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� Combination of vincristine, irinotecan, and panobinostat
causes a reduction in tumor size in pre-clinical models
of hepatoblastoma.

� We developed a clinically relevant pipeline that can be used
to screen novel targeted therapies.

� PDX drug testing utilizing the VI backbone has the potential
to create novel treatment strategies.
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Patients with treatment-refractory hepatoblastoma have limited
treatment options with survival rates of less than 50%. Our
manuscript demonstrates that combination therapy with
vincristine, irinotecan, and panobinostat reduces the size of
high-risk, relapsed, and treatment-refractory tumors. With this
work we provide preclinical evidence to support utilizing this
combination therapy as an arm in future clinical trials.
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Background & Aims: Patients with metastatic, treatment-refractory, and relapsed hepatoblastoma (HB) have survival rates of less
than 50% due to limited treatment options. To develop new therapeutic strategies for these patients, our laboratory has developed
a preclinical testing pipeline. Given that histone deacetylase (HDAC) inhibition has been proposed for HB, we hypothesized that
we could find an effective combination treatment strategy utilizing HDAC inhibition.
Methods: RNA sequencing, microarray, NanoString, and immunohistochemistry data of patient HB samples were analyzed for
HDAC class expression. Patient-derived spheroids (PDSp) were used to screen combination chemotherapy with an HDAC in-
hibitor, panobinostat. Patient-derived xenograft (PDX) mouse models were developed and treated with the combination therapy
that showed the highest efficacy in the PDSp drug screen.
Results: HDAC RNA and protein expression were elevated in HB tumors compared to normal livers. Panobinostat (IC50 of 0.013-
0.059 lM) showed strong in vitro effects and was associated with lower cell viability than other HDAC inhibitors. PDSp
demonstrated the highest level of cell death with combination treatment of vincristine/irinotecan/panobinostat (VIP). All four
models responded to VIP therapy with a decrease in tumor size compared to placebo. After 6 weeks of treatment, two models
demonstrated necrotic cell death, with lower Ki67 expression, decreased serum alpha fetoprotein and reduced tumor burden
compared to paired VI- and placebo-treated groups.
Conclusions: Utilizing a preclinical HB pipeline, we demonstrate that panobinostat in combination with VI chemotherapy can
induce an effective tumor response in models developed from patients with high-risk, relapsed, and treatment-refractory HB.

© 2024 European Association for the Study of the Liver. Published by Elsevier B.V. All rights reserved.
Introduction
Hepatoblastoma (HB) is themost common liver cancer in children,
comprising one percent of all pediatric malignancies.1 While low-
risk disease responds well to the multidisciplinary approach of
perioperative chemotherapy and surgery, high-risk disease con-
tinues to lead to high rates of relapse and mortality.2 Additionally,
histologically aggressive cases of HB in older children have been
characterized to have mutations commonly observed in hepato-
cellular carcinoma (HCC) and may benefit from specialized
treatment strategies.3 In response, institutes have proposed the
combination of vincristine and irinotecan (VI) as a salvage therapy
for these scenarios.4 While evidence exists for initial response to
the VI strategy, many patients are refractory to this treatment and
succumb to disease progression.4 Additionally, current standard
of care chemotherapy is associatedwith risks of lifelong deafness
andcardiac dysfunction.1,4 Thus, new therapies against relapsed-
refractory and high-risk HB are needed.
Keywords: liver cancer; pediatric cancer; histone deacetylase inhibition; pediatric liver can
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Patient-derived xenograft (PDX) mousemodels are important
tools that have contributed to our understanding of many as-
pects of human cancer biology.5 Despite this, major obstacles
have prevented the standardization of clinically relevant models.
First, the length of time to engraft PDXs can be in the order of
months.5 With this timeframe, many patients succumb to their
malignancy or are treated with other regimens. In addition, most
HB PDX tumors are subcutaneously implanted in the flank and
thus are limited in their relevancy.5 Mice are also started on
therapies with small tumor sizes to attempt slowing of growth,
also limiting their applicability.5 Finally, preclinical testing of
targeted monotherapy has led to very few effective therapies for
pediatric solid tumors in general, emphasizing the need for
combination testing with current chemotherapies.6–9 Thus, an
efficient combinatorial chemotherapy testing pipeline that pro-
vides clinically relevant HB models is warranted.

