1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Cancer Gene Ther. Author manuscript; available in PMC 2022 May 19.

-, HHS Public Access
«

Published in final edited form as:
Cancer Gene Ther. 2022 May ; 29(5): 558-572. doi:10.1038/s41417-021-00334-4.

CRISPR/Cas9-mediated knockout of PIM3 suppresses
tumorigenesis and cancer cell stemness in human
hepatoblastoma cells

Raoud Marayati, M.D.1", Laura L. Stafman, M.D., Ph.D.1", Adele P. Williams, M.D.1, Laura V.
Bownes, M.D.1, Colin H. Quinn, B.S.1, Hooper R. Markert?, Juliet L. Easlick, B.S.2, Jerry E.
Stewart, B.S.1, David K. Crossman, Ph.D.3, Elizabeth Mroczek-Musulman, M.D.4, Elizabeth
A. Beierle, M.D.1

Division of Pediatric Surgery, Department of Surgery, University of Alabama at Birmingham,
Birmingham, AL 35233, USA

“Division of Transplantation, Department of Surgery, University of Alabama at Birmingham,
Birmingham, AL 35233, USA

SDepartment of Genetics, University of Alabama at Birmingham, Birmingham, AL 35233, USA

“Department of Pathology, The Children’s Hospital of Alabama, Birmingham, AL 35233, USA

Abstract

Hepatoblastoma remains one of the most difficult childhood tumors to treat and is alarmingly
understudied. We previously demonstrated that Proviral Insertion site in Maloney murine leukemia
virus (PIM) kinases, specifically PIM3, are overexpressed in human hepatoblastoma cells and
function to promote tumorigenesis. We aimed to use CRISPR/Cas9 gene editing with dual
gRNAs to introduce large inactivating deletions in the PIM3 gene and achieve stable PIM3
knockout in the human hepatoblastoma cell line, HUH6. PIM3 knockout of hepatoblastoma

cells led to significantly decreased proliferation, viability, and motility, inhibited cell-cycle
progression, decreased tumor growth in a xenograft murine model, and increased animal survival.
Analysis of RNA sequencing data revealed that PIM3 knockout downregulated expression of
pro-migratory and pro-invasive genes and upregulated expression of genes involved in apoptosis
and differentiation. Furthermore, PIM3 knockout decreased hepatoblastoma cancer cell stemness
as evidenced by decreased tumorsphere formation, decreased mMRNA abundance of stemness
markers, and decreased cell surface expression of CD133, a marker of hepatoblastoma stem
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cell-like cancer cells. Reintroduction of PIM3 into PIM3 knockout cells rescued the malignant
phenotype. Successful CRISPR/Cas9 knockout of PIM3 kinase in human hepatoblastoma cells
confirmed the role of PIM3 in promoting hepatoblastoma tumorigenesis and cancer cell stemness.
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Introduction

Hepatoblastoma is the most common primary liver tumor in children (1). It remains
alarmingly understudied with virtually no new therapies in the last 20 years, despite a

recent doubling of its incidence (1). Regardless of significant advancements in tumor genetic
profiling, there are currently no targeted molecular therapies for hepatoblastoma treatment.

Proviral Integration site for Maloney murine leukemia virus kinases, or PIM kinases (PIM1,
PIM2, PIM3), are a family of serine/threonine kinases that are overexpressed in a number
of human malignancies (2, 3), including hepatoblastoma (4), and function to promote
tumorigenesis by affecting downstream proteins associated with cell survival (5), motility
(6), and cell-cycle progression (7). We have previously demonstrated that PIM kinases

are expressed in the long-term passage human hepatoblastoma cell line, HUH6, and in a
human hepatoblastoma patient-derived xenograft line (4). We have shown that the small
molecule pan-PIM inhibitor, AZD1208, led to decreased hepatoblastoma cell proliferation
and survival, induced cell-cycle arrest /n vitro, and decreased tumor growth 7in vivo (4). We
have also shown that treatment of hepatoblastoma cells with AZD1208, led to decreased
tumorsphere formation and CD133 cell surface expression, which are both characteristics of
hepatoblastoma stem-cell like cancer cells (SCLCCs) (8).

PIMS3, specifically, is thought to play a pivotal role in hepatoblastoma tumorigenesis.
Hepatoblastoma cells with PIM3 overexpression yielded larger tumors in mice (9). Higher
PIM3 expression in hepatoblastoma human tumors correlated with worse patient survival
(9). Targeting PIM kinases has recently become attractive in multiple cancers, but there are
no drugs that specifically target PIM3. RNA interference (RNAI), which reduces or knocks
down gene translation by inducing rapid and reversible degradation of target transcripts, has
also been employed to target PIM3. However, RNAI is short-lived, can inhibit undesired
genes, and is limited by the fact that cells retain substantial residual target gene activity (10).
In contrast, targeted genome editing techniques, such as Clustered Regularly Interspaced
Short Palindromic Repeats (CRISPR)/CRISPR-associated nuclease 9 (Cas9), are powerful
tools that allow for the permanent cleavage of specific DNA sequences rendering genes
inoperative (11).

In the current study, we successfully used CRISPR/Cas9 gene editing with dual guide RNAs
to establish a genetic knockout (KO) of PIM3 in hepatoblastoma cells. Using this novel cell
line, we aimed to evaluate the role of PIM3 in hepatoblastoma tumorigenesis, cell-cycle
progression, and maintenance of SCLCCs and the stem cell-like phenotype. The findings
presented in this study provide evidence that loss of PIM3 decreased hepatoblastoma cell
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proliferation and motility, induced cell-cycle arrest, and decreased cancer cell stemness
while upregulating genes involved in differentiation.

Materials and Methods

Cells and cell culture

Cells were maintained in culture under standard conditions at 37 °C and 5 % CO». The
human long-term passage hepatoblastoma cell line, HUH6, was acquired from Thomas
Pietschmann (Hannover, Germany) (12) and maintained in Dulbecco’s Modified Eagle’s
Medium supplemented with 10 % fetal bovine serum (HyClone, GE Healthcare Life
Sciences, Logan, UT), 1 ug/mL penicillin/streptomycin (Gibco, Carlsbad, CA), and 2
mmol/L L-glutamine (Thermo Fisher Scientific, Waltham, MA). The HuH6 cell line was
validated within the past 12 months using short tandem repeat analysis (Genomics Core,
University of Alabama at Birmingham (UAB), Birmingham, AL) and determined to be free
of mycoplasma.

Antibodies and reagents

Antibodies utilized included rabbit monoclonal anti-PIM1 (3247), anti-PIM2 (4730), anti-
PIM3 (4165), and anti-cyclin D1 (92G2, 2978), and rabbit polyclonal anti-vinculin (4650)
from Cell Signaling Technology (Beverly, MA). Mouse monoclonal anti-glyceraldehyde
3-phosphate dehydrogenase (GAPDH, clone 6C5, MAB374) was from EMD Millipore
(Millipore Sigma, Burlington, MA). Mouse monoclonal anti-B-actin (A1978) was from
Sigma Aldrich (St. Louis, MO).

