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Abstract
Hepatoblastoma is themost commonprimary liver tumor in children, but treatment has not changed significantly in the
past 20 years. We have previously demonstrated that Proviral Integration site for Moloney murine leukemia (PIM)
kinases promote tumorigenesis in hepatoblastoma. Stem cell-like cancer cells (SCLCCs) are a subset of cells thought
to be responsible for chemoresistance, metastasis, relapse, and recurrence. The aim of this study was to identify
SCLCCs in hepatoblastoma and determine the role of PIM kinases in SCLCCs. Hepatoblastoma cells were separated
intoCD133-enriched andCD133-depletedpopulations and the frequency of SCLCCswas assessed.CD133expression
was determined in the presence or absence of the PIM inhibitor, AZD1208. The effects of AZD1208 on proliferation,
apoptosis, and motility were assessed in vitro and the effect of AZD1208 on tumor growth was examined in vivo. We
identified CD133 as a marker for SCLCCs in hepatoblastoma and showed that PIM kinases promote a SCLCC
phenotype. PIM kinase inhibition with AZD1208 decreased proliferation, migration, and invasion and increased
apoptosis in both SCLCCs and non-SCLCCs in a long-term passaged hepatoblastoma cell line and patient-derived
xenograft. Additionally, tumor growth in mice implanted with hepatoblastoma SCLCCs was decreased with PIM
inhibition such that 57% of the tumors regressed. These findings identify CD133 as a marker for SCLCCs in
hepatoblastoma and provide evidence that inhibition of PIM kinases decreases stemness and tumorigenicity of
SCLCCs in hepatoblastoma, making them potential therapeutic targets for the treatment of hepatoblastoma.
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troduction
epatoblastoma is the most common primary liver tumor in children.
espite increasing incidence [1], treatment has not changed signifi-
ntly since the addition of cisplatin-based therapies to treatment
otocols. For those with relapsed or recurrent disease, outcomes are
smal with a 3-year overall survival of only 43% and event-free survival
34% [2]. Additionally, chemoresistance remains a barrier to effective
eatment of hepatoblastoma with 54–80% of patients developing
sistance to chemotherapy after four to five cycles of treatment, leading
poor outcomes [3–5].
Stem cell-like cancer cells (SCLCCs) are a subset of cancer cells thought
play a role in metastasis, relapse, recurrence, and chemoresistance
–9]. Their name is derived from the fact that they share many
aracteristics with normal tissue stem cells – self-renewal, multipotency,
oliferative capacity, and dedifferentiation [10]. The specific markers to
entify the SCLCC cell population in hepatoblastoma have not yet been
ell-defined. CD133 has been demonstrated to be a marker for SCLCCs
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multiple solid tumor types including hepatocellular carcinoma, breast
ncer, colorectal cancer, and pancreatic cancer [11–14], and has been
oposed as a putative marker in hepatoblastoma, but no confirmatory
udies have been performed.
Proviral Integration site for Maloney murine leukemia virus (PIM)
nases are a family of serine/threonine kinases that promote
morigenesis in a multitude of cancer types [15–21]. We have
eviously demonstrated that PIM inhibition decreased tumorigenesis in
patoblastoma [22]. These data led us to hypothesize that PIM kinases
ay play a role in maintaining the SCLCC phenotype in hepato-
astoma and that targeting PIM kinases would decrease the phenotype
vitro and decrease SCLCC-enriched hepatoblastoma tumor growth
vivo. Given then role of CD133 in SCLCCs in other tumor types,
e hypothesized that CD133 would be a marker of SCLCCs in
patoblastoma. In this study, we identify a cell surface marker for
LCCs in hepatoblastoma and provide evidence for the role of PIM
nases in SCLCC maintenance.