HDAC inhibitors (HDACi) have gained attention as possible
agents for the treatment of cancer, with significant treatment
cer; therapeutic strategy.
2024; available online 17 January 2024
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advances in hematological malignancies.10 Panobinostat, a
pan-HDAC class inhibitor has been studied in multiple clinical
trials for use in children with both solid and hematological
malignancies, showing that the drug is well tolerated with a low
toxicity profile.10,11 Despite previous studies suggesting HDACi
may provide treatment options in HB, there is no published
data on panobinostat combination therapies being tested in a
preclinical pipeline platform for HB.12–14 We hypothesized that
panobinostat would show efficacy in combination with the
salvage chemotherapy regimen VI for relapse-refractory and
high-risk HB.

Materials and methods

Patient-derived cell line

HB17, our patient-derived cell line was established in our lab-
oratory by plating dissociated cells from a patient sample on
6 cm culture plates coated with Corning Matrigel GFR Mem-
brane Matrix Matrigel (cat. no. CB-40234, Thermo Fisher Sci-
entific, Waltham, MA, USA). These were passaged every 2
weeks and after 20 passages were weaned off Matrigel. After
passage 49 they were able to be maintained in 50% MEM and
50% HBM media (cat. no. CC-3198 Lonza, Walkerville, MD,
USA). For our experiments we used passage #52-54. For the
validation of HB17 we performed a single tandem repeat (STR)
assay (Supplementary Material 1) and serum human alpha
fetoprotein (AFP) levels, a marker for HB, were confirmed to be
elevated (>100 ng/ml), using the ELISA (EIA-1468, DRG In-
struments, Germany), before performing experiments.

Drug screen

HB cells were plated after trypsinization into a 384-well plate
containing pre-diluted drugs. Cell-Titer Glo 2.0 (cat. no. G9243,
Promega, Madison, WI, USA) was added to each cell well and
was evaluated after rocking in the dark for 15 min. Cells were
kept at room temperature throughout the entire experiment. The
plate luminescence was evaluated utilizing BioTek Synergy HT
Microplate Reader (BioTek, Charlotte, VT, USA) as described in
Kats et al. 2019.15

Patient-derived spheroid (PDsp) techniques

Freshly obtained 1 cm tumors were washed and dissociated
using scissors and the back of a 10 ml syringe. Dissociated
tissue was washed twice with 1x PBS and red blood cells were
lysed with 5 ml of ACK Lysing buffer (cat. no. A10492, Thermo
Fisher Scientific, Waltham,WA, USA) for 5min on ice. Cells were
washed by adding 40 ml of 1x PBS and centrifuged at 300 g for
10 min. Supernatant was removed and 10 ml of 1x PBS was
added to the tissue with 1 ml of dispase (071913, Stemcell,
Vancouver, CA), 200 ll of 2 mg/ml collagenase and 100 ll of
DNase (cat. no. 04716728001, Sigma-Aldrich, St. Louis, MO,
USA). This was then placed in a 37�C-water bath for 30 min.
Tissue was vortexed every 5min. Tissue/cells were filtered using
a 70 lm filter. Filtered cells were washed twice with 30 ml of 1x
PBS. Pelleted cells were re-suspended in 5 ml of HBM media
(cat. no. CC-3198, HCM bullet kit, Lonza, Walkerville, MD, USA).
Cells were counted and 10,000 cells/well were plated in 96 well
Nunclon Sphere round bottom plates (cat. no. 174925, Thermo
Fisher Scientific, Waltham, WA, USA) in 100 ll of HBM media
and 1 lm of Y-27632 (cat. no. 1254, Tocris Biosciences, Bristol,
Journal of Hepatology, Apr
UK). Plates were spun at 300 g for 5 min. Plates weremaintained
in a humidified incubator at 37 �C and 5% CO2 for 11 days with
25 ll media added to each well on day 5 and day 9. At day 11 all
standard chemotherapies were added at 0.05 lM for low dose
and 0.1 lM for high dose. Panobinostat was used at 0.01 for low
dose and 0.05 lM dose for high dose in all combination studies.
Drugs were added for 48 h, and cell viability was measured
using CellTiter-Glo 3D Cell Viability Assay using a 96-well plate
luminometer (cat. no. G9681, Promega, Madison, WI, USA).
Panobinostat (LBH589, cat. no. S1030, Selleckchem, Houston,
TX, USA), cisplatin (cat. no. S1166, Selleckchem, Houston, TX,
USA), doxorubicin (cat. no. S1208, Selleckchem, Houston, TX,
USA), fluorouracil (5-FU) (cat. no. S1209, Selleckchem, Hous-
ton, TX, USA), vincristine (cat. no. S9555, Selleckchem, Hous-
ton, TX, USA), and SN-38 (cat. no. S4908, Selleckchem,
Houston, TX, USA) were re-suspended in DMSO to generate
10 mM stock solutions for use with PDSp.