Generation of stable CRISPR/Cas9-mediated PIM3 knockout cells

The CRISPR/Cas9 vector, pSpCas9(BB)-2A-GFP (pX458) was a gift from Dr. A. Joseph
Tector and developed by Dr. Feng Zhang (Addgene plasmid # 48138) (13). We used
Geneious software (Biomatters, Auckland, New Zealand) to design guide RNAs (QRNAs) to
target sites crucial to protein function from the 5’ untranslated region through exon 3 of the
PIM3 gene (Supplementary Figure S1 A-B). The selected gRNAs were evaluated with the
MIT CRISPR Design Tool (http://crispr.mit.edu/) to assess for potential off-target sequences.
The oligonucleotides were annealed at 37 °C for 30 minutes followed by 95 °C for 5
minutes and ramped down to 25 °C at a rate of 5 °C per minute. Annealed oligonucleotides
were cloned into the CRISPR/Cas9 plasmid by digesting 1 ug of plasmid pX458 with Bbsl
(New England Biolabs, Ipswich, MA) in the presence of annealed oligonucleotides, T7
ligase, and ATP in a MyCycler™ thermal cycler (Bio-Rad, Hercules, CA) for 6 cycles of

37 °C for 5 minutes and 23 °C for 5 minutes. Ligation reaction was used to transform
Invitrogen MAX Efficiency™ DH5a.™ competent £. coli cells (Invitrogen, Carlsbad, CA)
following the manufacturer’s protocol. The QlAprep® Miniprep (Qiagen, Germantown,
MD) was used to isolate plasmid from one colony per treatment.

HuH$6 cells were plated 24 hours prior to transfection with 2 x 106 cells per T150

flask. Transfection was carried out using FUGENE® HD Transfection Reagent (Promega,
Madison, WI) per the manufacturer’s protocol with two plasmids per transfection. Briefly,
the appropriate plasmid pair was incubated for 15 minutes at room temperature in Opti-
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MEM™ media (Thermo Fisher Scientific) with FUGENE® HD Transfection Reagent
(Promega) in a 3:2 ratio of transfection reagent to DNA with 5 ug DNA from each plasmid
(total of 10 ug DNA) per 1 x 10° cells and added to the cells while swirling the flask. Forty-
eight hours after transfection, cells were sorted based on GFP expression using a FACSAria
Il cell sorter (BD Biosciences, San Jose, CA) into four 96-well plates per paired plasmid
transfection with a single cell per well (Comprehensive Flow Cytometry Core, UAB,
Birmingham, AL). To screen for CRISPR/Cas9-mediated deletions of PIM3 gene, genomic
DNA was isolated using the DNeasy Blood & Tissue Kit (Qiagen) from HuH6 wild-type
(WT) cells and those clones that grew to confluency and survived passaging into larger
flasks. Pwo SuperYield DNA Polymerase, dNTPack (Sigma Aldrich) with GC-rich solution
was utilized per manufacturer’s protocol to amplify the region of interest within the PIM3
gene using the following primers: (Forward: 5’-GGACCGACGCGACACG-3’, Reverse: 5’-
TCCTTCACCACGTGCTTCAC-3’). The sizes of the PCR products were assessed using gel
electrophoresis on a 2 % agarose gel. Individual bands were cut out and DNA was purified
from the gel using the QIAquick Gel Extraction Kit (Qiagen). Nucleotide sequences of these
DNA fragments were analyzed by Sanger sequencing (Genomics Core, UAB) and aligned
to the human reference sequence using BLAST (https://blast.ncbi.nim.nih.gov/Blast.cgi).

In addition, PIM3 expression in the HUH6 WT cells and selected PIM3 KO clones was
assessed by Western blotting to confirm the absence of the PIM3 protein.

Immunoblotting

Cells or homogenized tumor specimens were lysed using radio-immunoprecipitation

assay (RIPA) buffer supplemented with protease inhibitors (Sigma Aldrich), phosphatase
inhibitors (Sigma Aldrich), and phenyl-methane-sulfonyl-fluoride (Sigma Aldrich).
Immunoblotting, gel transfer, and immunodetection was performed as previously described
(4). The Precision Plus Protein Kaleidoscope molecular weight marker (Bio-Rad) was used
to confirm the expected size of target proteins. Antibodies were utilized according to the
manufacturers’ recommendations. Equal protein loading was confirmed using vinculin,
GAPDH or B-actin.

Proliferation, viability, and growth assays

Cell proliferation was measured using the CellTiter 96® Aqueous Non-Radioactive Cell
Proliferation Assay (Promega, Madison, W1). HUH6 WT or PIM3 KO cells (5 x 103 cells
per well) were plated in 96-well plates. After 72 hours of incubation, 10 pL of CellTiter 96®
reagent was added to each well and the absorbance was read at 490 nm using a microplate
reader (BioTek Gen5, BioTek, Winooski, VT) to detect the formazan product. Cell viability
was measured using the alamarBlue® Cell Viability Assay (Thermo Fisher Scientific).
HuH6 WT or PIM3 KO cells (1.5 x 10% cells per well) were plated in 96-well plates and
incubated for 72 hours prior to the addition of dye. At the time of assay completion, 10 uL
of alamarBlue® reagent was added to each well and the absorbance was read at 562 nm
(reduced reagent) and 595 nm (oxidized reagent) using a microplate reader (BioTek Genb5).
For cell growth over time, HuH6 WT or PIM3 KO cells (5 x 104 cells per well) were plated
in 12-well plates, incubated for 24, 48, 72, or 96 hours, stained with trypan blue (0.4%,
Gibco), and counted with a hemocytometer. Doubling time was calculated as the duration
in hours x log(2) / log(final cell count) - log(initial cell count) (14). Results of proliferation,
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viability, and cell growth from at least three biologic replicates were reported as mean fold
change + standard error of the mean (SEM).

Motility assays
For migration assays, 24-well culture plates (Corning Life Sciences) were utilized. The
bottom of the 8 um micropore Transwell® inserts were coated with collagen I (10 pg/mL,
MP Biomedicals, Santa Ana, CA) overnight at 37 °C and then washed with phosphate-
buffered saline (PBS). The inserts were placed in wells containing 350 uL media. HUH6
WT or PIM3 KO cells (3 x 10* cells per insert) were placed inside each insert and allowed
to migrate for 24 hours. The inserts were fixed with 3 % paraformaldehyde and stained
with 1 % crystal violet. Images of the inserts were obtained using a light microscope and
the number of cells were counted using ImageJ (https://imagej.nih.gov/ij). Migration was
reported as mean fold change in number of cells migrating through the membrane + SEM.

Similar methods were used for invasion with the addition of coating the inside of the inserts
with 50 pL of Matrigel™ (1 mg/mL, BD Biosciences) overnight at 37 °C. The inserts were
placed in wells containing 350 uL media and 3 x 10* HuH6 WT or PIM3 KO cells were
placed inside each insert and allowed to invade for 24 hours. Fixation, staining, image
acquisition, and counting were performed as described above. Invasion was reported as
mean fold change in number of cells invading through the Matrigel™ and membrane + SEM.

