinib to be included in PDAC clinical trials especially
targeting high MUC4 and MUCS5AC expressing patients, and is a potentially valuable
addition to the current PDAC treatment regimen.

2. Materials and Methods

2.1

Identification of small-molecule inhibitors specific to MUCA4.

To identify specific small molecule inhibitors affecting the MUC4 mucin, MUC4 was
queried against the drug signatures in the connectivity map, the cancer therapeutics response
database, and the pharmacogenomics transcriptional signatures database using the iLINCS
(http://www.ilincs.org/ilincs/) web-server. The hence identified drugs were further assessed
for the z-score of the connections between MUCA4 and the drug signatures with the FDA
approval identifying 5 top target drugs, which were further assessed in PDAC cell lines.

2.2. Cell culture and reagents

T3M4, Colo 357, CD18/HPAF PDAC cell lines, normal immortalized human pancreatic
epithelial nestin-positive cells (HPNE), cholangiocarcinoma cell line (KMCH), NCI-H1437
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and A549 non-small-cell-lung cancer (NSCLC), human breast epithelial MDA-MB231 cells
were obtained from ATCC and were cultured in high glucose DMEM medium supplemented
with 10% FBS and 1% penicillin-streptomycin. Luciferase-labeled Colo 357 cell line

was generated using Firefly Luciferase Lentivirus via stable transfection. Colo 357 MUC4-
knockdown cell line was generated using sShRNA targeting MUC4 mucin (MUC4 shRNA
sequence list in Table S1). Bosutinib was purchased from Selleckchem.com (cat#: S1014).

2.3. Cell viability assay

Cell viability assays were performed to determine 1Csq values of Bosutinib, Regorafenib,
Dasatinib, Sildenafil, Bexarotene, and Gemcitabine using the Calcein AM cell permanent
dye from Invitrogen (cat#: C1430). ICsq values for each drug were calculated using
GraphPad Prism 9.0 software.

2.4. Western blot, immunofluorescence, and immunohistochemistry analysis

Western blot analysis was performed as described previously. Primary and secondary
antibodies incubated in PVDF membrane were exposed to chemiluminescent-based
detection reagents (Pierce™ ECL western blotting substrate, Catalog # 32209), followed by
visualization of protein bands using X-ray film or high-resolution digital cameras attached
to iBright Imaging system (Thermo Fisher Scientific) [22, 23]. For immunofluorescence
analysis, PDAC cells were seeded in sterile glass coverslip placed in 12 well plates,

and confocal analysis of xenograft tissues was processed by rehydration (xylene and
alcohol series), blocking with horse serum, incubation with primary and fluorescent-labeled
secondary antibodies, DAPI staining, mounting with anti-fade mounting reagent followed
by visualization using Zeiss 710 CLSM and 800 CLSM with Airyscan microscopes [22].
Immunohistochemistry (IHC) was performed in a pancreatic tissue array (PA 1003, US
Biomax) containing 25 cases of PDAC in quadruple cores. The TMA was stained with
antibodies specific for MUC4 (8G7 (in-house generated, 1 mg/mL), MUCS5AC (1: 200,
Abcam, #AB3649), FOSL1 (1:100, Cell signaling technology, # 5281), and WNT7B
(1:200, Invitrogen, # PA5-103480). Similarly, the xenograft tissues exposed to Bosutinib,
Gemcitabine, Bosutinib, and Gemcitabine and control were stained with Ki67 (1:300, Cell
signaling technology, # 9027) (proliferation marker) and cleaved Caspases-3 (1:200, Cell
signaling technology, # 9661) (apoptosis marker). IHC procedures were adapted from our
earlier publications [22, 23].

2.5. RNA isolation, quantitative real-time PCR (QRT-PCR), and digital droplet PCR (dd-
PCR)
Total RNA isolation, RNA quantification, cDNA conversion, gPCR, and dd-PCR were
performed following the methodology published previously [18, 22]. PCR primers are listed
in table S2.

2.6. Human PDAC Organoid generation, maintenance, and drug treatment

Human PDAC organoid was generated from fresh tumor tissue of patients who underwent
PDAC resection. We used human PDAC tumor samples for the establishment of pancreatic
organoids according to the previously described protocol [24, 25]. In brief, tumor samples
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were chopped and digested enzymatically using digestion media containing collagenase

I1 (Millipore Sigma, C7657), Dispase (Thermo Fisher, 17105041), and 1% FBS. After
digestion, the cells were embedded in matrigel (Corning, 356255) and incubated in the
incubator for 15 to 20 mins before adding organoid-specific media [22]. Three independent
replicates of organoids were treated with Gemcitabine or 5FU alone or in combination with
Bosutinib. Real-time images of the organoids were captured every 3 hours for 72 hours using
the IncuCyte-S5 live-cell imaging system (Sartorius). The kinetic data (organoid average
growth) were analyzed and graphically represented using IncuCyte software (Sartorius).