Xenograft experiments

We obtained patient samples directly after biopsy, resection, or
transplant procedures were performed according to Institu-
tional Review Board AN-6191 at Baylor College of Medicine,
Houston, TX, USA. The mice implanted with the tumor sample
directly from the patient were termed P0. When the tumor
began to impact animal health or when estimated tumor size by
MRI reached criteria for euthanasia, as described in the
approved animal protocol (AN-6191), animals were euthanized,
and tumors were serially passaged into subsequent NOD scid
gamma immunocompromised animals for continued growth as
P1, P2, P3 etc. With these basic protocols, we were able to
generate four unique aggressive models of HB. Tumors were
implanted as 6-8 mm3 whole pieces into the liver of 6–12-week-
old NOD scid gamma immunocompromised animals as previ-
ously described.4 Approximately 2 weeks after implantation,
animals were monitored for tumor growth with MRI and an
ELISA kit (EIA-1468, DRG Instruments, Germany) to measure
levels of AFP. Given that many of these patients present with
advanced disease, we allowed the tumor volume to reach 0.09-
0.5 cm3 to better model patient tumor burden. This volume was
consistently reached and evaluated through MRI. Mice that
were P2–P4 were treated with a combination of VI (vincristine
[cat. no. S9555, Selleckchem, Houston, TX, USA]: 1 mg/kg, 1x
a week; irinotecan [cat. no. S2217 Selleckchem, Houston, TX,
USA]: 2.5 mg/kg, 5x a week, every other week), a combination
of VI/panobinostat (VIP, panobinostat [cat. no. S1030, Sell-
eckchem, Houston, TX, USA]: 8 mg/kg, 3x a week; vincristine:
1 mg/kg, 1x a week; irinotecan: 2.5 mg/kg, 5x a week, every
other week), or the vehicle of the VIP therapy (Fig. S1). Pan-
obinostat, vincristine, and irinotecan were re-suspended in
DMSO to generate 62.5 mg stock solution. Panobinostat was
further diluted in PEG 300, Tween 80, and sterile saline.
Vincristine and irinotecan were further diluted in saline. Mice
were treated for approximately 6 weeks or until they met the
euthanasia event of tumor diameter of 1.5 cm. Blood was
drawn for AFP level evaluation at the beginning of the study and
at 3 and 6 weeks from the facial veins of mice harboring
xenograft tumors. Blood was also drawn at the time a tumor
reached 1.5 cm at which point mice were euthanized. Weight
fold change was calculated by dividing the weight of each
mouse at each week divided by the weight when the mouse
was started on the drug study. The response to chemotherapy
il 2024. vol. 80 j 610–621 611
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through histology was evaluated by a pathologist (KP).
GraphPad Prism (version 7.0a, GraphPad Software, Inc., La
Jolla, CA, USA) was utilized to perform Student’s t test (two-
tailed) for the tumor weight and relative tumor volume with p
>0.05 noted by not significant (n.s.) and p <−0.05 noted to be
significant (*). The treated to placebo ratio for each PDX model
was determined by averaging the treated cohort (VI or VIP)
tumor volume at the time of euthanasia compared to the
average placebo tumor volume at time of euthanasia.16 Relative
tumor volume was calculated for each mouse by dividing the
tumor volume at the time of euthanasia by the tumor volume at
the beginning of the study per Houghton et al. 2012.16 RNA was
extracted from a total of 12 PDX tumors that were treated with
either the vehicle of VIP treatment (placebo), VI, or VIP in each
of the four PDX models tested. A tumor was chosen blindly for
all three treatment groups for HB52 and HB66 at time of
euthanasia. Given HB106 had no visible tumor remaining at the
end of study, mice were treated with all three drug groups for
72 h, with the same treatment regimen and dose, and then
euthanized. To control for this, HB113 was treated in the same
manner with mice euthanized after 72 h. RNA was extracted,
processed, sequenced, and analyzed as mentioned previously.
Statistical significance was calculated utilizing Student’s t test.
Please refer to the CTAT table and supplementary materials
and methods for additional details.