Cell motility was also evaluated utilizing a monolayer wounding (scratch) assay as
previously described (9). Briefly, HuH6 WT or PIM3 KO cells were plated and allowed

to grow to near-confluency before a uniform scratch was made in the well with a sterile 200
UL pipette tip. Images of the scratch wound area were obtained at 0, 24, 48, and 72 hours.
The area of the wound in pixels was quantified using ImageJ and data reported as mean fold
change in scratch area compared to time zero + SEM.

Analysis of the cell cycle

HuH6 WT or PIM3 KO cells (1 x 108) were plated, allowed to attach, and incubated for 24
hours. Cells were trypsinized, washed with PBS, and fixed in cold 100 % ethanol for at least
30 minutes. Following a second wash with PBS, cells were stained for 30 minutes at room
temperature with a solution containing 20 pg/mL propidium iodide (Invitrogen) and RNAse
A (0.2 mg/mL, Invitrogen) in 0.1 % Triton X (Active Motif, Carlsbad, CA). Data were
obtained using the Attune™ NXT Flow Cytometer (Invitrogen™, Thermo Fisher, Eugene,
OR) and analyzed with FlowJo software (FlowJo, LLC, Ashland, OR).

RNA extraction, library preparation, and sequencing

Total cellular RNA was extracted using the RNeasy kit (Qiagen) according to the
manufacturer’s protocol. RNA was sent to the UAB Genomics Core for sample quality
control (QC), library preparation, and sequencing. Briefly, the quality of the 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
Ilumina® library generation kit (New England Biolabs) was used per the manufacturer’s
instructions. The libraries were quantitated using gPCR in a Roche LightCycler 480
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with the Kapa Biosystems kit for library quantitation (Kapa Biosystems, Woburn, MA).
Subsequently, sequencing was performed on the lllumina NextSeq500 using the latest
versions of the sequencing reagents and flow cells with single-end 75 bp reads. Raw
and processed data were deposited in Gene Expression Omnibus (GEO, Accession #
GSE164082).

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 (15). 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 (16, 17). Cuffmerge, which is 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 biological systems, a data set containing

gene identifiers and corresponding expression values was uploaded into Ingenuity

Pathway Analysis (IPA, https://digitalinsights.giagen.com/products-overview/discovery-
insights-portfolio/analysis-and-visualization/giagen-ipa/) (18). 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 algorithmically generated based on their
connectivity. The Functional Analysis identified the biological functions and/or diseases
that were most significant to the entire data set. 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 were considered for the analysis. Right-tailed Fisher’s exact
test was used to calculate a p value determining the probability that each biological function
and/or disease assigned to that data set is due to chance alone.

PIM3 rescue with transfection of PIM3 cDNA

The PIM3 expression vector, pcDNA3.1/V5-His-PIM3, was a generous gift from Dr. Jussi
Taipale and was generated by PCR amplification and cloning into the pcDNA3.1/V/5-HisC
vector (19). The plasmid was sequenced for verification (Genomics Core, UAB). Empty
vector (EV, pcDNA3.1/V5-HisC) was used as a control. Transfection was carried out using
FUGENE® HD Transfection Reagent (Promega) per the manufacturer’s protocol. Briefly,
HuH6 PIM3 KO cells were plated on the day prior to transfection. The appropriate plasmid
was incubated for 15 minutes at room temperature in Opti-MEM™ media (Thermo Fisher
Scientific) with FUGENE® HD Transfection Reagent (Promega) in a 3:2 ratio of transfection
reagent to DNA with 7.5 pg DNA per 1 x 106 cells and added to the cells while swirling the
flask. Cells were transfected with either pcDNA3.1/V5-HisC (EV) or pcDNA3.1/V5-HisC-
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PIM3 (PIM3 expression vector) for 48—72 hours prior to use in experiments. Lysates were
made to perform immunoblotting, as described above, to assess for PIM3 expression.

Analysis of CD133 expression

HuH6 WT or PIM3 KO cells (1 x 106) were labeled with allophycocyanin (APC)-
conjugated mouse immunoglobulin G1 (IgG1) anti-human CD133/1 (clone AC133, Miltenyi
Biotec, Waltham, MA) according to the manufacturer’s instructions. Unlabeled cells were
used as negative controls. The percent of cells positive for APC was determined via flow
cytometry using the Attune™ NxT Flow Cytometer (Invitrogen™, Thermo Fisher).

In vitro extreme limiting dilution analysis

HuH6 WT or PIM3 KO cells were plated into 96-well ultra-low attachment plates using
serial dilutions from 5000 to 1 cell per well with at least 12 replicates per dilution. Cells
were plated into Dulbecco’s Modified Eagle’s Medium/Ham’s F12 supplemented with 2
mmol/L L-glutamine (Thermo Fisher Scientific), 1 pg/mL penicillin/streptomycin (Gibco),
20 ng/mL epidermal growth factor (EMD Millipore), 20 ng/mL beta-fibroblast growth factor
(EMD Millipore), 2 % B27 supplement (Gibco), and 2.5 pg/mL amphotericin B (HyClone).
Once spheres were present in the wells containing the most cells, all wells were counted.
The presence or absence of spheres in each well was quantified by a single researcher
blinded to the treatment groups. Extreme limiting dilution analysis software was utilized to
analyze the data (http://bioinf.wehi.edu.au/software/elda/) (20).

Quantitative real-time PCR (QPCR)

For synthesis of cDNA, 1 g of RNA was used in a 20 pL reaction mixture utilizing an
iScript cDNA Synthesis kit (Bio-Rad) according to the supplier’s instructions. Resulting
reverse transcription products were stored at =20 °C until further use. For quantitative
real-time PCR, SsoAdvanced " SYBR® Green Supermix (Bio-Rad) was utilized according
to manufacturer’s protocol. Probes specific for the transcription factors octamer-binding
transcription factor 4 (Oct4), homeobox protein Nanog, and sex determining region

Y-box 2 (Sox2), as well as for B-actin were obtained (Applied Biosystems, Foster

City, CA). Nestin primers (Forward: 5’-TCCAGGAACGGAAAATCAAG-3’, Reverse: 5’-
GCCTCCTCATCCCCTACTTC-3") were designed using Primer3 web version 4.1.0 (21)
and checked for non-specific binding using the basic local alignment search tool (BLAST,
NCBI). gPCR was performed with 10 ng cDNA in 20 pL reaction volume. Amplification
was done using an Applied Biosystems 7900HT cycler (Applied Biosystems) and cycling
conditions were 95 °C for 2 min, followed by 39-cycle amplification at 95 °C for 5s and
60 °C for 30s. Samples were analyzed in triplicate with B-actin utilized as an internal
control. Gene expression was calculated using the AACt method (22) and reported as mean
fold change £ SEM.

