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Abstract

Patients presenting with metastatic hepatoblastoma have limited treatment options and survival
rates as low as 25%. We previously demonstrated that Proviral Integration site in Maloney

murine leukemia virus 3 (PIM3) kinase promotes tumorigenesis and cancer cell stemness in
hepatoblastoma. In this study, we assessed the role of PIM3 kinase in promoting hepatoblastoma
metastasis. We utilized a tail vein injection model of metastasis to evaluate the effect of CRISPR/
Cas9-mediated PIM3 knockout, stable overexpression of PIM3, and pharmacologic PIM inhibition
on the formation of lung metastasis. /7 vivo studies revealed PIM3 knockout impaired the
formation of lung metastasis: 5 out of 6 mice injected with wild type hepatoblastoma cells
developed lung metastasis while none of the 7 mice injected with PIM3 knockout hepatoblastoma
cells developed lung metastasis. PIM3 overexpression in hepatoblastoma increased the pulmonary
metastatic burden in mice and mechanistically, upregulated the phosphorylation and cell surface
expression of CXCR4, a key receptor in the progression of cancer cell metastasis. CXCR4
blockade with AMD3100 decreased the metastatic phenotype of PIM3 overexpressing cells,
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indicating that CXCR4 contributed to PIM3’s promotion of hepatoblastoma metastasis. Clinically,
PIM3 expression correlated positively with CXCR4 expression in primary hepatoblastoma tissues.
In conclusion, we have shown PIM3 kinase promotes the metastatic phenotype of hepatoblastoma
cells through upregulation of CXCR4 cell surface expression and these findings suggest that
targeting PIM3 kinase may provide a novel therapeutic strategy for metastatic hepatoblastoma.
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INTRODUCTION

Hepatoblastoma is the most common primary malignant liver tumor in children [1]. Over
half of patients initially present with advanced or metastatic disease [2]. The prognosis for
these children remains dismal with survival rates less than 25% [3], primarily due to limited
treatment options and chemotherapeutic resistance [4]. Current research efforts are focused
on understanding tumor biology with the goal of identifying new targets for therapy.

Proviral Integration site for Moloney murine leukemia virus 3 (PIM3) kinase is
overexpressed in hepatoblastoma tissue [5] but not normal liver [5, 6]. PIM3 kinase plays
a pivotal role in hepatoblastoma tumorigenesis by promoting cell proliferation, survival,
and cell-cycle progression [5-7]. The observation that higher PIM3 kinase expression

in human tumors correlated with worse patient survival in many cancer types [8-10],
including hepatoblastoma [11], suggests that PIM3 kinase may play a role in promoting
hepatoblastoma metastasis. Furthermore, PIM3 knockout (KO) and PIM kinase inhibition
significantly impaired hepatoblastoma cell migration and invasion /n vitro [5], which are
early steps in metastasis.

The mechanism by which PIM3 kinase enhances the migratory and invasive capabilities
of cancer cells is not fully understood. One proposed mechanism is regulation of C-X-
C chemokine receptor 4 (CXCR4), which interacts with C-X-C chemokine ligand 12
(CXCL12) to promote migration, invasion, and metastasis of tumor cells [12]. All three
members of the PIM kinase family regulate surface expression of CXCR4 [13, 14].

Our aim was to assess the role of PIM3 kinase in promoting hepatoblastoma metastases.
The findings presented in this study identify CXCR4 as a plausible mechanism for PIM3’s
promotion of hepatoblastoma metastasis and provide evidence that targeting PIM3 may
serve as a novel therapeutic strategy for metastatic hepatoblastoma.

MATERIALS AND METHODS

Cells and Cell Culture

Cells were cultured under standard conditions at 37 °C and 5% CO,. The human long-

term passage hepatoblastoma cell line, HUH6, was obtained from Thomas Pietschmann
(Hannover, Germany) [15] and maintained in Dulbecco’s Modified Eagle’s Medium
(HyClone, GE Healthcare Life Sciences, Logan, UT, #D5030) supplemented with 10% fetal
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bovine serum (HyClone, GE Healthcare Life Sciences), 1 pg/mL penicillin/streptomycin
(Gibco, Carlsbhad, CA, #15140122), and 2 mmol/L L-glutamine (Thermo Fisher Scientific,
Waltham, MA, #25035081). Short tandem repeat analysis (Genomics Core, University of
Alabama at Birmingham (UAB), Birmingham, AL) validated the HuH®6 cell line. The cells
were free of mycoplasma.

The stable CRISPR/Cas9-mediated PIM3 KO hepatoblastoma cells have been extensively
described and characterized in a previous publication [9]. PIM3 KO cells were cultured
and validated as described above for parent HuH6 cell line. HuH6 EV and PIM3 OE

cells have also been described and characterized in a prior publication [13]. HUH6 EV

and PIM3 OE cells were cultured in media described above with the addition of G418 (2
mg/mL, Geneticin®, Sigma-Aldrich, St. Louis, MO) to maintain selection. HuH6 EV-YC and
PIM3 OELUC cells were cultured in media containing puromycin (1 pg/mL, Sigma-Aldrich,
St. Louis, MO, #P9620) and G418 (2 mg/mL, Sigma-Aldrich, #10131035) to establish
stable overexpression of the PIM3 protein, which was confirmed by Western blotting
(Supplementary Information, Fig. S1b). Short tandem repeat analysis (Genomics Core,
UAB) validated all cell lines on a regular basis and cells were tested and determined to be
free of mycoplasma.

The HuH6 WTLUC and PIM3 KOLUC cells were generously provided by the Hjelmeland
laboratory and were established by stable transfection of HuH6 WT and PIM3 KO cells
with the luciferase reporter that was cloned into the pPCDH-CMV-MCS-EF1a-Puro lentiviral
vector (System Biosciences, Palo Alto, CA, #CD510B-1). HuH6 WTMUC and PIM3 KOLuc
cells were cultured in the media described above with the addition of puromycin (1 pg/mL,
Sigma-Aldrich) to maintain selection.