aterials and Methods

ells and cell Culture
The human hepatoblastoma cell line, HuH6, was acquired from
homas Pietschmann (Hannover, Germany) [23] and maintained
Dulbecco's Modified Eagle's Medium supplemented with 10%

tal bovine serum (HyClone, GE Healthcare Life Sciences, Logan,
T), 1 μg/mL penicillin/streptomycin (Gibco, Carlsbad, CA), and
mmol/L l-glutamine (Thermo Fisher Scientific, Waltham, MA).
uH6 cells are reported as male. The human hepatoblastoma patient-
rived xenograft (PDX), COA67, was developed as described
eviously from a male patient [22]. Subcutaneous COA67 xenografts
ere harvested under sterile conditions and dissociated to a single cell
lution using the Tumor Dissociation Kit, human (Miltenyi, Bergisch
ladbach, Germany) according to the manufacture's protocol and
aintained in Dulbecco's Modified Eagle's Medium/Ham's F12
pplemented with 2 mmol/L l-glutamine (Thermo Fisher Scientific),
μg/mL penicillin/streptomycin (Gibco), 20 ng/mL epidermal growth
ctor (EMD Millipore, Billerica, MA), 20 ng/mL beta-fibroblast
owth factor (EMD Millipore), 2% B27 supplement (Gibco), and
5 μg/mL amphotericin B (HyClone). Both cell lines were verified
ithin the past 12 months using short tandem repeat analysis (Heflin
enter for Genomic Sciences, University of Alabama, Birmingham
AB), Birmingham, AL) and the long-term passaged cell line, HuH6,
as determined to be free ofMycoplasma. Real-time qPCR assessing the
equency of human versus mouse actin was performed to ensure that
e COA67 cells did not contain contamination from mouse cells
RENDD RNA/DNA Isolation and TaqMan QPCR/Genotyping
ore Facility, UAB, Birmingham, AL).

ntibodies and Reagents
Mouse monoclonal anti-CD133 (ab19898), anti-nestin (ab22035),
d anti-Oct4 (ab18976) were from Abcam (Cambridge, MA). Rabbit
lyclonal anti-PARP (9542) and anti-vinculin (4650) were from Cell
gnaling Technology (Beverly, MA). Mouse monoclonal anti-β-actin
1978) was from Sigma Aldrich (St. Louis, MO). AZD1208 was
tained from Cayman Chemical (Ann Arbor, MI).

paration of Cells into CD133-Enriched and CD133-Depleted
opulations
Cells were separated into CD133-enriched or CD133-depleted
pulations based on the cell surface expression of CD133. The
D133 MicroBead Kit – Tumor Tissue, human (Miltenyi) was utilized
cording to manufacturer's protocol. Briefly, cells were incubated
ith FcR Blocking Reagent followed by magnetic CD133 MicroBeads
r 20 minutes at 4 °C. Cells were washed with buffer and placed onto
(HuH6 cells) or MS (COA67 cells) magnetic columns (Miltenyi)
d placed in the magnetic field of a MACS Separator. The flow-
rough containing unlabeled cells was collected as CD133-depleted
lls. After washing the columnwith buffer three times, the columnwas
moved from the magnetic field. Magnetically labeled cells were
shed from the column using a plunger and collected as CD133-
riched cells.

Vitro Limiting Dilution Sphere Assay
To determine the ability of cells to form spheres, in vitro limiting
lution assays were performed. Cells were plated into 96 well ultra-
w attachment plates using serial dilutions with 5000, 1000, 500,
0, 50, 20, or 1 cell per well for HuH6 cells and 50,000, 10,000,
00, 1000, 500, 100, 50, or 1 cell per well for COA67 cells with at
ast 10 replicates per dilution. Cells were plated into Dulbecco's
odified Eagle's Medium/Ham's F12 supplemented with 2 mmol/L
lutamine (Thermo Fisher Scientific), 1 μg/mL penicillin/strepto-
ycin (Gibco), 20 ng/mL epidermal growth factor (EMDMillipore),
ng/mL beta-fibroblast growth factor (EMD Millipore), 2% B27

pplement (Gibco), and 2.5 μg/mL amphotericin B (HyClone)
mbined with 50% conditioned medium of the same composition
om the same cell line. The conditioned media was harvested after
–48 hours of culture with healthy cells and after removal of cells by
ntrifugation, the conditioned media was sterile filtered. Once
heres were present in the wells containing the most cells, all wells
ere counted. The presence or absence of spheres in each well was
termined by a single researcher. Extreme limiting dilution analysis
ftware was utilized to analyze the data (http://bioinf.wehi.edu.au/
ftware/elda/).