In vivo tumor growth and animal survival

Animal studies were approved by the UAB Institutional Animal Care and Use Committee
(IACUC-021420) and conducted within institutional, national, and NIH guidelines. Six-
week old athymic nude mice (Envigo) were maintained in the specific pathogen-free facility
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with standard 12-hour light/dark cycles and access to chow and water ad /ibitum. Both

male and female mice were used to account for sex as a biological variable. Two studies
were performed. In the first study, HuH6 WT cells or PIM3 KO cells (2.5 x 105 in 25 %
Matrigel™, BD Biosciences) were injected subcutaneously into the right flank of 14 male
animals (randomized to either group). In the second study, HuUH6 WT cells and PIM3 KO
cells (2.5 x 106 in 25 % Matrigel™, BD Biosciences) were injected subcutaneously into the
right flank and left flank, respectively, of 7 female animals. Tumor volumes were measured
three times weekly with calipers and calculated with the standard formula (width? x length) /
2, where the length is the largest measurement. Tumor growth and animal survival were
monitored over the period of 6 weeks (for the first study) and 7 weeks (for the second
study) or until IACUC parameters for euthanasia were met. The investigators were not
blinded to the group assignment. Animals were humanely euthanized with CO, and cervical
dislocation, and the tumors were harvested and prepared for further study.

Immunohistochemistry (IHC)

Formalin-fixed paraffin-embedded xenograft tumor specimens were cut into 5 um sections
and baked at 70 °C for one hour on positive slides. Immunohistochemistry for Ki-67 staining
was performed as previously described (4). Slides were counterstained with hematoxylin.

A negative control (rabbit IgG, 1 pg/mL, EMD Millipore) was included with each run.
Stained slides were evaluated, and Ki-67 staining quantified by a board-certified pathologist
(E.M.M.) who was blinded to the two groups. The number of Ki-67 positive cells per 500
cells in a representative section of each tumor was counted and the mean + SEM calculated
and reported (23).

Statistical analysis

Results

All experiments were performed with a minimum of three biologic replicates. Data were
reported as mean = SEM of separate experiments. Student’s t-test (two-sided) or analysis
of variance (ANOVA) was used to compare means between groups as appropriate, with
p<0.05 determined to be statistically significant. Survival curves were generated using
SPSS (version 25, IBM®) and Kaplan-Meier analysis was performed with log-rank test to
determine survival significance.

Establishment of stable CRISPR/Cas9-mediated PIM3 knockout hepatoblastoma cell lines

We designed guide RNAs (gRNAS) to successfully target sites from the 5” untranslated
region through exon 3 of the PIM3 gene (Supplementary Material, Figure S1 A) with
minimal potential off-target effects. The sequences of the gRNAs used in this study (from

5’ to 3’) as well as the sequences of the oligonucleotides that were annealed together

to clone in these gRNAs are listed in Supplementary Material, Table S1. HUH6 human
hepatoblastoma cells were transfected with two plasmids per transfection (1A and 1B, 2A
and 2B, 3A and 3B, Supplementary Material, Figure S1 A) to achieve a double gRNA
knockout resulting in large inactivating deletions of the PIM3 gene. Transfected cells were
sorted based on GFP expression into four 96-well plates per paired plasmid transfection with
a single cell per well. Of 1152 individual cells plated, 24 clones (9 clones transfected with
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plasmids containing gRNAs 1A and 1B, 8 clones transfected with 2A and 2B, and 17 clones
transfected with 3A and 3B) grew to confluence and survived propagation and passage into
larger flasks. We used both PCR, to screen these clones and confirm deletion of the PIM3
gene, as well as immunoblotting, to verify absence of PIM3 protein expression.

Of 24 total clones probed for PIM3 expression, three clones showed stable PIM3 KO. PCR
products using PIM3 primers designed as described above were ran on a 2 % agarose gel
(Supplementary Material, Figure S1 C). The band for the unedited HuH6 WT DNA of
interest had an expected size of 828 bp and appeared between 750 and 1000 bp. PIM3

KO resulted in the generation of lower molecular weight DNA fragments, which migrated
faster. Clone B11 (transfected with plasmids containing gRNAs 3A and 3B) had a smaller
band, which appeared between 500 and 750 bp. Clones D2 (transfected with plasmids
containing gRNAs 1A and 1B) and E8 (transfected with plasmids containing gRNAs 2A and
2B) also had smaller bands, indicating that the CRISPR/Cas9 machinery with the double
gRNAs introduced large deletions into the genomic sequence. The bands were excised, and
sequencing results aligned to the human reference sequence using BLAST. A representative
analysis is illustrated in the Supplementary Material, Figure S1 D. The primer pair positions
are shown along with sequencing results of the HuH6 WT and B11 PIM3 KO clone bands.
The gRNAS 3A and 3B were also aligned and their positions shown.

PIM3 protein expression of the unedited HuUH6 WT cells and the three KO clones, B11,
D2, and E8, was assessed by immunoblotting. The resulting absence of PIM3 protein
expression confirms the CRISPR/Cas9-mediated KO of PIM3 gene (Figure 1 A). Taken
together, these findings confirmed the generation of stable HUH6 PIM3 KO cell line. We
sought to determine how the deletion of PIM3 protein affected the abundance of the two
other members of the PIM kinase family, PIM1 and PIM2. Western blotting of HuUH6 PIM3
KO clones revealed no change in PIM1 and PIM2 expression (Figure 1 A).

CRISPR/Cas9-mediated PIM3 kinase knockout decreased proliferation, viability, and
motility of hepatoblastoma cells

We aimed to assess the role of PIM3 kinase in hepatoblastoma by exploring the phenotypic
effects of the genetic KO of PIM3. PIM3 KO cells did not differ in cell morphology from
that of the HuUH6 WT cells (Supplementary Material, Figure S2). PIM3 KO cells exhibited
significantly decreased proliferation (28 + 3 % for clone B11, 26 + 3 % for clone D2, and 14
+ 1 % for clone E8, p=0.001, Figure 1 B) and viability (35 + 4 % for clone B11,24 £ 2 %
for clone D2, and 34 + 10 % for clone E8, p<0.001 for clones B11 and D2 and p<0.05 for
clone E8, Figure 1 C) compared to HUH6 WT cells.

We next sought to assess migration and invasion as early steps in the metastatic cascade,
since tumor invasion and metastasis are hallmarks of aggressive hepatoblastoma. Migration
was significantly decreased with PIM3 KO (61 £ 2 % for clone B11, 58 + 15 % for

clone D2, and 72 £ 7 % for clone E8, p<0.01, Figure 2 D). Finally, PIM3 KO resulted in
significantly decreased invasion through Matrigel™ (78 + 3 % for clone B11, 75 + 3 %

for clone D2, and 79 + 5 % for clone E8, p<0.001, Figure 2 E). Representative images of
migration and invasion inserts are presented below the graphs (Figure 2 D, E). Given these
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findings, we chose to focus on clone B11 for further experimentation which was referred to
as PIM3 KO for the remainder of this study.

Motility was also assessed using a cell monolayer wounding (scratch) assay. PIM3 KO
cells (clone B11) resulted in significantly larger wound (scratch) area over time compared
to HUH6 WT cells (0.03 £+ 0.003 fold change in wound healing at 72 hours vs. 0.4

0.04, PIM3 KO vs. WT cells, p<0.001, Supplementary Material, Figure S3). These data
corroborate a decrease in cell motility with PIM3 KO.