Antibodies and Reagents

Antibodies utilized included rabbit monoclonal anti-PIM3 (4165), anti-CXCR4 (D4Z7W,
#97680), rabbit polyclonal anti-phospho-CXCR4 (Ser339, #59028) from Cell Signaling
Technology (Beverly, MA), and mouse monoclonal anti-p-actin (A1978) from Sigma
Aldrich (St. Louis, MO). The pan-PIM inhibitor AZD1208 and the CXCR4 antagonist
AMD3100 (plerixafor) were purchased from Selleck Chemicals (Houston, TX, #S7104 and
#58030).

Anchorage-Independent Growth

Soft agar colony formation assessed anchorage-independent growth as previously described
[5]. A 3 mL mixture of 1% noble agar (BD Biosciences, #DF0142-17-0) and 2x culture
media (in a 1:1 ratio) was poured into 60 x 15 mm petri dishes and allowed to cool. After
solidification of the first layer, a second 1.5 mL layer containing the same ratio of agar and
culture media, but also HuH6 wild-type (WT) or PIM3 KO cells (1 x 104 cells per dish),
was added. Similarly, HuH6 EV or PIM3 OE cells (1 x 10% cells per dish) were added in a
separate experiment to assess the effect of PIM3 overexpression on anchorage-independent
growth. Culture media (1 mL) was added every 3-4 days for 6 weeks. Images of the dishes
were taken using the Bio-Rad ChemiDoc™ MP Imager (Bio- Rad, Hercules, CA), colony
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growth was quantified using ImageJ software (https://imagej.nih.gov/ij), and reported as
mean number of colonies + standard error of the mean (SEM).

Formation of Lung Metastases In Vivo

The UAB Institutional Animal Care and Use Committee (IACUC-021420) approved all
animal studies, which were conducted within institutional, national, and NIH guidelines.
Animals were maintained in the specific pathogen-free facility with standard 12-hour light/
dark cycles, allowed chow and water ad /ibitum, and euthanized humanely in their home
cages with CO», followed by cervical dislocation.

Four murine studies were performed using the tail vein injection metastasis model. In all
studies, the cells were injected into the tail vein of female 6 week old athymic nude mice.

In the first study, HUH6 WTLUC or PIM3 KOLUC (2.5 x 10%) cells in 100 pl of phosphate-
buffered saline (PBS) were injected (n=7 per group, Charles River, Frederick, MD). Four
weeks later and then weekly, the mice received an intraperitoneal injection of d-luciferin
and imaged 10 minutes post-injection using an IVIS® Lumina I1l /7 vivo imaging system
(PerkinElmer, Waltham, MA) to monitor for lung metastasis. Animals were weighed three
times a week and humanely euthanized at 8 weeks or when they met IACUC parameters.
Upon euthanasia, lungs were harvested, imaged ex vivo, and fixed in 10 % formalin for
histology. Investigators were not blinded to the group assignment. Bioluminescence was
quantified as average radiance (photons/sec/cm?/sr; number of photons per second that leave
a cm? of tissue and radiate into a solid angle of one steradian) using the Living Image
software version 3.0 (Caliper Life Sciences, Waltham, MA) and the region of interest (ROI)
tool. Bioluminescence was utilized to confirm the comparable luciferase expression between
the two cell lines prior to tail vein injections as well as immediately after injections to i)
visualize the Luc-tagged cells within the lung microvasculature, confirming successful tail
vein injections, and ii) obtain an initial baseline reading. A single photo of lung metastases
was used to quantify the background signal serving as the standard for which the subsequent
bioluminescence of each image was standardized.

For the second study, HUH6 EVLUC or PIM3 OELYC cells (2 x 106 cells in 100 ul of PBS)
were injected (n=6 per group) and the mice monitored for 8 weeks. For the third study, PIM3
OEUC cells (2 x 10° cells in 100 pl of PBS) were injected and animals randomized the
following day to receive vehicle (100 pl of PBS) or AMD3100 (5 mg/kg in 100 pl of PBS),
via subcutaneous injections 5 days a week for 6 weeks (n=7 per group). AMD3100 dosing
was based upon previous publication [16].

In a supplemental study, HuH6 WTLUC cells (2 x 108 cells in 100 pl of PBS) were injected
and the following day animals were randomized to receive vehicle (100 uL of ORAPIus®,
Perrigo, Allegan, MI) or AZD1208 (30 mg/kg in 100 uL of ORAPIus®), daily by oral
gavage for 6 weeks (n=7 per group). Animals were imaged as described above to detect
gross pulmonary metastasis (Supplementary Information Fig. S2).

Histology and Quantification of Metastatic Burden

Microscopic pulmonary metastases were confirmed using hematoxylin and eosin (H&E)
staining. Lungs were fixed in 10% formalin, embedded in paraffin, sectioned into 5 pm
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slices at 100 um intervals through the entire lung of each animal, and stained with H&E.
A board-certified pediatric pathologist (E.M.M.) blinded to the treatment groups examined
sections at six levels from each lung to confirm the presence or absence of pulmonary
metastasis.

To quantify the metastatic burden in the second and third /n vivo studies, we imaged
H&E-stained lung sections at three different levels from each mouse using 10x objective of
a light microscopy (Photometrics CoolSNAP HQ2 CCD camera (Tucson, AZ) attached to
a Nikon Eclipse Ti microscope (Tokyo, Japan)). We quantified the metastatic burden using
ImageJ software by determining the total area of lung metastasis (in pixel squared). Results
were reported as mean metastatic burden + SEM.

RNA Extraction, Library Preparation, and RNA Sequencing

RNA was extracted from HuH6 EV or PIM3 OE cells using the RNeasy kit (Qiagen
Sciences Inc., Germantown, MD, #74106) per manufacturer's protocol. The UAB Genomics
Core determined RNA sample quality control (QC), prepared the library, and performed
sequencing as described [8]. The quality of total RNA was assessed using the Agilent 2100
Bioanalyzer followed by 2 rounds of poly A+ selection and conversion to cDNA. The
NEBNext® Ultra™ Directional RNA Library Prep Kit for lllumina® library generation kit
(New England Biolabs, Ipswich, MA, #E7420L) was used per manufacturer’s instructions.
The libraries were quantitated using gPCR in a Roche LightCycler 480 with the

Kapa Biosystems kit (Kapa Biosystems, Woburn, MA, #07959362001). Sequencing was
performed on the Illumina NextSeq500 using the latest versions of the sequencing reagents
and flow cells with single-end 75 bp reads. We deposited raw and processed data in Gene
Expression Omnibus (GEO), Accession #GSE164082 for HuH6 WT and PIM3 KO cells and
#GSE176152 for HUH6 EV and PIM3 OE cells.