In vivo xenograft mouse model and treatment strategy

Mice experiments were performed per the ARRIVE, University of Nebraska Medical Center
Institutional Animal Care and Use Committee, and the United States Public Health Service
guidelines. Mice were housed under 12 hr light/dark cycle at 22+1°C and 50+10% humidity
with ad libitum access to food and water. Six to eight weeks old athymic mice underwent
orthotopic implantation with Luciferase-labeled Colo 357 cells between ages 6-8 weeks.
Initial IVIS imaging was performed on post-op day 14, and animals were randomized into

4 groups: control, Bosutinib, Gemcitabine, and Bosutinib+Gemcitabine combination. During
the first 12 days of treatment, animals received daily PBS IP injection, daily Bosutinib
30mg/kg IP injection, biweekly Gemcitabine 12.5mg/kg IP injection, or daily Bosutinib
30mg/kg IP injection with biweekly Gemcitabine 12.5mg/kg IP injection respectively.

Due to the limited treatment effect observed, the drug dosage was increased to Bosutinib
50mg/kg and Gemcitabine 25mg/kg on treatment day 13 and continued till the end of the
treatment schedule. Weekly 1VIS imaging was performed to assess treatment response. All
animals were sacrificed after 3 weeks of treatment, with primary tumors as well as other
pertinent organs sent for formalin tissue fixation, H&E staining, and immunofluorescent
staining for confocal microscopy.

2.8. RNA seq and in silico analysis

Global RNA sequencing was performed on total RNA isolated (Qiagen RNA easy RNA
isolation kit, Qiagen, Valencia, CA, USA) from PDAC cells treated with Bosutinib or
DMSO vehicle control or MUC4 specific ShRNA transfected cells. The isolated total RNA
was quantified using a Nanodrop spectrophotometer (NanoDrop ND100, Wilmington, DE,
USA), and a sample of 2000 ng was provided for RNA sequencing analysis at the UNMC
genome core facility. We followed all the procedures such as cDNA library preparation
(RNA-seq library kit, Illumina), ligation, cDNA synthesis, linearization, cDNA amplification
(HiSeq2500), and sequencing data were analyzed using the R-Bioconductor and processed
using the human genome GRCH38 version. Differentially expressed genes between control,
drug treatment, and MUC4 knockdown were analyzed using the DESeq2 package within
R-Bioconductor followed by functional annotation using Ingenuity Pathway analysis™, as
described previously [23, 26]. For gene correlation analysis in human PDAC patients, the
transcriptome data across the TCGA-PAAD cohort were downloaded, and gene expression
in each patient’s sample was analyzed for a correlation between AKT1, FOSL1, WNT7B,
MUC4, and MUCS5AC. The scatter plot representing the correlations (spearman correlation)
between mucins and analyzed markers was reported [23].
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2.9. Statistical analysis

Student t-tests were used for between-group comparisons. All statistical analyses were
performed using GraphPad Prism 9.0 software. For PDAC tissue IHC analysis, Spearman
correlations were used to determine association markers measured in the same cases.
Composite scores were compared by demographic and clinical information using the
Wilcoxon rank sum test. SAS software version 9.4 was used for analysis (SAS Institute
Inc., Cary, NC).

3. Results

3.1. In silico computational analysis through connectivity mapping identified potential
small molecule inhibitors against MUCINS

Computational analysis of the connectivity mapping through the cancer therapeutics
response database (CTRS) yielded 126 targets as potential Small Molecule Inhibitors against
Mucins (SMIMs) against MUC4 mucin. These drugs were further assessed for availability
and FDA approval status, yielding five potential targets for further analysis, including
Regorafenib, Dasatinib, Bosutinib, Sildenafil, and Bexarotene (Fig. 1A and Table S3).

3.2. Small molecule inhibitor of mucins and Gemcitabine affects PDAC cell proliferation
and growth.

PDAC cell lines T3M4, CD18/HPAF, and Colo 357 were treated with different doses of
the five potential SMIMs for 48 hours. Calcein AM cytotoxicity assay demonstrated that
Bosutinib reduces the viability of PDAC cells in a dose-dependent (0—20uM) manner

(Fig. 1B). We observed that the ICgq of Bosutinib was 3.0uM in T3M4 and 2.4uM in

Colo 357 PDAC cells. Similarly, Regorafenib and Dasatinib demonstrated dose-dependent
cytotoxicity with I1Csq of 1.4uM and 1.6uM, respectively (Fig. S1A and S1B). Sildenafil
and Bexarotene did not demonstrate any observable cytotoxicity on the PDAC cell lines
tested (Fig. S1C and S1D). In addition to the molecularly targeted agent, we also tested the
viability and response against Gemcitabine in T3M4 and Colo 357 PDAC cells. Our results
demonstrated that Gemcitabine inhibits the growth of T3M4 (ICgq of 797 nM) and Colo 357
(ICsq of 134 nM) PDAC cells (Fig. S1E and S1F).

3.3. Bosutinib and other in silico identified SMIMs inhibit mucin expression in a dose-
and time-dependent manner in PDAC and other MUCs expressing cancer cells.