munoblotting
Whole-cell lysates were isolated in radioimmunoprecipitation
IPA) buffer supplemented with protease inhibitors (Sigma
ldrich), phosphatase inhibitors (Sigma Aldrich), and phenylmetha-
sulfonylfluoride (Sigma Aldrich). Lysates were centrifuged at
000 rpm for 30 minutes at 4 °C. Protein concentrations were
termined using Pierce BCA Protein Assay (Thermo Fisher
ientific) and separated by electrophoresis on sodium dodecyl
lfate polyacrylamide (SDS-PAGE) gels. Molecular weight markers
recision Plus Protein Kaleidoscope, Bio-Rad, Hercules, CA) were
ed to confirm the expected size of the proteins of interest.
munoblots were developed with Luminata Classico or Crescendo
estern HRP Substrate (EMD Millipore) using film. Blots were
ripped with stripping solution (Bio-Rad) at 65 °C for 20 minutes
d then re-probed with selected antibodies. Equal protein loading
as confirmed using β-actin or vinculin. Densitometry was
rformed using Scion Image Program. Each band was normalized
background on the blot, and then normalized to their respective
tin band. All bands were compared to the 0 μM treatment group,
hich was given the value of 1 as previously reported [24].

roliferation Assay
To establish the effects of AZD1208 on proliferation, the CellTiter 96
queous Non-Radioactive Cell Proliferation Assay (Promega, Madison,
I) was utilized. CD133-enriched or CD133-depleted HuH6 or
OA67 cells (5 × 103 per well) were plated in 96-well plates and treated

http://bioinf.wehi.edu.au/software/elda/
http://bioinf.wehi.edu.au/software/elda/
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ith AZD1208 for 24 hours. Following treatment, 10 μL of CellTiter
reagentwas added to eachwell and the absorbancewas read at 490 nm
ing a microplate reader (BioTek Gen5, Winooski, VT). Background
sorbance of media alone was subtracted and proliferation was reported
fold change.

igration and Invasion
To determine the effects of AZD1208 treatment on cell movement,
igration and invasion assays were performed. For migration assays, 24-
ell culture plates with 8 μm micropore Transwell inserts (Corning Life
iences, Corning, NY) were utilized. The bottoms of the inserts were
ated with collagen I (10 μg/mL, MP Biomedicals, Santa Ana, CA) for
uH6 studies or fibronectin (10 μg/mL,Qiagen, Germantown,MD) for
OA67 studies overnight at 37 °C and then washed with phosphate-
ffered saline (PBS). The inserts were then placed in wells containing
3 μLmedia with the appropriate concentration of AZD1208. CD133-
riched or CD133-depleted cells (3 × 104 HuH6 or 3 × 105 COA67)
ere placed inside each insert in media containing the appropriate
ncentration of AZD1208 and allowed to migrate for 24 or 72 hours
uH6 and COA67, respectively). Inserts were fixed with 3%
raformaldehyde and stained with 1% crystal violet. Images were
tained using a lightmicroscope and the percent of the insert area covered
gure 1. CD133 is a marker for SCLCCs in hepatoblastoma. In vitro sphere
D133-enriched versus CD133-depleted (A) HuH6 and (B) COA67 hepatobl
ee media. Once spheres were present, the presence or absence of sphe
iting dilution analysis software (http://bioinf.wehi.edu.au/software/elda/).
an CD133-depleted hepatoblastoma cells in both the HuH6 cell line and C
eability ofCD133-enriched versusCD133-depletedhepatoblastomacells t
mice injected with CD133-enriched HuH6 cells bore tumors and 2/14 m
) Animals injected with CD133-enriched HuH6 cells (5 × 104) grew tumo
D133-depleted (5×104)HuH6cells (P ≤ .05). (E) Animalswere injectedw
at formed in the animals with CD133-enriched cells were significantly lar
ith cells was determined using ImageJ (https://imagej.nih.gov/ij).
igration was reported as fold change in percent of insert area covered
ith migrated cells.
Invasion was assessed in a similar manner. The insides of the inserts
ere coated with Matrigel (1 mg/mL, 50 μL; BD Biosciences, Franklin
akes, NJ) overnight at 37 °C and then washed with PBS. For COA67
vasion studies, the bottoms of the inserts were coated with fibronectin
0 μg/mL, Qiagen) overnight at 37 °C. The inserts were then placed in
ells containing 333 μL media with the appropriate concentration of
ZD1208. CD133-enriched or CD133-depleted cells (3 × 104 HuH6
3 × 105 COA67) were placed inside each insert in media containing
e appropriate concentration of AZD1208 and allowed to invade for
or 72 hours (HuH6 and COA67, respectively). Fixation, staining,
age acquisition, quantification, and reporting of invasion were
rformed as described above for migration studies.