In addition to changes in proliferation, viability, and motility, PIM3 KO cells (clone B11)
exhibited decreased growth over time and a slower growth rate compared to HuH6 WT cells
over the course of 96 hours (5.7 £ 0.01 fold change in growth on average vs. 11.3 + 0.03,
PIM3 KO vs. WT cells, p<0.001, Figure 2 A). Doubling time was 38 + 0.13 hours for PIM3
KO cells compared to 27 £ 0.01 hours for HuH6 WT cells (p<0.001, Figure 2 B).

PIM3 kinase knockout inhibited cell-cycle progression in hepatoblastoma cells

To further examine the phenotypic changes observed with PIM3 KO and understand how
cell growth is inhibited, cell-cycle progression was analyzed using flow cytometry. PIM3
KO resulted in an arrest in the GO/G1 phase and inhibition of progression through the cell
cycle. There was an increase in the percentage of cells in the G1 phase (p<0.05, Figure 2

C, E) accompanied by a decrease in the percentage of cells in the S phase in PIM3 KO
compared to HUH6 WT cells (p<0.01, Figure 2 C, E). Representative histograms of a single
experiment are presented in Figure 2 D. Cell cycle data from three biologic replicates are
presented in tabular form with mean + SEM reported (Figure 2 E).

Differential gene expression analysis of hepatoblastoma cells upon PIM3 knockout

The effect of PIM3 KO was further investigated at the genomic level. We examined

the differences in gene expression in PIM3 KO compared to HUH6 WT cells by RNA
sequencing and observed that loss of PIM3 altered the expression of 746 genes overall
(Figure 3 A). At an adjusted p value of less than 0.05 and fold change cut off of greater or
less than 2, there were 378 differentially upregulated and 368 differentially downregulated
genes (Figure 3 B).

The differentially regulated genes (p<0.05 and fold change cutoff + 2) associated with PIM3
KO were analyzed using the Ingenuity Pathway Analysis (IPA) tool and a list of relevant
biological functions and canonical pathways generated (Supplementary Material, Tables

S2 and S3). IPA analysis of PIM3 KO cells compared to their WT counterparts showed
upregulation of genes linked to biologic functions including cell death and differentiation
(Figure 3 C, orange bars). Analysis of PIM3 KO compared to WT cells also showed
downregulation of genes associated with cell movement, proliferation, and growth (Figure 3
C, blue bars). The downregulated canonical pathways associated with PIM3 KO, according
to IPA, unveiled CCR5 signaling, which is known to facilitate tumor progression through
inducing cancer cell homing to metastatic sites (24), as one of the top inactivated pathways
(Figure 3 D, asterisk). Notably, IPA also highlighted the downregulation of the cell cycle
G1/S checkpoint regulation and multiple cancer-associated signaling pathways including
PI3K/AKT, TGF-B, and mTOR signaling in the PIM3 KO cells (Figure 3 D, blue bars). On
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the contrary, canonical pathways that were activated in the PIM3 KO cells comprised of
those regulating cellular differentiation, such as FXR/RXR and LXR/RXR activation (Figure
3 D, orange bars). These findings underline the oncogenic activity of PIM3 kinase and
highlight its role in de-differentiation of hepatoblastoma cells.

Addition of PIM3 rescued the PIM3 kinase knockout phenotype

To further demonstrate that PIM3 KO was responsible for the anti-tumor phenotype
observed and address the potential off-target effects that may occur with the CRISPR/Cas9
system, a rescue experiment was performed. HUH6 PIM3 KO cells were transfected with
empty vector (EV) or PIM3 cDNA expressing plasmid. Both PIM3 KO and rescue of
expression were observed by immunoblotting (Figure 4 A). Introduction of PIM3 cDNA in
KO cells returned proliferation to 88 + 1 % (p<0.001, PIM3 rescue vs. PIM3 KO, Figure 4
B) and migration to 94 + 3 % (p<0.001, PIM3 rescue vs. PIM3 KO, Figure 4 C) of baseline.
Representative images of migration inserts are presented to the bottom of the graph (Figure
4 C). EV transfected controls did not affect proliferation or migration of PIM3 KO cells
(Figure 4 B, C).

PIM3 knockout decreased hepatoblastoma cancer cell stemness

To evaluate the effect of PIM3 KO on hepatoblastoma cancer cell stemness, we examined

i) the expression of cell surface marker CD133, a glycoprotein previously identified as

a marker for hepatoblastoma SCLCCs (8), ii) the ability of cells to form tumorspheres

in serum- and attachment-free conditions, and iii) the abundance of mRNA of common
markers of cell stemness. Flow cytometry demonstrated that PIM3 KO led to a decrease in
percent CD133 positive cells compared to HUH6 WT (62 + 1.3 % vs. 76 £ 0.5 %, PIM3 KO
vs. WT, p<0.05, Figure 5 A). Representative contour plots with negative staining controls
for each cell line are shown in Figure 5 B. In addition, PIM3 KO resulted in reduced

ability of hepatoblastoma cells to form spheres in non-adherent serum-free conditions. Using
an extreme limiting dilution analysis, we found that PIM3 KO cells formed spheres less
frequently and at higher cell concentrations than HUH6 WT cells (p<0.001, Figure 5 C),
indicating a decrease in cancer cell stemness.

Finally, we evaluated the mRNA abundance of four markers of cancer cell stemness, Oct4,
Nanog, Sox2, and nestin. Quantitative real-time PCR (qgPCR) comparing HuUH6 WT to PIM3
KO cells demonstrated significantly lower mRNA abundance of these markers with PIM3
KO (p<0.05, Figure 5 D), further indicating that PIM3 KO is associated with a reduced
stem-like phenotype.

We again performed a rescue experiment to further demonstrate that PIM3 KO was
responsible for the loss of stemness phenotype observed and address the potential off-target
effects that may occur with the CRISPR/Cas9 system. When PIM3 cDNA was re-introduced
into PIM3 KO cells, gene expression of the four stemness markers returned to levels
comparable to those seen in HuH6 WT cells and there was no significant difference between
PIM3 rescue and HUH6 WT cells (Figure 5 D). EV transfected controls did not affect
mRNA abundance of the four markers (Figure 5 D). Similarly, when PIM3 cDNA was
re-introduced into PIM3 KO cells and CD133 cell surface expression evaluated using flow
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cytometry, we observed an increase in the percentage of CD133 positive cells returning to
the baseline seen in HUH6 WT cells. (Supplementary Material, Figure S4).