To evaluate the effect of individual drugs on mucin expression, the protein lysates were
analyzed using western blot and confocal analyses. Bosutinib treatment resulted in a dose-
dependent reduction in MUC4 protein expression in both T3M4 and Colo 357 cells and
MUCSAC protein expression in Colo 357 cell line (Fig. 1C, 1D and, Fig. S2A). In addition,
the time-dependent Bosutinib treatment in PDAC cells downregulated MUC4 and MUC5AC
transcription by QPCR analysis (Fig. S2B). Sildenafil reduced MUC4 expression in both
CD18/HPAF and T3M4 cell lines, whereas Bexarotene reduced MUCA4 expression in the
T3M4 cell line alone (Fig. S3). In contrast, Regorafenib and Dasatinib did not show any
observable reduction in MUC4 protein expression (Fig. S3A, S3B, S3C, and S3D). On

the other hand, Bexarotene did not affect MUC5AC protein in Colo 357 cell line and
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Sildenafil in CD18/HPAF and T3M4. Further, Dasatinib treatment significantly increased
MUCSAC protein emphasizing the compensatory activation of Mucins. We could not
detect any alteration of MUCS5AC protein in response to Regorafenib, Bosutinib, Sildenafil,
Dasatinib, and Bexarotene in T3M4 PDAC cells due to undetectable endogenous levels.
Taking into consideration of both the cytotoxicity on PDAC cells and the significant
downregulation of the expression of multiple mucins, Bosutinib was selected as the main
drug of interest for this study. Supportive to PDAC cells, Cholangiocarcinoma (KMCH),
NSCLC (H1437, A549), and breast cancer cells (MDA MB 231), treatment with Bosutinib
showed a reduction in MUC4 (KMCH and H1437) and MUC5AC (KMCH, A549, MDA
MB 231) protein expression. Similar to MUC5AC in PDAC cells, we could not detect
alteration in MUC4 mucin in A549 and MDA MB 231 cells due to a lack of endogenous
MUC4 (Fig. S4).

Further investigation in Bosutinib showed that the reductions in mucin protein expression
were time-dependent (Fig. 1E) and occurred at the transcription level, as demonstrated

by the digital droplet PCR assay (Fig. 1F and Fig. S3E). In addition, Bosutinib resulted

in a persistent reduction in mucin expression in combination therapy with Gemcitabine
(Fig. S5). Finally, Bosutinib showed low cytotoxicity in a normal immortalized pancreatic
nestin-positive epithelial cell line (HPNE) with ICg of 13.9uM (Fig. 1G), likely due to the
absence of MUCINS (MUC4 and MUC5AC) in these cells.

3.4. Bosutinib treatment results in global transcriptome variations in PDAC cells

Colo 357 cells treated with/without Bosutinib were subject to RNA sequencing analyses.
After Bosutinib treatment, 3882 genes were significantly downregulated, and 3885 genes
were significantly upregulated (both p<0.05). A summary of the top 10 upregulated and

top 25 downregulated genes (ranked by log2 fold change) were shown in the heatmap

(Fig. 2A), and these results were validated using gRT-PCR in Colo 357 and T3M4

PDAC cells treated with Bosutinib (Fig. 2C). Examples of the top downregulated genes
included DMBT1, WNT7B, AGR2, DUSP6, and CXCL5. In addition, a Colo 357 MUC4-
knockdown cell line was generated with MUC4 shRNA (Fig. 2B). The gRT-PCR analysis
demonstrated that most transcriptome variations observed in Bosutinib-treated cells were
also observed in MUC4-KD cells, with the exceptions of MMP1 and CHD6 (Fig. 2C).
Lastly, pathway analysis using KEGG 2019 Human database and MSigDB Hallmark 2020
database demonstrated that multiple key oncologic pathways were downregulated, including
DNA replication, IL-17 signaling, MAPK signaling, Wnt-beta Catenin signaling, Epithelial-
Mesenchymal Transition (EMT), Angiogenesis, Myc pathway, as well as KRAS signaling
(Fig. 2D). Further, ingenuity pathway analysis (IPA) on significantly downregulated genes
(LogoFold change <—1) upon Bosutinib treatment revealed that biological functions such as
tumor cell migration and invasion, formation of cellular protrusions, cellular transformation,
cytoskeleton organization, and colorectal cancer metastasis signaling were affected. IPA
analysis on the cancer network demonstrated several molecules associated with cancer

cell signaling and metastasis, such as Ras, Rac, Rho-GTP, Rho-GDP, Rho-GDI-Rho-GDP,
RHOBTBL1, GPCR, JNK, PDGF, CREB, CaMKIl, and phosphatase (PTPase) were affected
upon Bosutinib treatment. Specifically, IPA revealed the impact of Bosutinib on cellular
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growth and proliferation (Fig. S6), suggesting that Bosutinib elicits a comprehensive
signaling regulation via downregulating MUC4 and MUC5AC MUCs in PDAC.

3.5. Bosutinib in combination with gemcitabine/5FU inhibits PDAC cell proliferation and
colony growth in vitro

Bosutinib reduced PDAC cell growth potential through the colony formation assay and
reduced their proliferation, as reflected by the proliferation assay using Incucyte® live
imaging system (Fig. 3A, 3B, and 3C). When Bosutinib was combined with either
Gemcitabine or 5FU, an additional reduction in tumorigenesis and proliferation was
observed, as compared to gemcitabine or 5FU treatment alone (Fig. 3A, 3B, and 3C).
Similar inhibition in growth and proliferation was observed in the human PDAC organoids
treated with Bosutinib alone and in combination with Gemcitabine or 5FU (Fig. 3D, 3E, Fig.
S7A, and S7B). Thus, functional analyses revealed Bosutinib consistently inhibited PDAC
cell growth and proliferation across multiple 2D PDAC cell lines and 3D preclinical models.