Vivo Studies
Six-week-old female athymic nude mice (Envigo, Pratville, AL)
ere maintained in a pathogen-free facility with static conventional
using, standard 12-hour light/dark cycles, and ad libitum access to
arlan Rodent Diet Teklad 4% fat mouse/rat chow (Envigo) and
ater. Experiments were approved by the University of Alabama,
formation assays were used to assess the frequency of SCLCCs in
astoma cell populations. Cells were plated in serial dilution in serum-
res in each well was determined and data analyzed using extreme
CD133-enriched hepatoblastoma cells formed spheresmore readily
OA67 PDX cells. (C) In vivo tumorigenic assays were used to assess
o form tumors inmice. Threeweeksafter injectionof 5×104 cells, 8/
ice injected with CD133-depleted HuH6 cells bore tumors (P = .02).
rs that were significantly larger than animals that were injected with
ith 1×106 CD133-enrichedorCD133-depletedCOA67cells. Tumors
ger than CD133-depleted COA67 tumors (P ≤ .05).

https://imagej.nih.gov/ij
Image of Figure 1
http://bioinf.wehi.edu.au/software/elda/
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irmingham, Institutional Animal Care and Use Committee
ACUC-9803) and conducted within institutional, national,
d international guidelines. Tumor volumes were measured
ith calipers twice weekly and calculated using the formula
idth2 × length)/2, where the length is the largest measurement
5].
In vivo limiting dilution assays were employed to determine
morigenicity. For the HuH6 in vivo tumorigenic assay, 5 × 104

lls were injected subcutaneously in the right flank of 28 female
hymic nude mice (n = 14 CD133-enriched; n = 14 CD133-
pleted), and animals were followed for tumor growth. For the
OA67 in vivo tumorigenic assay, 1 × 106 cells were injected
bcutaneously in the right flank of 14 female athymic nude mice
= 7 CD133-enriched; n = 7 CD133-depleted) and animals were
llowed for tumor growth.
For the AZD1208 in vivo study, 5 × 104 cells were injected
bcutaneously in the right flank of 28 female athymic nude mice
= 14 CD133-enriched; n = 14 CD133-depleted). Six weeks after
gure 2. PIM inhibition decreased CD133 expression in hepatoblasto
arkers in CD133-enriched hepatoblastoma cells. HuH6 and COA67 c
ZD1208. Immunoblotting of whole cell lysates of (A) HuH6 and COA6
eatment. Densitometry was utilized to evaluate the bands, providing co
D133 expression was also evaluated by FACS. AZD1208 significantly d
lls. HuH6 and COA67 cells were treated with 10 μM AZD1208 and
duced sphere formation in CD133-enriched (D) HuH6 and (E) COA67 c
μMAZD1208 for 24 hours and whole cell lysates examined for the di
pression of Oct4 and nestin, indicating a loss of stemness.
jection, when tumors reached an average of approximately 50
m3, mice within each group were randomized to receive vehicle
= 7 each group; ORA-Plus, 50 μL; Perrigo, Allegan, MI) or