RNA Sequencing Analysis

The raw RNA-Seq fastq reads were aligned to the human reference genome (GRCh38

p13 Release 32) from Gencode using STAR (version 2.7.3a) and the parameters --
outReadsUnmapped Fastx --outSAMtype BAM SortedBy Coordinate -- outSAMattributes
All --outFilterIntronMotifs RemoveNoncanonicalUnannotated [17]. Following alignment,
Cufflinks (version 2.2.1) was used to assemble transcripts, estimate their abundances, and
test for differential expression and regulation using parameters--library-type fr-firststrand -G
—L [18, 19]. Cuffmerge, a part of Cufflinks, merged the Cufflinks transcripts across multiple
samples using default parameters. Finally, Cuffdiff found significant changes in transcript
expression, splicing and promoter usage using default parameters.

For generating network analysis of canonical pathways, a data set containing gene identifiers
and corresponding expression values was uploaded into Ingenuity Pathway Analysis (IPA)
[20]. Each identifier was mapped to its corresponding object in Ingenuity’s Knowledge
Base. A fold change cutoff of + 2 was set to identify molecules whose expression was
significantly differentially regulated. These molecules, called Network Eligible molecules,
were overlaid onto a global molecular network developed from information contained

in Ingenuity’s Knowledge Base. Networks of Network Eligible Molecules were then
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algorithmically generated based on their connectivity. The Functional Analysis identified the
canonical pathways that were most significant to the entire data set. The analysis included
molecules from the dataset that met the fold change cutoff of + 2 and were associated with
biological functions and/or diseases in Ingenuity’s Knowledge Base. Right-tailed Fisher’s
exact test calculated the p value determining the probability that each biological function
and/or disease assigned to that data set is due to chance alone.

Transcriptome Analysis of Published Hepatoblastoma Patient Cohorts

Gene expression and correlation analyses for hepatoblastoma patients were conducted using
the R2: Genomics Analysis and Visualization Platform (http://r2platform.com). Normalized
and log2-transformed clinically annotated microarray data was obtained from the GEO
GSE131329, consisting of 53 hepatoblastoma samples [21], and P/M3 gene expression
evaluated. RNA sequencing data of hepatoblastoma tumors (n=34 samples) was obtained
from GSE133039 [22].

Immunoblotting

Cells were lysed using radio-immunoprecipitation assay (RIPA) buffer supplemented with
protease inhibitors (Sigma-Aldrich, #P8340), phosphatase inhibitors (Sigma-Aldrich), and
phenyl-methane-sulfonyl-fluoride (Sigma-Aldrich, #P0044). Immunoblotting, gel transfer,
and immunodetection was performed as previously described [5]. Precision Plus Protein
Kaleidoscope molecular weight marker (Bio-Rad, #1610395) confirmed the expected size of
target proteins and antibodies were used according to the manufacturers' recommendations.
B-actin confirmed equal protein loading.

CXCRA4 Cell Surface Expression

Cells (1 x 10%) were labeled with a phycoerythrin (PE)-conjugated mouse immunoglobulin
G2ax (IgG2ax) anti-human CXCR4 antibody (Miltenyi Biotec, Waltham, MA,
#1-30-124-017), which competes with AMD3100 in binding to epitope 12G5. Unlabeled
cells comprised negative controls. Flow cytometry detected the cell surface expression of
CXCR4 by quantifying the percentage of cells positive for PE using the Attune™ NxT Flow
Cytometer (Invitrogen™, Thermo Fisher) and FlowJo software (FlowJo, LLC).

Quantitative Real-Time PCR (qPCR)

Quantitative real-time PCR, as previously described [8], assessed the mRNA abundance
of CXCR4. cDNA was synthesized using an iScript cDNA Synthesis kit (Bio-Rad,
#1708891) according to supplier's instructions. For gPCR, SsoAdvanced™ SYBR®

Green Supermix (Bio-Rad, #1725271) was utilized according to manufacturer's protocol.
Primers specific for CXCR4 (Forward: 5’-CCCTCCTGCTGACTATTCCC-3', Reverse: 5'-
TAAGGCCAACCATGATGTGC-3") were designed using Primer3 web version 4.1.0 [23]
and checked for non-specific binding using the basic local alignment search tool (BLAST,
NCBI), and B-actin primers were obtained from Applied Biosystems (Foster City, CA,
#4326315E). gPCR was performed with 10 ng cDNA in 20 L reaction volume with an
Applied Biosystems 7900HT cycler (Applied Biosystems) with cycling conditions of 95
°C for 2 min, followed by 39-cycle amplification at 95 °C for 5 s and 60 °C for 30 s.
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Samples were analyzed in triplicate with B-actin as an internal control. The AACt method
[24] calculated the gene expression, reported as mean fold change £ SEM.

Migration and Invasion Assays

Migration and invasion assays were performed as described [8]. For migration, the bottom
of 8 um micropore Transwell® inserts (Corning Life Sciences, Corning, NY, #3463) were
coated with collagen | (10 ug/mL, MP Biomedicals, Santa Ana, CA, # 150026) overnight at
37 °C and then washed with PBS. For invasion, the top of the inserts was coated with 50

uL of Matrigel™ (1 mg/mL, BD Biosciences, San Jose, CA, #356234) overnight at 37 °C.
For both assays, the inserts were placed in 24-well culture plates containing 350 uL media.
HuH6 EV or PIM3 OE cells were treated with increasing concentrations of AMD3100 (0-30
M) for 24 hours, plated into each insert (3 x 10* cells) and allowed to migrate or invade
for 24 hours. The inserts were fixed with 4% paraformaldehyde and stained with 1% crystal
violet. Insert images were obtained using light microscopy and the number of cells in seven
random fields per insert were counted using ImageJ. Migration and invasion were reported
as mean fold change in number of cells migrating or invading + SEM.