3.6. Bosutinib treatment significantly decreased tumor growth and metastasis

Lastly, /n vivo xenograft experiments in athymic mice were performed by undergoing
orthotopic implantation of luciferase-labeled Colo 357 cells in mice pancreas. Two weeks
after tumor implantation, mice were randomized into four groups: control, Bosutinib,
Gemcitabine, and Bosutinib+Gemcitabine combination. Bosutinib monotherapy resulted

in significant tumor weight reduction compared to Gemcitabine and control, and the
combination group showed a trend toward lower tumor growth and weight compared

to gemcitabine monotherapy (Fig. 3F, 3G, and 3H). In addition, Bosutinib monotherapy
reduced T3M4 and Colo 357 cells’ wound healing potential, and the effect was further
augmented in combination therapy with either Gemcitabine or 5FU (Fig 4A, 4B, and Fig.
S8A). Similarly, another SMIMs targeting agent, Sildenafil, also inhibited the motility and
wound healing capacity of MUC4 expressing T3M4 and Capan-1 PDAC cells (Fig. S8B).
Furthermore, immunofluorescent analysis of phalloidin staining demonstrated reduced actin
filament in T3M4 and Colo 357 cells treated with Bosutinib, suggesting that Bosutinib
could decrease cellular cytoskeleton dynamics and stability (Fig. 4C). Lastly, in /n vivo
xenograft experiment, mice treated with Bosutinib developed fewer liver (p<0.01) and
diaphragmatic micro-metastases compared to control and fewer liver micro-metastases

in the Bosutinib+gemcitabine combination therapy group compared to control (p<0.001)

or Gemcitabine alone (p<0.01) (Fig. 4D and 4E). Positively, tissue staining analysis of
xenograft tissues treated with Bosutinib and/or Gemcitabine revealed an increase in positive
cytoplasmic staining for cleaved caspases-3 and a decrease in positive nuclear staining for
the proliferation marker Ki67 in combination drug treatment groups compared to single
(Bosu or Gem) agents. These findings imply that Bosutinib inhibits xenograft growth by
increasing apoptosis and decreasing the proliferation index of PC cells (Fig. 4F, 4G, 4H, and
41).

3.7. Bosutinib downregulates mucin expression via Src-AKT/ERK-FosL1 pathway

It has been previously established that Bosutinib is a dual inhibitor of BCR-ABL and
src tyrosine kinases [27]. Apart from mucins, several downstream oncogenic and migration-
associated signaling pathways, including the AKT and ERK, were also affected due to
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Bosutinib treatment. Our western blot validated the downregulation of phospho-Src after
Bosutinib treatment and phospho-FAK, a component in the src multiprotein complex. In
addition, multiple transcription factors related to MUC4 and MUC5AC were found to be
downregulated in PDAC cells treated with Bosutinib, including c-Fos, FosL1, SP1, FOXA2,
STAT1, and RelA/p65 (Fig. 5A, 5B, 5C and Fig. S9). FosL 1 is a common transcription
factor of MUC4 and MUCS5AC and was significantly downregulated in T3M4 and Colo 357
cell lines. Figure 5D summarizes the schematic representation of the proposed mechanism
of Bosutinib in PDAC cells, impacting reduced expression of MUC4 and MUC5AC mucins
expression and signaling.

3.8. Bosutinib inhibits pancreatic cancer cell activities via the Wnt pathway

To further investigate the downstream effect of Bosutinib after the downregulation of
mucins, enrichment pathway analysis was performed using the RNA sequencing results.
Compared with pancreatic cancer cells treated with Bosutinib, the Wnt signaling pathway
was significantly enriched in the control cells (Fig. 6A). Genes involved in the Wnt pathway
were significantly downregulated after Bosutinib treatment, including SOST, DAAM2, and
WNT7B. In particular, WNT7B was significantly downregulated in Bosutinib-treated T3M4
and Colo 357 cells and Colo 357 MUC4-KD cells, suggesting WNT7B is a downstream
molecule in MUC4 signaling (Fig. 6B and 6C). Lastly, athymic mice treated with Bosutinib
or a combination of Bosutinib and Gemcitabine showed significant downregulation of
MUC4, MUC5AC, and WNT7b expression (Fig. 6D). Our results confirm that mucin
signaling disruption, specifically MUC4 mucin downregulation, can affect WNT signaling.

3.9. MUC4 and MUC5AC expression correlated with AKT, FOSL1, and WNT7B

Though Bosutinib treatment in PDAC cells downregulates AKT, ERK, FOSL1, and WNT
signaling to reduce mucin expression, clinical correlation among these mucin-regulating
transcription factors or regulators remains largely unexplored. Hence, through TCGA-PAAD
global transcriptomic data, we analyzed the correlation between mucins and AKT, FOSL1,
and WNT7B. We found a statistically significant correlation between AKT1 and MUC4
(Spearman correlation (r = 0.26), p=0.0006), FOSL1, and MUC4 (Spearman correlation
(r=0.2), p=0.011), and WNT7B and MUC4 (Spearman correlation (r = 0.41), p<0.001) co-
expression (Fig. 6E and Fig. S10A). Similarly, we also observed a similar trend and positive
correlation between AKT versus MUC5AC (Spearman correlation (r = 0.36), p<0.001),
FOSL1 versus MUCS5AC (Spearman correlation (r = 0.17), p=0.028), and WNT7B versus
MUCS5AC (Spearman correlation (r = 0.097), p=0.21) in the same TCGA patient cohort
(Fig. 6E and Fig. S10A). Further, to obtain the correlation of mucins protein expression and
FOSL1 and WNT7B in consecutive cases, we performed IHC analysis on serial sections