ZD1208 (n = 7 each group; 30 mg/kg body weight/day in ORA-
lus, 50 μL) by oral gavage. Mice bearing CD133-enriched HuH6
mors were treated for 40 days and mice bearing CD133-
pleted HuH6 tumors were treated for 77 days. Treatment was
ven during the animals' light cycle. Animals were humanely
thanized when IACUC parameters were reached or 45 weeks
ter injection for those that did not reach IACUC parameters
fore that time. Tumors were harvested and dissociated and in
vo sphere forming assays were performed as above. Flow
tometry for detection of CD133 expression was performed as
scribed below.

low Cytometry
Flow cytometry was utilized to establish the effects of AZD1208
on CD133 expression. Cells were labeled with human CD133/1
ma cells and decreased sphere formation and other stemness
ells were treated for 24 hours with increasing concentrations of
7 cells revealed a decrease in CD133 expression with AZD1208
nfirmatory evidence that AZD1208 decreased CD133 expression.
ecreased CD133 expression in both (B) HuH6 cells and (C) COA67
sphere forming assays were performed. AZD1208 significantly
ells. (F) HuH6 CD133-enriched cell populations were treated with
fferentiation markers Oct4 and nestin. AZD1208 led to decreased

Image of Figure 2
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C133)-APC antibody (Miltenyi) according to the manufacturer's
structions. Unlabeled cells were used as controls. The percent of
lls positive for APC was determined via flow cytometry using
e BD FACSCalibur platform (BD Biosciences, Franklin Lakes, NJ).
ll analyses were performed using FlowJo software (BD Biosciences).
or the permeabilized studies, cells were fixed with ethanol and then
rmeabilized with 0.1% Triton-X for 15 minutes in the dark prior
labeling.

esults

D133 is a Marker for SCLCCs in Human Hepatoblastoma
To determine whether CD133 served as a marker of SCLCCs in
patoblastoma, we investigated tumor forming capacity. HuH6 and
OA67 human hepatoblastoma cells were separated into CD133-
riched and CD133-depleted populations. When cultured in serum-
d attachment-free conditions, the CD133-enriched population
rmed spheres at lower cell concentrations than CD133-depleted in
th HuH6 and COA67 cells (Figure 1, A and B), indicating a more
LCC phenotype in the enriched population. Using in vivo
morigenic assays, CD133-enriched or CD133-depleted cells were
jected subcutaneously in the flank of athymic nude mice and tumor
owth was monitored. Three weeks after injection, 8 of the 14 mice
jected with CD133-enriched HuH6 cells bore tumors whereas 2 of
e 14 mice injected with CD133-depleted HuH6 cells bore tumors
= .02, Figure 1C). Additionally, the average tumor volume in mice
jected with CD133-enriched HuH6 cells was significantly greater
an that in mice injected with CD133-depleted HuH6 cells (P ≤ .05,
igure 1D). Tumors in mice injected with CD133-enriched COA67
lls were also significantly larger than those in mice injected with
gure 3. PIM inhibition decreased proliferation and induced apoptosis
D133-enriched and CD133-depleted populations of HuH6 and COA67
hours. Proliferation was assessed with CellTiter 96 assay. AZD120
pleted (A) HuH6 and (B) COA67 cells. The CD133-enriched and CD
, 10, or 20 μM) for 24 hours and whole cell lysates obtained. (C) Im
optosis, in both CD133-enriched and CD133-depleted COA67 cell po
D133-depleted COA67 cells (P ≤ .05, Figure 1E). Cells
ssaged in mice in the in vivo tumorigenic assays retained their
ifferential stemness profiles throughout the course of the
periment. Cell surface expression of CD133 tended to be
wer in the CD133-depleted groups than CD133-enriched
oups (Supplemental Figure 1, A and B) and cells from CD133-
riched tumors formed spheres at significantly lower cell
ncentrations than cells from CD133-depleted tumors (Supple-
ental Figure 1, C and D).