Results

HDAC expression is elevated in HB

To study the role that HDACi could play in treating HB, we re-
analyzed the microarray on 51 HB tumor samples and
normalized the data to six matched normal livers (Fig. 1A),
previously described in Sumazin et al. 2017.17 These samples
were obtained from the cooperative human tissue network.17 In
addition to HDAC1, we noted HDAC2, HDAC3, HDAC4, SIRT1
and HDAC11 to be overexpressed in HB samples. All other
HDAC genes were not found to be statistically overexpressed
in HB samples (Fig. S2). To further validate these results on a
national level, we evaluated HB samples from the Children’s
Oncology Group bank. We re-analyzed the published gene
expression data set of all untreated HB tumor samples noted in
the NanoString NCounter assay (Sumazin et al. 2022) and
compared them to seven non-cancer-matched pediatric liver
samples.3 To note, we excluded the hepatocellular carcinoma
and hepatocellular carcinoma fibrolamellar subtypes as these
were noted not to have statistically significantly higher HDAC
expression. Comparing this cohort, we found that HDAC2,
HDAC4, and HDAC11 were elevated in tumors compared to
matched liver samples (Table 1). Given HDAC class III was not
fully evaluated, we excluded class III in this analysis. Of the
histological subtypes evaluated, fetal and epithelial HB
appeared to have the highest relative mRNA expression of
HDAC2, HDAC4, and HDAC11.

To further validate the high expression of HDAC in HB, we
performed RNA sequencing on five patient tumor samples that
we used to develop six PDXs (Fig. 1B). We compared these to
liver samples from three patients. We found that HDAC1,
HDAC2, HDAC4, HDAC7, SIRT1, and HDAC11 had a statisti-
cally higher expression compared to the pooled normal livers.
Of note, the PDX tumors also had similar elevated expression of
these same HDAC subtypes. We then sectioned the patients’
612 Journal of Hepatology, Apr
tumors that were utilized to create our PDXs and stained them
for the same HDAC subtypes that were found to have a higher
fold change on RNA sequencing (Fig. 1C). We found that the
average immunohistochemistry (IHC) score that the HB tumors
had was higher with HDAC1, HDAC2, HDAC4, HDAC7, and
HDAC11 staining compared to paired normal livers. To note
SIRT1 was noted to have a similar average IHC score as paired
normal livers.

Panobinostat treatment of HB cell lines and PDSp
preclinical models

To evaluate the efficacy of pan-HDAC inhibition we performed
a mass drug screen utilizing eight HB cell lines. The lowest cell
viability that was consistently found in all eight cell lines was
panobinostat, a pan-class HDACi (Fig. 2B). Given this drug
screen and the fact that class I-IV HDACs were overexpressed
in multiple cohorts of HB samples, we decided to perform
in vitro cytotoxic assays utilizing several HDACi including
panobinostat, vorinostat, entinostat, and mocetinostat. As
shown in Fig. 2C, off the four HDACi we tested, panobinostat
was noted to cause significant cell death at the lowest nano-
molar doses (IC50 of 0.013-0.059 lM) in three commercially
acquired cell lines (HuH-6, HepG2, HepT1) as well as our
established treatment-refractory patient-derived cell line (HB17)
(Fig. 2A). Since panobinostat had the strongest cytotoxic effect,
we decided to utilize panobinostat for the remainder of our
studies. At the protein level we noted strong acetylation of both
H3/H4 at 24 h with an overall increase in the ratio of acetyl H3/
H4 starting at 4 h of treatment with panobinostat, demon-
strating that panobinostat functions through its proposed
mechanism (Fig 2D and S3, Table S1). At the same time point,
we noted apoptosis evidenced through PARP cleavage with an
increase in the ratio of cleaved PARP to un-cleaved PARP in all
four cell lines (Table S1).

Given the high degree of cell death with panobinostat, we
decided to test panobinostat as monotherapy and in combi-
nation with standard and treatment-refractory chemotherapy
schemes in our PDSp models. We grew PDSp from our four
high-risk and relapse/refractory HB PDXs (HB52, HB66,
HB106, HB113) and performed an extensive drug screen
(Fig. 3) utilizing high-risk chemotherapy schemes of cisplatin/
doxorubicin, cisplatin/doxorubicin/5-FU/vincristine, and VI. We
then added panobinostat to each of these regimens to test the
efficacy of a combination strategy. Using this screening strat-
egy, we noted that the therapy that was consistently causing
the lowest relative cell viability was VIP in three (HB52, HB66,
and HB106) of our four models, with HB113 showing relative
resistance to all regimens (Fig. 3).