of PDAC patient tissues. We found that both MUC5AC and WNT7B expressions were
observed in serial sections of the same PDAC cases (Patinet#1, 2, 3), but there is no
association or correlation between MUC5AC and WNT7B (p= —0.274, p=0.19) (Table S4).
Similarly, FOSL1 and MUC4 composite scores were not significantly correlated with each
other (p= —0.011, p=0.96) ((Table S5 and Fig. S10B). This may be due to the low number
of cases analyzed. However, the expression of WNT7B (Wilcoxon rank sum test, grade
(p=0.020), and stage 2 versus 3 or4 (p=0.026)) and FOSL1 (Wilcoxon rank sum test, stage 2
versus 3 or4 (p=0.032)) showed a significant correlation with tumor grade and stage. These
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results suggest that Bosutinib will elicit its inhibitory action on PDAC cell proliferation
and metastasis by targeting widely expressed WNT7B or FOSL1 signaling regulators that
eventually downregulate pathogenic mucins (MUC4 or MUC5AC).

4. Discussion

PDAC remains one of the deadliest cancers among major malignancies. One main
contributing reason is the lack of effective therapy, resulting in drug resistance and disease
recurrence in the majority of patients. In recent years, investigations in targeted therapy have
yielded some promising therapeutic candidates, such as Erlotinib (EGFR inhibitor) in locally
advanced or metastatic PDAC [28] and Olaparib (PARP inhibitor) in a minority of PDAC
patients who harbor BRCA mutations [29]. Another therapeutic target that is less explored
is mucin, specifically MUC4 and MUCS5AC mucins. It has been demonstrated that MUC4

is important in PDAC tumor initiation, progression, metastasis, tumor interaction with TME,
and drug resistance, and MUCS5AC is important in PDAC metastasis, drug resistance, and
escaping host response.[20] Therefore, this study aims to identify potential SMIMs targeting
MUC4 mucin using bioinformatics and to analyze the therapeutic efficacy of identified
MUC4 SMIMs using PDAC cell line models as well as preclinical 3D tumoroid and /in vivo
orthotopic mouse models.

Out of the 126 potential candidates SMIMs identified using the Cancer Therapeutic
Response Database, we selected five candidates based on their existing literature and FDA
approval status. Of these five drugs, Bosutinib is the most promising one as it inhibits the
proliferation of PDAC cell lines and significantly downregulates the expression of MUC4
and MUC5AC mucins in multiple PDAC cell lines. Bosutinib is a dual inhibitor of BCR-
ABL and SRC tyrosine kinases, affecting PARP activation for sensitization of cytotoxic
agents [27, 30]. It has been FDA-approved for treating chronic myelogenous leukemia
(CML) and is well-tolerated in clinical use. Additionally, other studies identified several
cancer-related signaling target effects of Bosutinib, which contribute to its anti-cancer
property, including inhibition of MAPK and Myc pathways [31], and the PARP DNA repair
pathway [30]. Consistent with the existing literature, we observed global transcriptomic
variations involving 7737 genes. Many of the downregulated genes are oncogenic targets
involved in pathways such as DNA replication, IL-17 signaling, MAPK signaling, Wnt
signaling, EMT process, and Myc pathways. While our study’s primary goal was to identify
a MUC4 mucin targeting inhibitor, these anti-cancer off-targets of Bosutinib suggest a
potentially superior therapeutic efficacy in clinical usage.

In this study, Bosutinib significantly reduced PDAC tumorigenesis and proliferation in
PDAC cell line models and preclinical models, including organoid and mouse xenograft
models. In particular, we generated the organoids from human PDAC surgical specimens,
a model that has been shown in previous studies to provide a better resemblance of
patient therapy response than traditional 2D cell culture [24, 25]. These results are
consistent with the previously discussed functions of MUC4 mucin, which include tumor
initiation and progression; by reducing MUC4 expression, Bosutinib effectively inhibits
these cancer cell mechanisms [10, 12, 14-16, 32]. In addition, when combined with
traditional chemotherapies such as Gemcitabine, Bosutinib demonstrated a persistent
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reduction in MUC4 and MUCS5AC expression and functionally resulted in further reductions
in tumorigenesis and proliferation in all /n vitroand in vivo models. This finding aligns with
previous reports on the role of MUC4 and MUCS5AC in chemoresistance; by inhibiting these
mucins, the therapeutic efficacy of traditional chemotherapies could be augmented [10, 13,
16, 20].

Early metastasis is a major challenge in PDAC management, as over 50% of PDAC patients
have distant metastasis at initial presentation [1]. The exact mechanism of PDAC metastasis
has yet to be elucidated. Nonetheless, several drivers have been identified to play important
roles in this process, including a network of transcription factors and miRNAs regulating

the EMT process, cancer stem cells (CSC), as well as mucins [33]. In particular, MUC4 has
been shown to modulate the PDAC tumor microenvironment by interacting with basement
membrane (BM) protein fibulin-2 and disrupting BM integrity [32], inhibiting integrin-based
interaction of tumor cells with ECM proteins [12], as well as binding to circulating
galectin-3 which exposes surface adhesion molecules for endothelial cell interaction to
facilitate metastasis [8]. Similarly, MUC5AC facilitates distant metastasis by promoting

the expression of a3 and B3 integrins, MMP3, and VEGF-a,, activating the ERK and
VEGFR1 pathways and disrupting E-Cadherin/ §-Catenin axis by Kruppel-like zinc-finger
protein GLI1 [34, 35]. In this study, Bosutinib treatment resulted in a significant reduction

in the expression of MUC4 and MUCS5AC in PDAC cell lines and functionally reduced
tumor cell migration potential /n vitro as well as metastasis /n vivo, including Bosutinib
monotherapy and Bosutinib + gemcitabine combination compared to control or Gemcitabine
alone, respectively. These findings are consistent with the existing understanding of the
important tumor-promoting role of MUC4 and MUCS5AC mucins on PDAC metastasis.