IM Inhibition Decreased CD133 Expression in Hepatoblastoma
ells and Decreased Sphere Formation and Other Stemness
arkers in CD133-Enriched Hepatoblastoma Cells
As we have previously shown that PIM kinase inhibition decreases
morigenicity in hepatoblastoma [22], we wished to determine
hether the selective pan-PIM inhibitor, AZD1208 [26], may have
effect on the SCLCC phenotype. Treatment of HuH6 and

OA67 cells with AZD1208 decreased CD133 expression as
easured by Western blotting (Figure 2A) and flow cytometry for
D133 expression in permeabilized cells (Figure 2, B and C).
dditionally, there was a decrease in sphere formation (Figure 2, D
d E). All of these findings indicated a decrease in the SCLCC
enotype following PIM inhibition. Oct4 and nestin have been
own to be markers of stemness in many cancer types [27–30]
cluding hepatocellular carcinoma [31,32], so we studied whether
IM inhibition affected these markers in hepatoblastoma. When
vestigating the CD133-enriched cells alone, AZD1208 treatment
creased expression of the stemness markers, Oct4 and nestin, in
uH6 cells (Figure 2F), providing further data that PIM supports the
LCC phenotype in hepatoblastoma.
in CD133-enriched and CD133-depleted hepatoblastoma cells.
cells were treated with increasing concentrations of AZD1208 for
8 decreased proliferation in both CD133-enriched and CD133-
133-depleted COA67 cell population was treated with AZD1208
munoblotting revealed an increased in cleaved PARP, indicating
pulations.

Image of Figure 3
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IM Inhibition Decreased Proliferation, Induced Apoptosis, and
ecreased Motility in CD133-Enriched and CD133-Depleted
epatoblastoma Cells
With the knowledge that PIM inhibition decreased the stem-like
enotype of hepatoblastoma cells, we wished to assess the effects of
M inhibition on proliferation, apoptosis, and motility in CD133-
riched versus CD133-depleted hepatoblastoma cells. Both the
uH6 and COA67 CD133-enriched and CD133-depleted popula-
ons exhibited decreased cell proliferation in the presence of
ZD1208 (P ≤ .05, Figure 3, A and B). Using immunoblotting,
increase in cleaved PARP was observed in both CD133-enriched
d CD133-depleted populations of COA67 cells (Figure 3C),
dicative of induction of apoptosis with PIM inhibition. Motility
as decreased in both CD133-enriched and CD133-depleted HuH6
d COA67 cells. There was a decrease in migration in both CD133-
riched and CD133-depleted HuH6 and COA67 cells (Figure 4, A
d B) as well as a decrease in invasion in both CD133-enriched and
D133-depleted HuH6 and COA67 cells (Figure 4, C and D). For
e proliferation, apoptosis, and motility assays, the CD133-enriched
pulation was affected in a similar manner as the CD133-depleted
pulation, indicating that the CD133-enriched population was not
sistant to PIM inhibition.

IM Inhibition Decreased CD133-Enriched HuH6 Tumor
rowth in Mice and Decreased Stemness In Vivo
Studies were then advanced to an in vivo model. Fourteen mice
ere injected subcutaneously with CD133-enriched HuH6 cells and
gure 4. PIM inhibition decreased motility in CD133-enriched and CD
easured with modified Boyden chambers. Treatment of CD133-enrich
sulted in decreased migration in (A) HuH6 and (B) COA67 cells and inva
igration in the CD133-depleted HuH6 cell population was decreased co
ndomized to receive either vehicle or AZD1208 by oral gavage daily
r 40 days. Mice treated with AZD1208 had significantly smaller
mors than vehicle-treated mice (P ≤ .05, Figure 5A). Additionally,
ur of the seven mice treated with AZD1208 bearing CD133-
riched hepatoblastoma tumors experienced complete regression
their tumor, even after the treatment concluded (Supplemental
gure 2). A similar study was performed usingCD133-depletedHuH6
lls, but there was no significant difference between tumor volume
tween the groups receiving vehicle or AZD1208 (Supplemental
gure 3A). At the time of euthanasia, tumors were harvested and sphere
rmation assays were performed. Cells from mice bearing CD133-
riched tumors treated with AZD1208 required higher cell
ncentrations to form spheres (P ≤ .001, Figure 5B), indicating a
wer frequency of SLCCs in the treated tumors. In both the CD133-
riched and depleted tumors, AZD1208 treatment resulted in areas of
mor necrosis (Figure 5C and Supplemental Figure 3B).