Overview of our PDXs and our PDX pipeline

To test the role that VIP combination therapy would have on
HB, we developed four unique aggressive models of HB from
four high-risk, relapsed, and treatment-refractory patients
(Table 2, Fig. 4A). All four models were high-risk and multifocal
in nature. Of note, three of the PDXs were obtained from pa-
tients with pretreatment extent (PRETEXT) IV disease, three
patients had metastatic disease, and three patients had no
decrease in AFP after their neoadjuvant chemotherapy
(Table 2). All tumors were also noted to have >50% viability on
histology despite three samples being obtained after intense
il 2024. vol. 80 j 610–621
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chemotherapy. Two of our PDXs (HB52 and HB106) were ob-
tained from VI-naïve tumors while two of our PDXs (HB66 and
HB113) had been treated with 1-4 cycles of VI-based therapy at
the time we obtained tissue.

After passaging these models into the second generation,
termed P1, we characterized these models thoroughly using a
next-generation sequencing panel examining DNA mutations
and with RNA sequencing as shown in Table 2. Importantly, all
mutations found in the primary patient samples were conserved
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Fig. 1. HDAC gene and protein expression is elevated in HB. (A) HB patient tum
paired patient livers. (B) HDAC expression of five patients, their matched PDX tumor
and normal livers. A representation of each HDAC of one of our PDXs is shown belo
Statistical significance was calculated utilizing Student’s t test (two-tailed) with p <−0.
taken 40x magnification with the black scale bar representing 100 lm. HB, hepato
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in all PDX models, and no new mutations arose in the models.
We verified that the tumors growing in animals came from the
primary tumors with STR validation experiments, which
matched in all cases (Supplementary Material 1). We completed
immunohistochemical staining of tissues from each P1 tumor
with antibodies for b-catenin and glypican-3, two common
markers for HB (Fig. 4B). Importantly, the PDX tumors main-
tained the b-catenin and glypican-3 expression patterns of the
primary patient samples.
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Table 1. NanoString HDAC expression and outcomes of patients with HB.

Histology Fetal
(n = 5)

Epithelial
(n = 4)

Atypical
(n = 6)

Biphasic HCN
NOS (n = 5)

Equivocal HCN
NOS (n = 9)

Age (year) 1 (IQR 0.95-1.25) 1.65 (IQR 1.2-2.05) 2.35 (IQR 1.6-6.5) 8.2 (IQR 1.85 - 17.8) 11.2 (IQR 7.75-13.5)
Sex Female (80%) Male (75%) Female/male (50%) Male (80%) Male (66%)
TERT mutation 0% 0% 16% 60% 89%
CTNNB1 mutation 100% 100% 16% 60% 100%
Survival status 100% 50% 33% 40% 44%
HDAC2 relative expression 1.24 (p <0.01) 1.23 (p <0.01) 1.18 (p = 0.03) 1.24 (p <0.01) 1.19 (p = 0.02)
HDAC4 relative expression 1.05 (p = 0.05) 1.13 (p <0.01) 1.09 (p <0.01) 0.97 (p = 0.50) 1.06 (p = 0.02)
HDAC11 relative expression 1.17 (p <0.01) 1.14 (p = 0.03) 1.12 (p = 0.07) 0.90 (p = 0.92) 1.08 (p = 0.14)

Nanostring HDAC expression of patients separated by histology. Relative expression of each HDAC gene was calculated by dividing the HDAC expression of patient’s tumors by the
average HDAC expression of the pooled patient paired livers. Statistical significance was calculated utilizing Student’s t test (two-tailed).
HB, hepatoblastoma.