Cell Viability

AlamarBlue® Cell Viability Assay (Thermo Fisher Scientific, #88952) was used to assess
viability following treatment with AMD3100. HuH6 EV or PIM3 OE cells (5 x 103 cells per
well) were plated in 96-well plates, allowed to attach overnight, and treated with AMD3100
(0-100 uM). Following 24 hours of treatment, the alamarBlue® reagent was added (10 pL)
and absorbance read at 562 nm (reduced reagent) and 595 nm (oxidized reagent) using a
microplate reader (BioTek Gen5, BioTek Instruments, Winooski, VT). Results were reported
as mean fold change viability + SEM.

Statistical Analysis

Data were generated with a minimum of three biologic replicates and results reported as
mean + SEM [25] of separate experiments. Student's t-test or analysis of variance (ANOVA)
was used to compare means between groups and chi-square test was used for categorical
variables as appropriate, with p<0.05 considered statistically significant.

Data Availability Statement

The data generated in this study are available within the article and its supplementary data
files. Expression profile data analyzed in this study were obtained from GEO GSE131329
and GSE133039. The sequence data generated in this study are publicly available in GEO at
GSE164082 and GSE176152.

RESULTS

PIM3 Kinase Promotes a Metastatic Phenotype of Hepatoblastoma Cells In Vitro and In
Vivo
We previously demonstrated that PIM3 KO decreased hepatoblastoma cell migration and
invasion [7]. We utilized colony formation assays to examine whether PIM3 contributes to
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anchorage-independent growth, an indicator of metastatic ability [26]. PIM3 KO diminished
colony formation (11 £ 3 vs. 3 = 0.5 colonies, HUH6 WT vs. PIM3 KO cells, p<0.05,

Fig. 1a). We advanced to an /n vivo model of metastasis. HuH6 WTLUC or PIM3 KO Luc
cells were injected, and bioluminescence imaging used to detect gross metastasis (Fig. 1b).
Representative images of mice were taken immediately post tail vein injections and at the
end of the 8-week study period, along with images of the ex vivo lungs (Fig. 1b). PIM3

KO significantly impaired the formation of lung metastasis. Five of 6 mice injected with
HuH6 WTLUC cells developed lung metastases compared to none of the animals injected
with PIM3 KOMU® cells (p<0.01, Fig. 1c). Finally, representative photomicrographs of H&E
staining demonstrating metastatic lesions in the HuH6 WTLUC group (Fig. 1d, upper panel,
arrowheads, dotted lines), compared to lungs from the PIM3 KOU¢ group which showed no
histologic evidence of metastases (Fig 1d, lower panel).

Since PIM3 KO decreased formation of hepatoblastoma lung metastasis, we aimed to
explore whether PIM3 OE could promote metastasis. PIM OE cells exhibited increased
anchorage-independent growth compared to HUH6 EV controls (3 = 0.7 fold change,
p<0.05, Fig. 2a). These findings, in conjunction with those in Fig. 1a, indicate that PIM3
kinase plays a role in the /in vitro metastatic phenotype of hepatoblastoma cells. We injected
animals with HuH6 EV-UC or PIM3 OELYC cells into the tail vein and monitored them with
bioluminescence imaging. At 8 weeks, there was a trend toward increased gross metastasis
in animals injected with PIM3 OELU¢ compared to HuH6 EV-UC cells (p=0.28, Fig. 2b-d).
Average bioluminescence signal measured in the ex vivo lungs of PIM3 OELUC injected
mice was over 2.6 times higher than in the control group lungs (p=0.07, Fig. 2b-d). When
we examined microscopic metastatic burden, we found animals injected with PIM3 OELUC
cells had significantly increased metastatic burden compared to animals injected with HuH6
EVLUC cells (p<0.05, Fig. 2e). Representative H&E images are shown with dotted lines
encircling metastatic lesions (Fig. 2e, right panels).

Pharmacologic Inhibition of PIM3 Kinase Impaired Formation of Hepatoblastoma Lung
Metastasis In Vivo

Since pharmacological inhibition is more amenable to clinical translation, we examined the
effect of PIM kinase inhibition with the pan PIM inhibitor, AZD1208, on the formation

of hepatoblastoma lung metastasis /7 vivo. Mice injected with HuH6 EVUC cells were
randomized to receive AZD1208 (30 mg/kg/day, n=7) or vehicle control (ORAPIus®,

n=7) daily by oral gavage. At 6 weeks, animals treated with AZD1208, did not develop

lung metastasis compared to 4 out of 7 control mice which did (p<0.05, Supplemental
Information Fig. S2a-c). Animal weights, a surrogate measure of treatment toxicity, were not
affected by AZD1208 (Supplemental Information Fig. S3a).

PIM3 Modulation Differentially Regulated CXCR4 Signaling Pathway

To evaluate whether PIM3 kinase correlates with advanced or metastatic disease in
hepatoblastoma patients, we utilized clinically annotated microarray data from GEO
GSE131329 [21] and evaluated P/M3 gene expression within 53 pretreatment, primary
hepatoblastoma tumors. P/M3 gene expression was significantly higher in patients with
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progressive disease (event +, n=21), of which 12 patients developed lung metastasis,
compared to patients with event-free survival (n=32, p<0.05, Fig. 3a).

Given that RNA sequencing of PIM3 KO cells identified chemokine signaling as one of

the top downregulated pathways [7], we performed RNA sequencing on PIM3 OE cells to
evaluate whether the differences in the transcriptome and associated pathways identified by
IPA are consistent with a metastatic phenotype. Expression of genes involved in pathways of
cell movement, invasion, and chemokine signaling, including CCR5 and CXCR4 signaling,
were significantly upregulated (p<0.05 and fold change cutoff + 2) in the PIM3 OE cells
compared to HuUH6 EV controls. These changes are illustrated in a heat map along with the
canonical pathways and their respective p values (Fig. 3b).