iscussion
e report for the first time that CD133 is a marker for SCLCCs in
patoblastoma. Using both in vitro limiting dilution sphere formation
says and in vivo tumorigenic assays, we found that the CD133-
riched human hepatoblastoma cell population, both from a long-
rm passaged cell line and a human PDX, formed spheres in culture
d tumors in mice more readily than the CD133-depleted cell
pulation. Both sphere formation and in vivo tumorigenicity are
dicative of the presence of SCLCCs and these two studies serve as the
ld standard for identifying markers for SCLCCs [33,34]. CD133 has
133-depleted hepatoblastoma cells. Migration and invasion were
ed and CD133-depleted cells with AZD1208 (20 μM) for 72 hours
sion in (C) HuH6 and (D) COA67 cells compared to untreated cells.
mpared to control, but did not reach statistical significance.

Image of Figure 4
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en described as a marker for SCLCCs in multiple other cancer types
cluding hepatocellular carcinoma [11,35], but it has not been proven
identify SCLCCs in hepatoblastoma. Ma et al. characterized CD133
a marker for tumorigenic liver cancer stem/progenitor cells, but their
cus was on hepatocellular carcinoma as opposed to hepatoblastoma.
he one cell line that was used to examine hepatoblastoma in that study,
epG2, has since been determined to represent hepatocellular
rcinoma based on gene expression studies [36]. Our finding that
D133 is a marker for SCLCCs in hepatoblastoma is consistent with
hers' findings that CD133 expression portends poor prognosis in
patoblastoma. Bahnassy et al. found that CD133 expression
rrelated with advanced stage disease, reduced overall survival, reduced
sease-free survival, and poor response to treatment in human
patoblastoma tumors specimens [37].
Knowledge that CD133 is a marker for SCLCCs in hepatoblastoma
ay have important therapeutic implications. Investigators may now
stify separation of cell populations into CD133-enriched (SCLCCs)
CD133-depleted cell populations (non-SCLCCs), for further study
understand how to better target this particular cell population in
patoblastoma. Researchers have been examining mechanisms to
ecifically target SCLCCs utilizing CD133. Anti-CD133 single-chain
riable fragment conjugated targeted toxins, bispecific antibodies, and
tibody-conjugated nanoparticles containing chemotherapy drugs
ve been examined, but their use in solid tumors has proven
allenging given limited delivery due to heterogeneous vascularity and
poperfusion [38,39]. Another potential mechanism to target cells
aring CD133 on their surface is natural killer cells targeting CD133
8], but again, issues remain in delivery to solid tumors given the
munosuppressive tumor microenvironment [40]. More recently,
searchers have begun to design autologous chimeric antigen receptor-
odified (CAR) T cells targeting CD133. A phase I clinical trial in 23
tients with hepatocellular, pancreatic, and colorectal carcinomas
owed the feasibility and effective activity of these CAR T cells
rgeting CD133 [41]. Many of the issues that have been observed with
AR T cells targeting other molecules were also observed in this trial,
mely “on-target, off-tumor” effects including hematopoietic systemic
xicity and bilirubinemia.Despite these side effects, CART cells directed
ward CD133 hold promise for the treatment of hepatoblastoma.
Given these challenges to targeting CD133 directly, we examined the
fect of AZD1208 on hepatoblastoma cells to determine whether small
olecule PIM inhibition therapy may be able to target SCLCCs. We
und that AZD1208 treatment of bulk (unsorted) hepatoblastoma
lls decreased CD133 expression and sphere formation, indicating a
crease in the stem-like phenotype. Additionally, in the CD133-
riched population specifically, there was a decrease in stemness with
IM inhibition, indicated by a decrease inOct4 and nestin.While Oct4
d nestin not previously been demonstrated to be markers of stemness
hepatoblastoma, they are knownmarkers of stemness in many cancer