Novel strategies for treatment-refractory hepatoblastoma
Panobinostat treatment of high-risk/relapsed/refractory HB
PDX models

Given the lowest relative cell viability with HB52 PDSp we chose
the HB52 PDX to test panobinostat monotherapy.We found that
the tumors grew at the same rate as placebos, reached event
(diameter of 1.5 cm) at 1-2 weeks, and had similar tumor size at
time of euthanasia as the placebo group (Fig. S4). Due to this,
we deemed that panobinostat monotherapy would likely be
ineffective in the remainingmodels. Given the lowest relative cell
viability in our four PDSp models with VIP, we sought to study
the role that this regimen would have on our high-risk, treat-
ment-refractory, and relapsed HB PDXs. Initially, we decided to
test HB52 given that HB52 PDSp had the lowest relative cell
viability with this therapy compared to the other models. The
vehicle treated mice (placebo) were noted to reach 1.5 cm
diameter in 1 week. The VI-treated mice had an overall increase
in tumor volume over 6 weeks, resulting in an average tumor
volume fold increase of 1.8 (Fig. 5A). VIP-treated mice had
significant tumor reduction after 1 week of therapy that resulted
in an average volume fold decrease of 2.4 by the end of the
study (Fig. 5A). AFP levels of the VIP cohort were noted to have
decreased 400-fold at the 6-week mark (p = 0.05) (Fig. 5B). AFP
levels decreased in the VI-treated group at 3 and 6 weeks but
this change was not statistically significantly different to that in
placebo mice (p = 0.07). When we repeated these experiments
in HB106 we found a significant decrease in the tumors with
complete disappearance of the tumors on MRI at 4 weeks,
which remained until the 6-week mark (Fig. 5A), while the VI
group had an average fold increase of 1.2 by the end of the
study. All the HB106 placebos reached a diameter of 1.5 cm at 2
weeks. The HB106 VIP cohort similarly had an average 1.6-fold
decrease in AFP compared to the 1.13-fold increase in AFP in
the VI group over 6 weeks (p = 0.00019) (Fig. 5B). In HB66 and
HB113, we found significant slowing down of growth with VIP
compared to both placebo and VI treatment. In HB66, all the
placebo-treated mice’s tumors reached a diameter of 1.5 cm at
2weeks while the VI-treatedmice reached it at 3 weeks (Fig. 5C).
In the VIP group, one mouse reached event at 4 weeks and
another at the 6-week mark. At the 3-week mark, the HB66 VIP-
treated mice had an average volume fold increase of tumor size
of 3.5 while the VI group had an average volume fold increase of
11.8 (p = 0.05) (Fig. 5A). Eighty percent of the HB113 VIP cohort
did not reach event over the entire 6-week study while 75% of
the VI group reached event over this same period. The VIP group
had a tumor volume fold increase of 4.8 while the VI group had a
tumor volume fold increase of 11.7 (p = 0.11). These two PDX
models did not have a decrease in AFP in either the VI or VIP
614 Journal of Hepatology, Apr
treatment arms (Fig. 5B). To note, throughout all four studies the
mice were noted to have a stable body weight in all three
treatment groups with no significant distress noted (Fig. S5). The
tumor burden of the VIP cohort was noted to be smaller, with
higher tumor signal intensity on T2 phased MRI, compared to
both the placebo- and VI-treated arm for the HB52 and HB106
models (Fig. 5D,E) at the final MRI. At this time, all mice were
euthanized, and their liver, lung, and tumor were harvested.
Tumor burden was evident to the naked eye in all the VI- and
placebo-treated arms (Fig. 5F) in all four models. At the end of
the study, the HB52 and HB106 VIP cohort had no evidence of
tumor on gross examination. The tumors were dissected from
the native liver using the MRI image as a guide. When evaluating
the tumors of all four drug studies, the relative tumor volume of
the VIP group was statistically lower than that for the placebo
group in three PDXs (HB52, HB106, and HB113) (Fig. S6). In
addition, the treated to placebo ratio of VIP was denoted to be
lower than for the VI-treated cohort in all drug studies. To vali-
date that panobinostat functioned through its proposed mech-
anism on our PDX models we performed RNA sequencing and
focused on mechanistic evidence using a HDAC gene signa-
ture.18 On all four models we noted a statistically significant
decrease in expression of the signature in the VIP-treated group
compared to the VI-treated cohort (Fig. S7A,B, Table S2).

To elucidate the role that VIP combination therapy had at the
histological level, H&E and Ki67 stains were performed. Despite
there being an initial decrease in the tumors of the VI group,
histologically they appeared similar to the placebo group. In
contrast, the VIP-treated tumors were noted to have statisti-
cally significantly higher levels of necrosis with mesenchymal
changes in HB52 and HB106 (Fig. 6A,B). The VIP-treated HB66
and HB113 mice were noted to have similar levels of necrosis
as the VI cohorts but a lower percentage positivity for
Ki67 (Fig. 6C,D).