To verify the biological significance of CXCR4 signaling activation by PIM3, we utilized
RNA sequencing data of hepatoblastoma patient samples from the publicly available
GSE133039 dataset [21] and found a positive correlation between PIM3and CXCR4in
hepatoblastoma tumors (r=0.6, p<0.001, Fig. 3c), supporting the notion that PIM3 may
affect the expression of CXCR4 in hepatoblastoma.

Overexpression of PIM3 Kinase Upregulated Cell Surface Expression of CXCR4

To understand the association of PIM3 kinase and CXCR4 expression in hepatoblastoma
cells, we first used immunoblotting to evaluate CXCR4 expression at the protein level. We
found that PIM3 OE cells had higher phosphorylated CXCR4 protein (at Ser339) compared
to HuH6 EV control or HUH6 WT cells, while total CXCR4 protein remained unchanged
(Fig. 4a). To explore the effect of PIM3 OE on the cell surface expression of CXCR4, we
employed flow cytometry to evaluate the percentage of cells positive for CXCR4. CXCR4
cell surface expression was significantly increased with PIM3 OE (34 £ 0.5 vs. 22 + 1.2%,
PIM3 OE vs. HuH6 EV, p<0.001, Fig. 4b).

To further examine the effect of PIM3 on CXCR4 cell surface expression, we compared
PIM3 KO to HuH6 WT cells. PIM3 KO cells had significantly decreased percentage of cells
positive for CXCR4 (13 £ 0.1 vs. 32 + 0.4%, PIM3 KO vs. HuH6 WT cells, p<0.001, Fig.
4d). Representative histograms of HuH6 EV and PIM3 OE as well as HUH6 WT and PIM3
KO cells, along with their corresponding negative staining controls, are shown (Fig. 4b,d).

Finally, we evaluated the mRNA abundance of CXCR4 following PIM3 modulation using
gPCR. Abundance of CXCR4 mRNA was unchanged in PIM3 OE compared to HUH6 EV
control cells (Fig. 4c), indicating that changes were at the protein level.

Chemokine Receptor CXCR4 Mediated PIM3-Induced Migration, Invasion, and Anchorage-
Independent Growth in Hepatoblastoma Cells

Because PIM3 enhanced CXCR4 cell surface expression and promoted hepatoblastoma
metastasis, we hypothesized that CXCR4 may mediate the PIM3-induced metastatic
phenotype of hepatoblastoma cells. We examined whether AMD3100 CXCR4 blockade
would inhibit the migration, invasion, and anchorage-independent growth in PIM3 OE cells.
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HuH6 EV or PIM3 OE cells were treated with AMD3100 (0-30 pM) for 24 h and flow
cytometry assessed CXCR4 fluorescence signal. AMD3100 blocks binding of the anti-
CXCR4 antibody to the 12G5 epitope of the CXCR4 receptor [27]. AMD3100 treatment
decreased CXCR4 fluorescence signal in both HuH6 EV and PIM3 OE cells (Fig. 5a,b),
implying blockade of the CXCR4 receptor. We then assessed the /n vitro phenotype of
HuH6 EV and PIM3 OE cells following CXCR4 blockade. PIM3 OE cells exhibited
significantly increased migration and invasion compared to HuH6 EV cells (Fig. 5c,d,
black bars). AMD3100 treatment of both cell lines decreased migration and invasion in

a concentration-dependent manner (Fig. 5¢,d). Treatment of HuH6 EV and PIM3 OE

cells with AMD3100 (30 uM) significantly decreased colony formation in both cell lines
(Fig. 5e). These findings were independent of viability, since AMD3100 did not affect
viability of HuH6 EV or PIM3 OE cells at concentrations as high as 100 pM (Supplemental
Information, Fig. S4a,b). Finally, there was no significant difference in the /n vitro findings
between PIM3 OE cells treated with AMD3100 and HuH6 EV cells treated with AMD3100
(Fig. 5c-¢, light grey bars), implying that CXCR4 blockade abrogated the increase in the /in
vitro metastatic phenotype seen with PIM3 overexpression.

CXCR4 Blockade Reduced the PIM3-Induced Lung Metastatic Burden In Vivo

To determine whether CXCR4 contributes to the PIM3-induced formation of lung metastasis
in vivo, we injected PIM3 OELUC cells into tail veins of mice who were randomized to
receive subcutaneous injections of either AMD3100 (5 mg/kg/day, n=7) or vehicle control
(PBS, n=7) daily for 5 days a week. After 6 weeks, 3 of 7 control and 2 of 7 AMD3100
treated mice had evidence of gross lung metastasis (Fig. 6a,b). The metastatic burden

was quantified with H&E. Lungs from animals treated with AMD3100 had significantly
decreased microscopic pulmonary metastatic burden compared to vehicle treated animals
(p=0.05, Fig. 6¢,d). These results indicate that treatment with AMD3100 diminished

the PIM3-induced formation of pulmonary metastasis /7 vivo. The treatment did not
significantly affect animal weight (Supplemental Information, Figure S3b).

DISCUSSION

Metastasis, the major cause of morbidity and mortality in most cancers [28], is a

complex pathophysiologic process [29]. After traveling through the circulation, tumor cells
extravasate, and attach and proliferate in their new location establishing metastatic tumors
[30]. The difficulty in treating metastatic hepatoblastoma is the reliance on therapy to target
both the primary tumor and metastatic lesions. While many of the molecular pathways that
promote tumorigenesis also promote metastasis, some genes exert effects only on metastatic
capability and colonization [31, 32]. The role of PIM3 kinase has not yet been delineated. To
our knowledge, this study is novel in evaluating the role of PIM3 kinase in hepatoblastoma
metastasis. With up to 20% of hepatoblastoma patients having pulmonary metastasis at
presentation and survival rates as low as 25% [4], we believe PIM inhibition will be a useful
tactic to treat children with metastatic disease.

A strength of the current study is the use of multiple methods to alter PIM3 expression. We
genetically modified the P/IM3 gene with both CRISPR/Cas9 knockout and overexpression
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plasmid as well as pharmacologic inhibition. Both PIM3 KO and PIM kinase inhibition
decreased formation of pulmonary metastasis, while overexpression of PIM3 had the
opposite result. These findings are congruent with our previous investigations demonstrating
the effect of PIM kinase inhibition [5] and PIM3 KO [7] on hepatoblastoma cell migration
and invasion /n vitro. The findings in the current study are also consistent with those
reported in other malignancies [15, 33-34]. For example, PIM3 overexpression enhanced
the metastatic properties of prostate cancer xenografts [13], while sShRNA PIM3 knockdown
reduced pulmonary metastasis of melanoma cancer cells /n vivo[34].