Mechanistically, our results suggest that Bosutinib regulates the expression of MUC4

and MUCS5AC wiathe Src-AKT/ERK-FosL1 pathway. This result is supported by
previously published work by Vultur et a/., which demonstrated the central function of
Bosutinib in inhibiting the Src/FAK multiprotein complex and impacting downstream events
[36]. Several other MUC4 and MUCS5AC transcription factors were also significantly
downregulated in this study, such as pSTAT1, FOXA2, SP1, and RelA/p65, suggesting

other pathways that regulate the expression of these mucins were also impacted by Bosutinib
treatment and remained to be elucidated. Lastly, enrichment analysis and RNA and protein
validations suggest that the WNT signaling pathway, especially WNT7B, is likely one

of the mediators between the downregulated MUC4/MUC5AC mucins and the reduced
tumor cell functions observed above. It has been previously reported that WNT7B promotes
cell-autonomous Wnt/B-Catenin activation and in vitro and in vivo tumorigenesis, stemness,
and chemoresistance in PDAC high expression of WNT7B in patients has been associated
with reduced overall survival [37, 38]. Therefore, our results suggest Bosutinib reduces the
expression of MUC4 and MUC5AC mucins, which in turn inhibits WNT7B and the WNT
pathway, leading to decreased PDAC tumorigenesis and progression.

In conclusion, Bosutinib treatment reduced MUC4 and MUC5AC mucin expression in
PDAC tumor cells and inhibited PDAC tumorigenesis, proliferation, and metastasis /n
vitro and in vivo. Combination therapy of Bosutinib and Gemcitabine further reduced
PDAC tumor proliferation and metastasis. These preclinical findings should be validated
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in clinical trials to evaluate the potential role of Bosutinib as an adjunct to the current
PDAC treatment regimen. In fact, Bosutinib has been tested in phase I clinical trials of
advanced solid tumors either as a monotherapy or in combination with capecitabine but
did not yield significant benefits in overall survival. However, with the findings from this
study, these clinical trials could be improved by specifically selecting patients with high
MUC4/MUCS5AC expression who might derive the most benefit from this targeted therapy.
It has been suggested for clinical trials of other targeted therapies such as Erlotinib that
without selecting participants with the targeted mutation, the clinical impact of a small
molecule inhibitor might be masked by the genetic heterogeneity of study participants [39,
40]. Therefore, we recommend that future targeted clinical trials of Bosutinib should start
with patients with high MUC4/ MUCS5AC expression to evaluate its therapeutic efficacy and
to truly fulfill the goals of personalized medicine.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Identification of Bosutinib as a potential MUC4 specific targeting SMIM.
(A) Schematic illustration of computational analysis using iLINCS to identify potential

MUC4-specific small-molecule inhibitors through connectivity mapping and drug database.
The five potential candidate drugs identified were: Regorafenib, Dasatinib, Bosutinib,
Sildenafil, and Bexarotene. (B) PDAC cells T3M4 and Colo 357 were treated with
Bosutinib concentrations ranging from 1 nM to 20 uM, and dose-dependent toxicity was
measured using Calcein AM dye. Live cells will uptake non-fluorescent Calcein AM
cell-permeant dye and convert it into green fluorescent Calcein by the action of esterase

Cancer Lett. Author manuscript; available in PMC 2023 December 28.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Page 17

present endogenous within the cancer cell. Based on the green fluorescence viability and
ICsq of each drug was calculated. (C) PDAC cells were treated with Bosutinib for 48

hr, and the dose-dependent treatment effect of Bosutinib in PDAC cells and its effect on
MUC4 and MUCS5AC protein expression by Western blots analysis. (D) Representative
immunofluorescent images of Colo 357 cell line and its impact on MUC4 and MUC5AC
expression upon Bosutinib treatment. Scale Bar denotes 20um. (E) Time-dependent
treatment effects of Bosutinib in PDAC cells and its effect on MUC4 and MUCS5AC protein
expression as detected by western blot analysis. (F) Digital Droplet PCR (ddPCR) detects
MUC4 and MUC5AC at the transcription level upon Bosutinib exposure in PDAC cells.
Specifically, each sample was fractionated into 20,000 droplets, and PCR amplification
of the template molecules (MUC4, MUC5AC) occurred in each individual droplet. The
final gene copy number was counted and normalized to the p-actin copy number. (G)
Viability of the normal immortalized pancreatic epithelial nestin-positive cell line, HPNE,
after Bosutinib treatment.