Discussion
High-risk and relapsed HB continue to have poor prognosis
due to ineffective therapies. Individualized therapies are war-
ranted given the rapid rise in global incidence of HB of 4%
annually, the most rapid increase seen among all pediatric solid
tumors.19 In our study we propose a new therapy scheme of
VIP that is effective in treating aggressive HB subtypes in vitro
and in vivo. Given our results, we believe that this therapy may
be a promising and effective option for this high-risk pa-
tient cohort.

HDACs are epigenetic modulators with four separate clas-
ses that promote tumor proliferation, resistance to
il 2024. vol. 80 j 610–621
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Fig. 2. Panobinostat is effective in HB in vitro. (A) To validate the HB17 cell line we compared H&E, b-catenin, and GPC3 stains from the cell line, patient tumor and
PDX. AFP levels of the patient were determined at time of resection and the AFP level of the PDX and cell lines were also evaluated utilizing the ELISA kit. The PDX AFP
level was calculated at time of passage (8 weeks after implantation). The cell-line AFP was calculated using 10 ll of the HB17 cell line 5 days after plating. The H&E, b-
catenin, and GPC3 stain slides were taken at 20x magnification with the black scale bar representing 100 lm. The HB17 greyscale image was taken at 40x with the
white scale bar representing 10 lm. (B) Drug screen utilizing eight different HB cell lines (HB17, 282, 279, 243, 284, 295, 214, HepG2) and one non-HB hepatocyte cell
line as control showing panobinostat was associated with the lowest consistent cell viability in all HB cell lines. (C) HepG2, HB17, HuH-6, and HepT1 IC50 of entinostat,
panobinostat, vorinostat, and mocetinostat. All cell lines have the lowest IC50 with panobinostat. IC50 values were estimated with a nonlinear regression model of log
(drug) vs. normalized response, variable slope. (D) PARP cleavage and acetylation of H3/H4 noted when treated with panobinostat 1 lM after 24 h. Acetyl H3/H4 were
developed after 100 s of exposure, Total H3/H4 and PARP were developed after 30 s of exposure, and b-actin was developed after 10 s of exposure. HB, hepato-
blastoma; PDX, patient-derived xenograft.

Research Article
chemotherapy, angiogenesis, and migration.20 Utilizing HDAC
inhibition for HB has been suggested since 2016 when HDAC1
and HDAC2 overexpression in HB was initially described.12,21

Previous studies have focused on targeting class 1 HDAC in-
hibition as a treatment for HB in vitro.12,13 In addition, high
HDAC1 expression has been correlated with worse prognosis
in HCC.22 Apart from validating that class 1 HDAC expression
is elevated in high-risk HB, we report a novel elevated pan-
HDAC expression, and most notably statistically significant
Journal of Hepatology, Apr
elevated HDAC11 expression. While not well described in HB,
evidence exists that HDAC11 expression is directly correlated
with disease progression.22,23 Knockout models of HDAC11 in
HCC have been shown to decrease aggressiveness of tu-
mors.23 While we did not find statistically significant elevation
of every HDAC gene, we have shown elevated HDAC class I-IV
expression which was validated by RNA sequencing and IHC.
Furthermore, we believe that given published literature showing
elevated HDAC expression in multiple patient cohorts, targeting
il 2024. vol. 80 j 610–621 615
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Fig. 3. Vincristine, irinotecan, panobinostat are most effective in HB PDSp. Drug screen of PDSp utilizing standard HB chemotherapy schemes and in combination
with Panobinostat, demonstrating VIP was associated with the lowest relative cell viability in three of the four PDSp (HB52, HB106, and HB113). The cell viability in
HB52 and HB106 PDSp was statistically lower in the low-dose VIP-treated cohort compared to the low-dose VI-treated cohort. The cell viability in HB52 and HB106
PDSp was also statistically lower in the high-dose VIP-treated cohort compared to the high-dose VI-treated cohort. The drug screen that used low dose (0.05 lM) of
each drug is in solid bars and the high dose (0.10 lM) is shown in the checkered bars. Panobinostat was used at 0.01 lM for low dose and 0.05 lM for high dose in all
combination studies. SN-38, the active metabolite of irinotecan, was utilized in this assay. Statistical significance was calculated utilizing Student’s t test (two-tailed)
with p <−0.05 denoted by an asterisk (*) and p >0.05 denoted by n.s. *HB52 PDSp y-axis is adjusted to emphasize the difference in efficacy between the different
therapies. C, cisplatin; CD, cisplatin/doxorubicin; CD+P, cisplatin/doxorubicin/panobinostat; C5VD, cisplatin/5-FU/vincristine/doxorubicin; CRVD+P, cisplatin/5-FU/
vincristine/doxorubicin/panobinostat; H, high dose; L, low dose; P, panobinostat; PDSp, patient-derived spheroids; VI, vincristine/SN-38; VIP, vincristine/SN-
38/panobinostat.