In addition to bioluminescence imaging to detect gross metastasis, we obtained histologic
confirmation of microscopic pulmonary metastases in each of the /in vivo studies. Using
H&E staining, we visualized the secondary lesions invading the lung parenchyma (as
opposed to tumor cell aggregations in the microvasculature). In the first /n vivo study, one
of the 7 mice injected with HUH6 WTLUC cells died immediately after the tail vein injection,
attributed to a thromboembolic event. Sudden death due to thromboembolism and the lack
of a gradual progression of tumor burden has previously led to criticism of the tail vein
injection model of lung metastasis [35]; the limitations of which are expanded upon further
in the discussion. These concerns highlight the importance of histologic examination which
allowed for i) the identification of micrometastases that were undetected by bioluminescence
and ii) the quantification of metastatic burden.

Utilizing publicly available hepatoblastoma databases, we demonstrated that /43 gene
expression was significantly higher in patients with recurrent or progressive disease. Over
half of those patients developed pulmonary metastasis. This analysis was consistent with our
previous findings that higher PIM3expression in hepatoblastoma tumor tissues correlated
with worse patient survival [11]. We also demonstrated that /M3 expression correlates
positively with CXCR4 expression levels in primary hepatoblastoma tissues. The integration
of comparative transcriptomic analysis of both PIM3 KO and PIM3 OE cells provided a
unique opportunity to evaluate the genes differentially regulated by PIM3. For instance, we
observed that the chemokine signaling pathway was significantly downregulated in PIM3
KO cells and upregulated in PIM3 OE cells. These observations corroborate the positive
correlation between PIM3 and CXCR4 noted in database evaluation. The publicly available
hepatoblastoma databases that span across various disease stages or risk groups are limited.
Thus, whether PIM3 or CXCR4 expression is upregulated in metastatic lesions compared

to primary hepatoblastoma tumor tissues and whether CXCR4 expression correlates with
poor patient overall survival in hepatoblastoma remains unknown and an area of future
investigations.

We postulated that PIM3 kinase enhances the migratory and invasive capabilities of
hepatoblastoma cells through mediating CXCR4 surface expression. While the PIM3 and
CXCR4 are structurally unrelated proteins, investigators have described a link between

the two molecules in other malignancies. In both prostate cancer xenografts and acute
myeloid leukemia (AML) cell lines, overexpression of PIM3 was associated with increased
CXCR4 phosphorylation at Ser339 [13, 33]. Complementary to these findings, PIM

kinase inhibition decreased CXCR4 phosphorylation (Ser339), impaired CXCR4-mediated
migration of B-cell chronic lymphocytic leukemia (CLL), and downregulated CXCRA4 cell
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surface expression [14]. Consistent with these previous reports, we demonstrated that PIM3
overexpression increased CXCR4 phosphorylation (Ser339) and cell surface expression, and
increased CXCR4-mediated pulmonary metastasis of hepatoblastoma cells, therefore adding
to the understanding of how PIM3 overexpression may promote hepatoblastoma metastasis.

Recent research established that CXCR4 plays a central role in cancer metastasis in more
than 75% of all cancers [36]. CXCR4 expressing cancer cells migrate into secondary organs
where they proliferate, induce angiogenesis, and form metastatic tumors [37]. Given that
complete disruption of the CXCR4 chemokine receptor gene is embryologic lethal in mice
[38], current approaches to study CXCR4-mediated metastasis are based on the functional
blockade of CXCR4 on cancer cell surface with CXCR4 antagonists [39] and CXCR4
neutralizing antibodies [40]. We chose to use pharmacologic blockade with AMD3100,

a CXCR4 antagonist. We demonstrated that AMD3100 decreases the /n vitro metastatic
phenotype of PIM3 overexpressing hepatoblastoma cells and abrogated the effect of PIM3
OE. Further, AMD3100 treatment significantly decreased the pulmonary metastatic burden
of mice injected with PIM3 OE hepatoblastoma cells. These findings suggest that CXCR4
mediates the PIM3-induced promotion of hepatoblastoma metastasis and CXCR4 inhibition
could serve as therapeutic for preventing hepatoblastoma metastasis.

Other mechanisms may contribute to the PIM3-induced metastatic phenotype of
hepatoblastoma cells tumors [35, 41]. Silencing of PIM3 with shRNA inhibited melanoma
cell migration and invasion and decreased expression of matrix metalloproteinase 9
(MMP-9) [33]. PIM3 overexpression upregulated the intra-tumoral levels of vascular
endothelial growth factor (VEGF) in melanoma leading to increased angiogenesis,

an important step in metastasis [42]. In CLL, PIM kinases resulted in decreased
phosphorylation of the CXCR4 receptor, enhanced internalization, and inhibited its function
by reducing ERK phosphorylation, blocking the MAPK pathway [43]. Other investigators
demonstrated that PIM inhibition blocked CXCR4 function by decreasing phosphorylation
of mTOR pathway components and decreasing mTOR activation [14]. Given that CXCR4
was shown to promote metastasis through upregulation of both VEGF and MMP-9 [44], it
is also possible that PIM3 kinase upregulates VEGF and MMP-9 downstream of CXCR4
or independently. Current and future investigations will explore signaling downstream of
CXCR4 as well as CXCR4 independent mechanisms.