Cancer Lett. Author manuscript; available in PMC 2023 December 28.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Zhang et al. Page 18

A Cc Colo 357
&
= QOQ. ‘9@
e n reall -
~ BBC3 1 MUC4 —
GDF15
Thesit HAC1 05
i $100P
T TAGLN 0
NUPR1 MUCSAC -
[ ST -0.5
FAM129A
| TRIM9 8
CDH6 B-actin
1 _JCLICS -15
PCOLCE2 . B Colo3s7  T3m4 Colo357
gggfsz Gene : Bosutinib  Bosutinib  MUC4KD
2“2”@ 88C3 3342 2.0368 25715
XCL
AC005224.3 rieas
N By & E(E,%LS],AC DMBT1
M
 MAML2 MMEL
e e
. 3 COL9A3 MUC2
PDE7B DAAM2
ETVA
R Sok2 NDST3 :
e |WNT78 MEOX1 . 0.1663
= i (KRT13 PDE7B 0.1726 0.5541 0.5932  0.1162
= ' SOST s
: ! f?;'ﬁls - LGALS9B 0.1769 0.2127 02542 0.068
t o I == HS3ST381 CYPle o-l 0.3644
st = 283? ANF152 0.1844 0.3633 0.3485
= ggggioNNe . ASIC1 0.2001 0.2189
B SeRm KRT23 0.21
Fi  busPe KRT13 0.2191 0.4746
HIVEP3
= e CHD6 0.2337 0.1346
1 PLAT sTCL 0.239
A MEST 0.2429 0.1761 0.2811  0.3962
i = cs:)rrpzmx WNT78 0.2700 0.1034 0.2595  0.4931
T TRIMS 02719 o0.228:[N0I0633  o.138
0 §' §' HS35T381 0.2832 10,1019 02718  0.5434
g $3E£¢ AGR2 0.2834 0.1752 0.2424  0.1030
= P DUSP6 03006 00984 0.1834 __ 0.3401
§ § g MUC58 0.3
2 CXCLS 0.3267 ; ;
5 £33 0.1553 0.1875
KEGG 2019 Human MSigDB Halimark 2020
L
P Yo s oo oRe ] Borgetwonatae ]
| A — [ ——
T — | Ty S —
Sy — | —]
P ey [
| ST — Evewen Seagoere i}
PR RS |
- | A —
[ —

Fig. 2. Global transcriptomic analysis in PDAC cell lines after Bosutinib treatment.
(A) Global RNA sequencing was performed on total RNA isolated from PDAC cells treated

with Bosutinib for 48 hr. In total, 7,767 genes were significantly differentially expressed
p<0.05). A representative of the top 10 upregulated and top 25 downregulated genes

are shown in the heat map. The scale bar represents row scales. (B) Colo 357 PDAC
cells were stably transfected with shRNA-specifically targeting MUC4 and non-specific
scramble vector control. Total cell lysates were prepared from both sShRNA and scramble
vector introduced PDAC cells and analyzed by western blot for knockdown of MUC4

~—~
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and MUC5AC mucins. (C) Quantitative RT-PCR validation of RNA sequencing data in
Colo 357, T3M4, and Colo 357 MUC4 KD cell lines. (D) Bar plots represent pathway
enrichment analysis of significantly downregulated genes obtained from RNA sequencing
upon Bosutinib treatment in PDAC cells, as analyzed using KEGG and MsigDB Hallmark
database.
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Fig. 3. Bosutinib treatment reduces PDAC cell, tumoroid, and xenograft tumor proliferation,

growth, and migration.

(A and B) Analysis of treatment effects of Bosutinib monotherapy and its combination
effects with Gemcitabine or 5FU using Colony formation assay. Representative images

of colony inhibition in response to Bosutinib £gemcitabine or 5FU (A). The bar graph
represents the average number of colonies formed or responded to drug treatment in the
T3M4 cells (N=3) (B). (C) Proliferation inhibition of T3M4 PDAC cells after Bosutinib
monotherapy and combination therapies of Bosutinib + Gemcitabine or 5FU. The line graph
shows decreased cellular proliferation after treatment with Bosutinib, Gemcitabine, and 5FU
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alone, and it further decreased T3M4 cell proliferation in combination treatment for up to 48
hr. (D and E) Human PDAC organoids were treated with Bosutinib alone and in combination
with Gemcitabine or 5FU. Representative light microscope images showing the effect of
Bosutinib alone and in combination with Gemcitabine or 5FU on PDAC organoid growth
(D). The organoid growth rate was monitored using the IncuCyte® sx5 live imaging system.
The line graph shows the reduction in organoid growth against Bosutinib as a single agent
and/or with gemcitabine or 5FU (E). (F-H) /n vivo Colo 357 xenograft model demonstrating
reduced tumor growth and weight after Bosutinib monotherapy and combination therapy
with Gemcitabine. Representative bioluminescence images of athymic nude mice after
orthotopic implantation of luciferase-tagged Colo 357 PDAC cells implanted in the pancreas
followed by treatment with Bosutinib (oral gavage) and /or gemcitabine (intraperitoneal
route (i.p)) or 5 FU (i.p). Images were acquired at weekly intervals on days 0, 7, 14, and