PIM3 knockout decreased in vivo tumor growth and increased animal survival

We next examined the effect of PIM3 KO on primary tumor growth /7 vivo. Male mice
injected subcutaneously with PIM3 KO cells exhibited a significantly decreased percent
tumor volume compared to mice injected with HUH6 WT cells (701 + 166 % vs. 1401 +
212 %, PIM3 KO vs. WT, p<0.05, Figure 6 A). Representative tumor photos are presented
in Figure 6 B. Relative tumor growth at the end of the 6-week study period was significantly
decreased in mice bearing PIM3 KO tumors (2.7 £ 0.3 fold change vs 3.7 £ 0.2, p=0.02,
Supplementary Figure S5). All mice bearing PIM3 KO tumors survived to the end of the
experiment, compared to those with WT tumors who had a median survival of 31 days
(range 27-42 days, p=0.002, Figure 6 C).

Using immunoblotting, PIM3 protein expression and KO was confirmed in tumors harvested
from both WT and PIM3 KO groups, respectively (Figure 6 D). To determine the effect on
cell-cycle progression in PIM3 KO tumors, we evaluated protein expression levels of cyclin
D1, a key cell-cycle regulator and a marker of G1/S progression (25). PIM3 KO tumors
exhibited lower expression of cyclin D1 protein compared to WT tumors (Figure 6 D).

IHC for Ki-67 was performed to determine the effect of PIM3 KO on proliferation.
Tumors from mice injected with PIM3 KO had significantly less Ki-67 staining (35 = 7

vs. 51 + 3 Ki-67 positive cells/500 cells, PIM3 KO vs. WT tumors, p=0.039) indicating
decreased proliferation (Figure 6 E). Representative photomicrographs of Ki-67 IHC slides
are presented in Figure 6 F along with the appropriate negative staining control (/insert,
bottom panel).

To account for potential bias based upon animal sex, we performed an additional experiment
with female mice. To comply with the three R’s (Replacement, Reduction and Refinement),
we utilized a bilateral flank model. PIM3 KO cells resulted in smaller tumors than those

of HuH6 WT cells (464 + 112 mm? vs. 1515 + 184 mm?3, PIM3 KO vs. WT, p<0.05,
Supplementary Figure S6 A). Relative tumor growth at the end of the 43-day study period
was decreased to 3.3 = 0.5 fold change in PIM3 KO tumors compared to 5.1 + 0.4 in WT
tumors (p=0.016, Supplementary Material, Figure S6 B).

Discussion

PIM proteins are a highly conserved family of kinases that differ in their tissue distribution
(26). PIM1 has been shown to be overexpressed in numerous solid tumors as well as
leukemia and lymphoma (27-29), while increased PIM2 levels have been predominantly
detected in hematologic malignancies (30). PIM3 has been shown to be highly expressed

in malignant tumors of endodermal origin such as the pancreas and liver (31, 32). Finally,

in some cancers, such as germ-cell tumors, all three PIM members have been found to be
overexpressed, which suggests that there is only a partial redundancy and overlap in function
among them. A potential functional redundancy was also suggested by the high degree of
sequence homology between the 3 PIM kinases at the amino acid level (71 % between
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PIM1 and PIM3 and 44 % between PIM2 and PIM3) (33), which could explain the minimal
phenotype alterations in PIM3~/~ mice (34) and the compensatory activation of PIM2 in
transgenic mice lacking P/IM1 gene (35). In the current study, stable CRISPR/Cas9 KO of
PIM3did not lead to a change in protein expression levels of PIM1 and PIM2, suggesting
that these two family members were not compensating for the loss of PIM3.

A growing body of evidence suggests that PIM3 is the specific family member to play a

role in hepatoblastoma tumorigenesis and tumor maintenance. PIM3 has been reported to be
aberrantly expressed in various malignant lesions, but not normal tissues, of the pancreas,
prostate, ovary, and liver (31, 32, 36, 37). PIM3 was shown to accelerate pancreatic cancer
development and promote tumor neovascularization and subsequent tumor growth (38). Qu
et al. reported PIM3 expression as a critical risk factor in the development and prognosis

of prostate cancer with high expression of PIM3 being associated with significantly
decreased patient survival (36). PIM3 was also reported to be a prognostic marker in
ovarian cancer and PIM3 overexpression was associated with increased proliferation and
migration of ovarian cancer cells (37). Finally, in human hepatocellular carcinoma (HCC)
cell lines, knockdown of PIM3 by siRNA reduced cell growth and induced apoptosis

(32). Consistent with these previous reports, in this study, we showed that PIM3 KO
inhibited hepatoblastoma cell proliferation, viability, and motility, decreased tumor growth
in vivo, and decreased cancer cell stemness. Overall, these findings confirm and extend
previous studies showing that knockdown of PIM3 by siRNA and pan-PIM inhibition, with
AZD1208, decreased hepatoblastoma tumorigenicity and the stem cell-like phenotype (4, 8).

The novelty of this study lies in the application of CRISPR/Cas9 technology to achieve
stable genetic KO of PIM3 in human hepatoblastoma cells. Different approaches for

PIM3 targeting have been described including small molecule inhibitors. Most of the PIM
inhibitors developed thus far are ATP competitive inhibitors targeting the ATP-binding
pocket to inhibit protein function. These compounds inhibit all three family members
(PIM1, PIM2, and PIM3), mainly because of the similarity in protein structure, and no
PIM3-specific inhibitor has been described. There are disadvantages to relying solely upon
pharmacologic inhibition for experimental studies. Proteins are still present with the use
of pharmacological inhibition, and although their function is impaired, it is still possible
for the drug-inhibited proteins to interact with binding partners (39). In addition, potential
off-target kinase inhibition exists. For example, Nair et al. performed a kinase selectivity
screening of the PIM2 inhibitor, JP11646, and found that, in addition to inhibiting PIM1
and PIM3 at a comparable half maximal inhibitory concentration (ICsgp), at least 5 other
kinases were inhibited including GSK3p and CDK9 (40). GSK3, which has been shown
to play a role in tumorigenesis independent of PIM (41), was also identified as the most
potent off-target kinase with the pan-PIM inhibitor LGB321, prior to the authors’ efforts of
compound optimization (42). These limitations highlight the importance of implementing
genetic tools to complement investigations employing pharmacological interventions.

In the past few years, CRISPR/Cas9 has emerged as a powerful genome engineering tool
for introducing stable loss or gain-of-function alterations in a targeted gene in mammalian
cells. Although the use of one gRNA is frequently sufficient to knock out the target gene,
exon skipping and alternative splicing may occur, resulting in the production of fully or
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partially functional proteins, and allowing the cells to bypass single Cas9-induced double-
strand breaks (43). To maximize the likelihood of knocking out a target gene, a two-guide
strategy has been described (44). In this study, we used dual gRNAs targeting two distinct
sites to introduce double cuts which resulted in the elimination of the DNA between the
two targeted sites as confirmed by PCR and Sanger sequencing. Another limitation to

the CRISPR/Cas9 system is off-target mutagenesis which may confound the interpretation
of results (45). We first addressed this potential issue by using different combinations

of gRNAs and by analyzing multiple independent single cell clones by Western blotting,
PCR, and sequencing. We also employed rescue experiments which have been widely
described (46). These experiments were achieved by genetic complementation using a
plasmid expressing PIM3 cDNA to rule out clonal artifacts and ensure that the phenotype
observed was specific to the on-target activity.