We utilized AMD3100, which is FDA approved and used to mobilize hematopoietic
progenitor cells for autologous transplantation in patients with non-Hodgkin lymphoma
and multiple myeloma [45]. At least nine other CXCR4 antagonists are in ongoing clinical
trials for their effect on mobilizing hematopoietic stem cells [46] and have shown promising
results in increasing chemosensitivity of hematopoietic malignancies [47, 48]. However,
clinical trials have not investigated the effect of CXCR4 inhibition on the metastatic
potential of solid tumors. One downside to CXCR4 antagonists is the induction of a
counter-regulatory upregulation of CXCRA4 cell surface expression, resulting in tolerance
and reduced efficacy [49]. This effect may be partly explained by the fact that CXCR4
antagonists inhibit both G protein signaling by CXCR4 and p-arrestin-dependent receptor
endocytosis with equal potency [27]. Targeting CXCR4 through PIM inhibition is an
alternative that could mediate the issues with antagonist tolerance. PIM inhibitors block
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the function and externalization of the CXCR4 receptor [43, 50], so PIM inhibitors may
represent a more efficient therapeutic strategy to target metastasis with less harmful side
effects. To that extent, the PIM inhibitor used in this study, AZD 1208, is available for oral
administration, safe in adults [51], and impairs formation of hepatoblastoma lung metastasis
in vitro[5] and /n vivo.

One of the limitations of the current study, and in fact with many studies involving
hepatoblastoma, is the use of a single long-term passage cell line. Unfortunately, the

HuH6 cell line remains the only commercially available, well described, fully characterized,
established hepatoblastoma cell line, which is why we chose to utilize it as the basis of our
experiments. By manipulating this cell line through the interventions we have described,
including CRISPR knockout and formation of a metastatic cell line, we were better able to
study the metastatic properties of hepatoblastoma as opposed to just analyzing the HuH®6 cell
line itself.

In our studies, we used an experimental, as opposed to spontaneous, /77 vivo model of
metastasis. One may argue that this model does not recapitulate the first steps of the
metastatic cascade and only reflects homing of circulating tumor cells in the bloodstream to
a limited set of secondary organs [52]. Sites of vascular injection in experimental models
define the site of colonization [53]. For example, injection of tumor cells into the tail vein
predominantly results in pulmonary metastasis, because the lung capillary bed is the first
the injected cells encounter [54]. The selection of the injection site must consider the usual
distribution of metastases for the human cancer being investigated. For example, human
prostate and breast cancers commonly metastasize to bone, therefore, intra-cardiac injections
are employed to model their metastases [55, 56]. The lungs are the most common site of
metastasis in hepatoblastoma [57], therefore we elected to employ tail vein injections [54].
Another limitation of experimental metastatic models is that they bypass the formation of

a primary tumor [52], excluding the systemic influence of primary tumor-derived cytokines
and growth factors that may promote distal metastatic tumors [58] or may inhibit metastatic
seeding [59]. Despite these issues, experimental metastatic models have been instrumental
in evaluating the capacity of cancer cells to arrest, extravasate, and grow in ectopic sites
following intravascular injection [59]. With consideration for the complex series of steps
required for successful metastasis, extravasation from blood vessels in target organs is
regarded as a rate-limiting step and critical process [60].

In conclusion, our results show a role for PIM3 kinase in promoting hepatoblastoma
metastasis /7 vivo and provide evidence for targeting PIM3 as a potential novel therapeutic
approach for metastatic disease. Using functional and mechanistic studies, as well as
comparative transcriptomic analyses, we identified CXCR4 as a plausible mechanism that
mediates PIM3’s promotion of hepatoblastoma metastasis. These findings provide critical
knowledge to developing better therapies for hepatoblastoma.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. PIM 3 kinase knockout decreased hepatoblastoma cell metastasis.
(a) Soft agar assays assessed anchorage-independent growth in HuH6 wild-type (WT)

or PIM3 knockout (KO) cells. PIM3 KO significantly diminished colony formation.
Representative images of soft agar dishes are shown (panels below graph). (b) Tail vein
injections were used for an /7 vivo model of metastasis. HuH6 WTLUC (2.5 x 106 cells,
n=6 animals) or PIM3 KOMU¢ cells (2.5 x 106 cells, n=7 animals) were injected and

mice were monitored for formation of lung metastasis using bioluminescence imaging.
Each figure demonstrates representative imaging compared to a single, standardized,
background signal. Scales are thus unique to each experiment to better visualize the changes
in bioluminescence. Representative images of mice immediately post tail vein injection
(/eft panel) and at the end of the 8-week study period (/middle panel). Representative
bioluminescence images of ex vivo lungs shown at completion of the 8-week study period
(right panel). (c) PIM3 KO significantly impaired the formation of lung metastasis. Five
out of 6 mice injected with HuH6 WTLUC cells developed lung metastases while no lung
metastases were seen in any of the 7 mice injected with PIM3 KONUC cells (p=0.002). (d)
Representative H&E stained lung sections from both groups confirmed the presence (in
HuH6 WTLUC) or absence (in PIM3 KOLU) of pulmonary metastases. Metastatic lesions
(upper panel, arrowheads and dotted lines) were visualized outside the vessels in the

lung parenchyma and were composed of cancer cells (inset showing tumor cells at higher
magnification). Lungs from PIM3 KO injected mice showed no histologic evidence of
metastases (lower panel). Scale bars represent 300 um. Data from /n vitro studies represent
at least three biologic replicates. Data reported as mean + SEM. Data compared with
Student’s t-test or chi-square. *p<0.05.
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Fig. 2. PIM 3 kinase promoted hepatoblastoma cell metastasis.
(a) Soft agar assays assessed anchorage-independent growth in HuH6 empty vector (EV) or

PIM3 overexpression (OE) cells. Representative images of the soft agar dishes are shown
(panels below). PIM OE cells exhibited increased anchorage-independent growth compared
to HuH6 EV controls cells. (b) Tail vein injections of 2 x 108 HuUH6 EV{€ or PIM3

OELC cells were performed (n=6 per group). Bioluminescence imaging was used to monitor
the mice weekly for development of lung metastases. At 8 weeks, lungs were imaged ex
vivo. (c) Gross pulmonary metastases were detected by bioluminescence in 4 out of 6

mice injected with HUH6 EVUC cells and in 3 out of 6 mice injected with PIM3 OELUC
cells. (d) Bioluminescence was quantified in the ex vivo lungs. Average bioluminescence
signal measured in the lungs of PIM3 OELU¢ mice was higher than in lungs of HuH6