21 after the start of drug treatment. Tumor responses against drug treatment were evaluated
based on bioluminescent images acquired by i.p injection of luciferin to athymic nude mice,
followed by imaging using an 1VIS imaging system (F). The dot plot shows the tumor
weight of individual xenografts from each cohort at necropsy (N=4) (G). Representative
images of Colo 357 xenograft tumor excised from PBS control, Bosutinib, Gemcitabine, and
its combination-treated mice (H).
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Fig. 4. Bosutinib reduces PDAC tumor cell growth, migration, and metastasis.
(A and B) Representative micrographs show the wound healing effects of Bosutinib alone

and combined with Gemcitabine and 5FU in PDAC cells. The IncuCyte® sx5 live imaging
system was used to monitor the wound healing capacity of PDAC cells upon Bosutinib
and/or Gemcitabine alone and in combination treatment, and the system was programmed
to capture images every 6 hours for up to 48 hr (A). The line graph demonstrates the

cell migration inhibitory potential of Bosutinib xgemcitabine or 5FU in T3M4 and Colo
357 cell lines (B). (C) Representative immunofluorescent images demonstrate reduced
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phalloidin staining after Bosutinib treatment in T3M4 and Colo 357 PDAC cells. The
scale bar denotes 10um. (D) Representative Hematoxylin and Eosin stained sections of
micrometastases PDAC tumor to liver and diaphragm /n vivo xenograft model. Dotted
lines show reduced liver and diaphragmatic metastasis after Bosutinib monotherapy and
combination therapy with Gemcitabine. Light microscopy images were taken at 200X
magnification (10X (eyepiece) x 20X objective lens), and a scale bar was drawn using

the Leica LAS EZ software. (E) The bar graph shows the number of micrometastases
observed with drug treatment in the /n vivo xenograft model. Bosutinib and Gemcitabine
monotherapy significantly reduced the number of liver metastases; combination treatment
of Bosutinib and Gemcitabine resulted in further reduction in liver metastases compared
to Gemcitabine alone (p<0.05). (F- I) The effect of Bosutinib alone and in combination
with Gemcitabine was assessed using expression analysis of apoptosis marker cleaved
caspase-3 and proliferation marker Ki67 in PDAC xenograft tissues. (F) Representative
micrographs showing cytoplasmic staining for cleaved Caspases 3 antibody in primary
pancreatic xenograft tissues of all the treatment groups. (G) The bar combined with the
scatter plot shows the quantification of cleaved caspase-3 positive cells per field in each
group (** P<0.01). (H) Representative images of Ki67 nuclear staining in xenograft tissues
excised from mice exposed to Bosutinib and/or Gemcitabine. (1) Bar graph with scatter plot
demonstrated the difference in Ki67 nuclear positive expression between the drug-treated
mice xenograft tissue (*P<0.05, **P<0.01). Statistical significance between groups was
determined using a student t-test. The scale bars for F and H denote 6 mm as measured
through Image J software.
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Fig. 5. Mechanism of action of Bosutinib impacting expression of MUC4 and MUC5AC.
(A) Schematic representation of MUC4 and MUCS5AC promoters and transcription factors

regulating MUC4 and MUC5AC mucin expression. (B) g-RTPCR analysis of expression
of common transcription factors of MUC4 and MUCS5AC in Colo 357 and T3M4 PDAC
cell lines after Bosutinib treatment. Data are shown as fold change (log2) + SD (N =

3). (C) PDAC cells (T3M4, Colo 357) were treated with the indicated concentration of
Bosutinib for 48 hr, and cell lysates were harvested. Proteins were analyzed by western
blot analysis using antibodies specific for total and phosphorylated forms of FAK, AKT,
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ERK, SRC, and common transcription factors specific for MUC4 and MUC5AC (STATL,
FOXAZ2, FosL1). (D) Schematic representation of the proposed mechanism of action of
Bosutinib impacting MUC4 and MUCS5AC expression in PDAC. Western blotting results
show that Bosutinib inhibits SRC/FAK multiprotein complex and downregulates ERK and
AKT pathways, leading to reduced transcription factors such as FosL1, FOXA2, and STAT1,
resulting in reduced expression of MUC4 and MUC5AC.
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Fig. 6. Impacts on PDAC cellular function by affecting WNT signaling and its upstream and
downstream regulator’s clinical correlation.

(A) Wiki pathway gene set enrichment analysis was performed using RNA sequencing
results obtained from Colo357 PDAC cells treated with or without Bosutinib. The
enrichment analysis demonstrates downregulations of genes associated with the WNT
signaling pathway after Bosutinib treatment, including WNT7hb, SOST, DAAM2, and
CAMK?Z2B. (B) g-RTPCR analysis of MUC4, MUC5AC, and WNT7B gene expression
in T3M4, Colo 357 after 48 hr of Bosutinib treatment, and Colo 357 MUC4KD and
scramble control cell lines. Data are shown as fold change (log2) + SD (N = 3). (C)
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Western blots of WNT7B protein expression in T3M4 and Colo 357 cell lines after 48 hr of
Bosutinib treatment. (D) Representative immunofluorescent images of MUC4, WNT7B, and
MUCSAC protein expression and membranous localization in xenograft tumor tissues after
Bosutinib monotherapy or combination therapy of Bosutinib and Gemcitabine. The scale bar
denotes 20um. (E) We extracted the transcriptome data from TCGA-PAAD and analyzed for
clinical correlation between the mRNA expression of MUC4 and MUC5AC with AKT1, and
FOSL1. Scatter plots showing a positive Spearman correlation between MUC4 and AKT1
(r=0.26, p=0.0006), MUC4 and FOSL1 (r = 0.2, p=0.011), MUC5AC and AKT1 (r = 0.36),
p<0.001), and MUC5AC and FOSL1 (r = 0.17), p=0.028) in the TCGA dataset.
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