pes [27–30] including hepatocellular carcinoma [31,32]. Given that
e CD133-enriched population specifically exhibited a decrease in
emness with PIM inhibition, we proposed that PIM inhibition would
ve an anti-tumor effect on both the CD133-enriched and the
D133-depleted cell populations. SCLCCs are known to play a
gnificant role in chemoresistance [42,43], so demonstrating that
ZD1208 affected this subpopulation is promising as AZD1208 may
employed as a novel therapeutic to eradicate the cells that have
aded traditional chemotherapy.
We examined the phenotypic effects of PIM inhibition on the
LCC versus non-SCLCC populations to determine whether
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patoblastoma SCLCCs exhibited resistance to PIM kinases. We
ve previously demonstrated that PIM kinases, specifically PIM3,
creased hepatoblastoma proliferation and motility and induced
optosis [22]. We showed in the current study that both SCLCCs
d non-SCLCCs exhibited decreased proliferation and motility and
creased apoptosis with PIM inhibition. These findings are depicted
Supplemental Figure 4 and indicate that hepatoblastoma SCLCCs
ay not have the capacity to evade the effects of PIM kinase
hibition, again, providing data indicating that AZD1208 may be a
omising drug to eradicate hepatoblastoma SCLCCs and potentially
crease tumor recurrence and chemoresistance.
Using an in vivo xenograft model, we showed that PIM inhibition
creased the growth of tumors comprised of hepatoblastoma
D133-enriched cells, with 57% of the animals experiencing
mplete tumor regression. A similar response to PIM inhibition
as expected in non-SCLCCs in vivo given the results observed
vitro. There was a trend toward decreased tumor volume in these
imals treated with AZD1208, but it did not reach statistical
gnificance. This difference between the SCLCC and non-SCLCC
sults in vivomay be explained by the effect of PIM inhibition on the
LCC tumor microenvironment in addition to the tumor cells
emselves. Cancer stem cells reside within a specialized microenvi-
nment that functions to regulate their stemness [44] and changing
e microenvironment via PIM inhibition may function to further
crease the SCLCC phenotype. PIM kinase inhibition has been
own to decrease CXCR4 surface expression and phosphorylation in
ukemia cells [45]. CXCR4 functions as the ligand for CXCL12,
hich is expressed by a multitude of cell types in the microenviron-
ent. The CXCR4 / CXCL12 interaction between tumor cells and
e microenvironment establish and support the immunosuppressive
d angiogenic nature of the microenvironment [46–48]. Therefore,
the animals injected with the SCLCC population, PIM kinase
hibition may have had an additional effect upon the interaction
tween cancer cells and the microenvironment than in the animals
aring tumors from the non-SCLCC population.
Current treatment of hepatoblastoma involves a combination of
emotherapy drugs in which cisplatin is the backbone. The addition of
ZD1208 to cisplatin treatment has been demonstrated to decrease tumor
owth more than cisplatin alone in a mouse model of hepatoblastoma
2]. Those findings may be explained by our results described here
garding the preferential targeting of SCLCCs by PIM inhibition.
isplatin enriches the frequency of cancer stem cells in hepatocellular
rcinoma [49]. By giving cisplatin to target the non-SCLCCs and increase
e frequency of SCLCCs alongside AZD1208 to target the SCLCCs, we
ay be able to more effectively treat hepatoblastoma and eradicate
LCCs. These topics will be the focus of future studies.
In summary, these data demonstrate for the first time that CD133
a marker for SCLCCs in hepatoblastoma. Additionally, PIM
hibition decreased stemness in bulk and SCLCCs and tumorige-
city in SCLCCs. These results suggest that PIM inhibitors may be
eful as a novel therapeutic target to treat hepatoblastoma and
crease its recurrence through the targeting of SCLCCs.
Supplementary data to this article can be found online at https://
i.org/10.1016/j.tranon.2018.10.008.
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