PIM kinases act via multiple mechanisms to prevent apoptosis and promote viability,
motility, and cell growth, ultimately resulting in tumorigenesis and tumor maintenance (2,

5, 6). In the current study, knockout of PIM3 affected both the malignant phenotype and

the genome. The doubling time was significantly increased by 29% in PIM3 KO cells,

and the level of expression of 746 genes was significantly altered. Among significantly
downregulated genes following PIM3 KO were those involved in signaling pathways that
promote cancer cell survival, proliferation, and movement according to IPA. The integration
of genome editing, RNA sequencing, and the IPA bioinformatics tool revealed findings that
implicate the role of PIM3 at the whole transcriptome level. In addition to its effects on
hepatoblastoma cells /n vitro, PIM3 KO was shown to have significant anti-tumor effects

on hepatoblastoma cell line xenografts /n vivo. In these experiments, PIM3 KO resulted in

a significant growth inhibition and smaller tumors compared to WT tumors. In addition,
mice bearing PIM3 KO tumors survived a median of 12 days longer than those with WT
tumors. Decreased nuclear staining of Ki-67, a marker of proliferation, was also observed
with PIM3 KO, further substantiating the role of PIM3 in promoting proliferation. Although
we did not intend for a side-by-side comparison, both male and female mice were included
in these /n vivo studies to confirm that these tumors will propagate in both sexes and that the
PIM3 KO effect seen is not sex-dependent. In both humans and mice, males are shown to be
slightly more likely to develop hepatoblastoma (47, 48), although sex has not been shown to
impact outcome (49). Further, both unilateral and bilateral flank injections were employed
to exclude abscopal effects such as tumor-tumor distant interactions or tumor-derived factors
capable of governing tumor progression at another site, which have been reported but are
poorly understood (50).

PIM kinases also promote cell-cycle progression, which contributes to increased
proliferation and accelerated tumor development. Cyclin-dependent kinase inhibitor 1
(p21ciPlwafl o n21) binds to and prevents the activation of D-type cyclins/CDK complexes,
which are required for progression of the cell cycle at G1. PIM kinases have been shown

to stabilize the cell-cycle inhibitor p21 in the cytoplasm by directly phosphorylating it (4),
leading to accumulation of p21 in the cytoplasm and subsequent cell-cycle progression.
Transgenic mice expressing human PIM3 selectively in the liver had accelerated cell-cycle
progression and, when exposed to the hepatocarcinogen, diethylnitrosamine, developed
HCC at a two-fold rate and with greater tumor burden than wild type mice (51). In
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hepatoblastoma, AZD1208 treatment of HuH®6 cells led to a decrease in phosphorylation

of p21 at Thr145 and resulted in cell-cycle arrest (4). Consistent with these findings, in the
current study, we show that PIM3 KO induced cell-cycle arrest in G1 phase /n vitro, and
that PIM3 KO tumors exhibited decreased expression of cell cycle regulatory protein cyclin
D1. These findings are supported by the downregulation of cell-cycle progression genes
following PIM3 KO based on the analysis of RNA sequencing data and further confirm that
PIM3 plays an important role in hepatoblastoma cell proliferation and tumor development.

SCLCCs are thought to be responsible for tumor maintenance, chemoresistance, and disease
recurrence (52), but the molecular mechanism of SCLCC induction and maintenance in
hepatoblastoma is not fully understood. Hepatoblastoma SCLCCs may be identified by
their ability to form tumorspheres (53) and by their expression of the cell surface marker
CD133 (8). We have previously shown that overexpression of PIM3 increased tumorsphere
formation in both a human hepatoblastoma cell line and a hepatoblastoma patient-derived
xenograft, suggesting that PIM3 may play a role in promoting SCLCCs. In the current study,
we show evidence that PIM3 KO resulted in decreased cancer cell stemness, as seen by
decreased tumorsphere formation and mRNA abundance of Oct4, Nanog, Sox2, and nestin,
all known markers of stemness in many cancer types (54-57). PIM3 KO also decreased
expression of the cell surface marker, CD133, a marker of SCLCCs in hepatoblastoma (8).
High expression of CD133 in human hepatoblastoma samples has been shown to correlate
with advanced stage disease and poor response to therapy (58). The observation that PIM3
KO led to an upregulation of genes involved in cellular differentiation that were identified
by IPA analysis further supports the role of PIM3 in maintaining the SCLCC population
and promoting cancer cell stemness. Previous studies showed that pharmacologic PIM
inhibition in hepatoblastoma cells reduced CD133 expression and arrested the growth of
CD133-enriched hepatoblastoma tumor xenografts (8). Our current and previous findings
suggest a promising clinical application for PIM inhibition since SCLCCs represent a
subpopulation of cells within the tumor mass that must be effectively targeted to prevent
hepatoblastoma recurrence and metastasis.

A limitation of the current study that must be addressed was the use of only one cell line.
One of the major challenges in studying hepatoblastoma is the lack of cell lines and model
systems. Although 15 hepatoblastoma cell lines have been reported in the literature (59), the
majority lack validation. For example, HepG2 cells have been described in the literature by
multiple researchers to be hepatoblastoma cells, but they are derived from a 15-year-old with
HCC and the gene expression signature is more consistent with HCC (60). The HuH6 cell
line is well-established and commonly used as it is the only commercially available long-
term passage hepatoblastoma cell line. Our laboratory has previously developed and utilized
human hepatoblastoma PDXs (4). However, PDX cells do not propagate well in culture,
presenting numerous technical challenges for the CRISPR/Cas9 knockout and rendering the
growth of single clones difficult.

In conclusion, KO of PIM3 demonstrated inhibitory effects on the tumorigenicity of
hepatoblastoma cells, including decreased cell proliferation and motility /n vitroand
decreased tumor growth /7 vivo, induced cell-cycle arrest, and decreased cancer cell
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stemness. This novel cell line provided a means to further delineate the role of PIM3 in
promoting hepatoblastoma tumorigenesis and the stem cell-like phenotype.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. PIM 3 knockout decreased proliferation, viability, and matility in hepatoblastoma cells.
(A) Immunoblotting for PIM kinases in HuH6 wild-type (WT) and PIM3 knockout (KO)

cells. PIM3 protein expression was absent as expected in PIM3 KO clones. There was

no change in PIM1 and PIM2 protein expression in PIM3 KO cells compared to HUH6

WT cells. GAPDH was used as a loading control. (B) Proliferation and (C) viability

were measured using CellTiter 96® and alamarBlue® assays, respectively. All three clones
of PIM3 KO cells exhibited significantly decreased (B) proliferation and (C) viability
compared to HUH6 WT cells. Data represent at least three biologic replicates and are
reported as mean = standard error of the mean. (D) Migration and (E) invasion were also
assessed. HUH6 WT or PIM3 KO cells were seeded into modified Boyden chambers. Inserts
were coated on the bottom with collagen which acted as a chemoattractant and a layer of
Matrigel™ was added to the top of the insert for invasion. After 24 hours, photographs were
taken with representatives shown (panels to the bottom of the graphs) and migration and
invasion from at least three biologic replicates reported as mean fold change in number of
cells migrating or invading, respectively * standard error of the mean. Scale bars represent
100 pm. PIM3 KO cells exhibited a significant decrease in (D) migration and (E) invasion
compared to HUH6 WT cells.
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Figure 2. PIM 3 knockout decreased growth over timein hepatoblastoma cells and inhibited their

progression through the cell cycle.