EVLUC injected animals. (€) Lung sections from three different levels from each animal were
imaged using light microscopy. Metastatic burden was quantified using ImageJ software and
by determining the total area of lung metastases (in pixel squared). PIM3 OE-\¢ cells led

to a greater microscopic metastatic burden compared to HuH6 EVEUC cells. Representative
H&E lung sections from both groups are shown with metastatic lesions marked (dotted
lines). Scale bars represent 300 um. Data from /n vitro studies represent at least three
biologic replicates. Data reported as mean + SEM. Data compared with Student’s t-test or
chi-square. *p<0.05.
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Fig. 3. PIM3 modulation differentially regulated CXCR4 signaling pathway.
(a) Microarray data was obtained from GSE131329 and P/M3 gene expression evaluated

within primary hepatoblastoma tumors (n=53 samples). P/IM3 gene expression was
significantly higher in hepatoblastoma patients with recurrent or progressive disease (event
+) compared to those with event-free survival (event free). (b) RNA sequencing was
performed to identify differentially expressed genes (p value < 0.05 and fold change cut
off of > or < 2) in PIM3 OE compared to HuH6 EV cells (GSE176152), which were
analyzed in comparison to PIM3 KO and HuH6 WT cells (GSE164082). Comparative
analysis of differentially expressed genes resulting from PIM3 modulation are illustrated in
a heatmap. Associated canonical pathways identified by Ingenuity Pathway Analysis with
their corresponding p value are also included. PIM3 OE upregulated expression of genes
involved in pathways of cell movement, migration, and chemokine signaling, including
CXCR4 signaling. (c) RNA sequencing data of hepatoblastoma patient tumors (n=34
samples) was obtained from GSE133039. Spearman rank correlation coefficient analysis
evaluated correlation between expression of PIM3and CXCR4. Gene expression levels of
PIM3 correlated positively with those of CXCR4 in hepatoblastoma tumors.
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Fig. 4. PIM3 kinase regulated cell surface expression of CXCR4.

(a) Immunoblotting evaluated CXCR4 expression and phosphorylation. PIM3 OE cells
had more phosphorylated CXCR4 protein (at Ser339) compared to HuUH6 EV control or
HuH6 WT cells while the total amount of CXCR4 protein remained unchanged. p-actin
was used as a loading control. (b) CXCRA4 cell surface expression was determined using
flow cytometry. PIM3 OE cells had significantly increased surface expression of CXCR4
compared to HUH6 EV cells. A representative histogram of each cell line along with the
corresponding negative staining control are shown. (c) Quantitative real-time PCR assessed
mRNA abundance of CXCR4. Gene expression was normalized to p-actin and calculated
as fold change to HuH6 EV or HUH6 WT cells using the AACt method. PIM3 OE had no
significant effect on abundance of CXCR4 mRNA. (d) PIM3 KO cells had significantly
decreased surface expression of CXCR4 compared to HUH6 WT cells. A representative
histogram of each cell line along with the corresponding negative staining control are shown.
Results reported as mean £ SEM and represent data from at least three biologic replicates.
Data compared using Student’s t-test. ***p<0.001
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Fig. 5. CXCR4 blockade with AM D3100 abrogated the in vitro metastatic phenotype of PIM3
overexpressing hepatoblastoma cells.

(a, b) Following treatment of HUH6 EV or PIM3 OE cells with AMD3100 (0 to 30 uM)

for 24 h, CXCR4 fluorescence signal was assessed using an anti-CXCR4 flow cytometry
antibody that competes with AMD3100 in binding to the 12G5 epitope of CXCRA4.
AMD3100 treatment decreased CXCR4 fluorescence signal in both HUH6 EV and PIM3
OE cells. (b) Representative histograms of both cell lines, along with negative staining
controls, are shown and demonstrate the decrease in CXCR4 fluorescence signal (shift to
the lef?) following AMD3100 treatment (30 uM, dotted lines) compared to untreated cells
(solid lines). (c) Migration and (d) invasion were assessed using modified Boyden chambers
following treatment with AMD3100 (0 to 30 uM) for 24 h. Untreated PIM3 OE cells
exhibited significantly increased (c) migration and (d) invasion compared to untreated HUH6
EV cells (black bars). AMD3100 treatment of HUH6 EV and PIM3 OE cells significantly
decreased (c) migration and (d) invasion in a concentration-dependent manner compared to
untreated cells. (€) Following treatment with AMD3100 (30 uM), anchorage-independent
growth was assessed using soft agar assays in HUH6 EV and PIM3 OE cells. Treatment with
AMD3100 significantly decreased colony formation in both HUH6 EV and PIM3 OE cell
lines. There was no significant difference in (c) migration, (d) invasion, or (€) anchorage-
independent growth between PIM3 OE cells treated with AMD3100 and HuH6 EV cells
treated with AMD3100 (/ight grey bars). Results reported as mean = SEM. Experiments
were repeated in biologic triplicates. Data analyzed with Student’s t-test. *p<0.05, **p=<0.01,
***p<0.001
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Fig. 6. CXCR4 Blockade Reduced the PIM 3-induced lung metastatic burden in vivo.

(a) Tail vein injections of 2 x 108 PIM3 OE-YC cells were performed. Animals were
randomized to receive subcutaneous injections of AMD3100 (5 mg/kg/day, n=7) or a

vehicle control (PBS, n=7) daily for 5 days a week. Bioluminescence imaging was used
to monitor the mice weekly for development of pulmonary metastasis. At 6 weeks, lungs
(ex vivo) were examined with bioluminescence imaging. (b) At 6 weeks, gross metastases

were detected in 3 out of 7 mice treated with vehicle and 2 out of 7 mice treated with

AMD3100. (c) H&E-stained lung sections at three different levels from each mouse were
imaged using light microscopy. Metastatic burden was quantified using ImageJ software by
determining the total area of lung metastasis (in pixel squared). Treatment with AMD3100
significantly reduced pulmonary metastatic burden in animals injected with PIM3 OELC, (d)
Representative photomicrographs of H&E stained lung sections from both groups are shown
with metastatic lesions marked (dotted lines); inset (right panel) shows tumor cells at higher
magnification. Scale bars represent 300 um. Results from each group were reported as mean

+ SEM. Data evaluated with chi-square or Student’s t-test. * p<0.05
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