(A) PIM3 knockout (KO) cells exhibited a slower growth rate compared to HuH6 wild-type
(WT) cells over the course of 96 hours. (B) Doubling time was significantly longer for
PIM3 KO cells compared to HuH6 WT cells. Data represent at least three biologic replicates
and are reported as mean =+ standard error of the mean. (C) HuH6 WT or PIM3 KO cells
were stained with propidium iodide and were analyzed using flow cytometry to evaluate
progression through the cell cycle. FlowJo software was used for analysis. Quantification

of average percent cells in each phase of the cell cycle across all replicates revealed a
significant increase in G1 phase and a decrease in S phase in PIM3 KO cells compared to
HuH6 WT cells. (D) Representative histograms showing percentages of one experiment. (E)
Tabular results (mean percent cells in phase + SEM) of the cell cycle analysis from three

biologic replicates are provided.
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Figure 3. RNA sequencing of PIM 3 knockout and HuH®6 wild-type cells.
(A) Volcano plot of genes expressed in PIM3 knockout (KO) compared to HuH6 wild-type

(WT) cells. Log2 fold changes were plotted on the x-axis and —Log10 p values were plotted
on the y-axis. The dotted horizontal line represents a p value of 0.05, and the vertical

dotted lines represent a Log2 fold change of + 1. Downregulated genes (fold change<-2

and p<0.05) are shown in blue and upregulated genes (fold change>+2 and p<0.05) are
shown in orange. Non-significant (NS) genes (p value > 0.05) are shown in black. (B) PIM3
KO of hepatoblastoma cells followed by RNA sequencing analysis revealed changes of
expression of 746 genes. Genes associated with PIM3 KO were analyzed with Ingenuity
Pathway Analysis (IPA) and top (C) biological functions and (D) canonical pathways
presented. A positive z-score (orange bars) indicates activation or a positive correlation

and a negative z-score (blue bars) indicates inactivation or a negative correlation. The

dotted line in (D) represents a predicted p value of 0.05. The ratio indicates the number

of proteins from the dataset that map to the pathway divided by the total number of

proteins that map to the same pathway. An asterisk marks CCR5 signaling as one of the top
inactivated pathways. FXR: Farnesoid X receptor; RXR: Retinoid X receptor; LXR: Liver X
receptor; LPS: Lipopolysaccharide; IL-1: Interleukin-1; Inhibit.: Inhibition; VDR: Vitamin
D receptor; GPCR: G protein-coupled receptor; CDKS5; Cyclin dependent kinase 5; BMP:
Bone morphogenetic protein; eNOS: Endothelial nitric oxide synthase; NF-xB: Nuclear
factor kappa B; CRH: Corticotropin releasing hormone; TGF-p: Transforming growth factor
beta.
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Figure 4. PIM3re-introduction rescued the anti-proliferative and anti-migratory phenotype
observed with PIM 3 knockout.

(A) PIM3 knockout (KO) cells were transfected with an empty vector (EV) control or
PIM3 cDNA expressing plasmid. Immunablotting confirmed both absence of PIM3 protein
expression in PIM3 KO cells and rescue of expression in PIM3 KO-PIM3 cDNA (PIM3
rescue). (B) Introduction of PIM3 ¢cDNA in PIM3 KO cells returned proliferation to almost
baseline levels. (C) Migration was also evaluated. Introduction of PIM3 cDNA in PIM3
KO cells returned migration to baseline levels. Representative images of migration inserts
are presented to the bottom of the graph. Scale bars represent 100 um. EV transfected
controls did not affect (B) proliferation or (C) migration of PIM3 KO cells. Data represent
at least three biologic replicates and are reported as mean + standard error of the mean. NS:
non-significant.

Cancer Gene Ther. Author manuscript; available in PMC 2022 May 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Marayati et al.

A

Percent CD133 positive

w)

Fold change expression (2-2ACt)

100

(=]
o

60

40

20

1.2

1.0

0.8

0.6

0.4

0.2

0.0

Page 24

Oct4 Nanog Sox2 Nestin

Figure 5. PIM 3 knockout decreased hepatoblastoma cancer cell stemness.
(A) CD133 cell surface expression was determined using flow cytometry. PIM3 knockout

(KO) cells had significantly decreased CD133 expression compared to HuH6 wild-type
(WT) cells. (B) Representative contour plots with negative staining controls for each cell
line are shown. (C) Cells were plated for an extreme limiting dilution assay with decreasing
numbers of cells per well. PIM3 KO cells formed spheres less frequently and at higher cell
concentrations than HUH6 WT cells, indicating decreased tumorsphere formation ability. (D)
Real-time PCR was used to examine the mRNA abundance for Oct4, Nanog, Sox2, and
nestin. Gene expression was normalized to B-actin and calculated as fold change to HUH6
WT using the AACt method. PIM3 KO led to decreased mRNA abundance of these markers
compared to HuH6 WT cells, while re-introduction of PIM3 cDNA in PIM3 KO cells led to
rescue of MRNA abundance and a return to levels comparable to those seen in HUH6 WT
cells. Data represent at least three biologic replicates and are reported as mean + standard
error of the mean. NS: non-significant.
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Figure 6. PIM 3 knockout decreased in vivo tumor growth and increased animal survival in a
xenogr aft model of hepatoblastoma.

(A) HuH6 wild-type (WT) or PIM3 knockout (KO) cells were injected into the right

flank of male athymic nude mice (n=7 per group) and tumor volume monitored over

time. Mice injected subcutaneously with PIM3 KO cells exhibited a significantly decreased
percent tumor volume compared to mice injected with HuH6 WT cells. (B) Representative
photos of tumors from both groups are shown. (C) Survival was significantly increased

in the mice bearing PIM3 KO tumors compared to those bearing HUH6 WT tumors. (D)
Immunoblotting confirmed PIM3 protein expression and absence thereof in HuH6 WT and
PIM3 KO tumor xenografts, respectively. PIM3KO tumors exhibited lower expression of
cyclin D1 protein compared to WT tumors, indicating cell-cycle arrest. B-actin was used as
a loading control. (E) Formalin-fixed, paraffin-embedded tumor xenografts were stained for
Ki-67, a marker of cell proliferation. The number of Ki-67 positive cells per 500 cells in a
representative section of each tumor was counted and the mean was calculated and reported
for each group + standard error of the mean. Tumors from mice injected with PIM3 KO

had significantly less Ki-67 staining than those injected with HuH6 WT. (F) Representative
photomicrographs of HUH6 WT (fop panel) and PIM3 KO (bottom panel) tumors are shown
with an IgG negative control in the bottom left corner (bottom panel). Scale bars represent
100 pm.
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