Novel strategies for treatment-refractory hepatoblastoma
pan-HDAC expression should be considered for all patients
with HB.

To evaluate the role that HDAC inhibition plays in HB, we
chose to test HDACi that have been or are currently being tested
in phase I clinical trials in children11,24–26. We found that pan-
obinostat (pan-HDACi) was associated with lower HB cell
viability than entinostat (HDAC class I inhibitor), mocetinostat
(HDAC class I, IV inhibitor), and vorinostat (HDAC class I, II, and
IV inhibitor) in multiple cell lines.24–26 Furthermore, panobinostat
monotherapy was validated by protein immunoblotting and has
been shown to cleave PARP during acetylation of both H3 and
H4 in HB. Despite this strong efficacy with panobinostat mon-
otherapy, the combination therapy of VIP consistently leads to
the lowest cell viability in three high-risk PDSp (HB52, HB66, and
HB106). While this finding builds on previous data showing the
potential of panobinostat in combination with standard chemo-
therapy inHB,wedemonstrate that the VIP combination appears
to have the highest efficacy in vitro.12,13We hypothesize that this
combination therapy likely enhances the apoptotic effect of VI
given previous literature demonstrating that panobinostat and
616 Journal of Hepatology, Apr
other HDACi lead to potentiation of apoptosis when utilizing
cisplatin and other chemotherapy agents.27,28

To validate the therapeutic potential that the combination
therapy of VIP has, we tested this regimen on four chemo-
resistant orthotopic PDX models of HB that we developed in
our lab. The lack of clinically relevant models has limited the
potential to effectively test therapies for patients with HB.5 In
addition, previous studies that focus on therapies for HB have
mainly tested monotherapies instead of focusing on combina-
tion therapies in vivo.29 This tasks clinicians with the difficult
decision of randomizing patients to a sole small molecule in-
hibitor arm or utilizing it in combination with a standard
chemotherapy scheme.29 The former risks the chance of limited
efficacy while the latter is inadequate by not providing pre-
clinical data. In our study, we demonstrated treatment resis-
tance to panobinostat monotherapy in two of our four PDSp
models (HB106 and HB113) and in our HB52 PDX model. In
addition to this, previous phase II clinical trials have shown that
panobinostat monotherapy has limited efficacy.11 Given our
results and previous literature, we chose to focus on
il 2024. vol. 80 j 610–621



Table 2. High-risk PDX library.

Model HB52 HB66 HB106 HB113

Patient
Sex F M M F
Race Hispanic Hispanic White Hispanic
Premature No No No Yes
Age at diagnosis 12 months 36 months 84 months 46 months
Risk category HR HR HR Relapse
Surgical treatment Transplant Resection Resection Transplant
Mets at diagnosis Yes Yes No Yes
PRETEXT 4 4 3 4
Focality Multifocal Multifocal Multifocal Multifocal
Tumor rupture No No Yes No
V+/P+ No Yes Yes Yes
Neoadjuvant chemo Yes Yes Yes Yes
Total cycles of chemo 6 21 5 9
Chemo regimen before tissue obtained None 3 Cis, 1 C5VD, 1 VIT 3 Cis/Dox 3 Cis/Dox, 3 Carbo/Dox, 4 VI
Chemo regimen after tissue obtained 6 Cis/Dox/Carboplatin 16 VIT 2 VI 2 VI
RECIST response Partial response Stable response Stable response Stable response
Pathologic response 99% viable 50% viable 70% viable 100% viable
AFP response after neoadjuvant chemotherapy 99% decrease 700% increase No change 136% increase
Pathology Mixed Mixed HCN Mixed
B-catenin Yes (nuclear) Yes (nuclear) Yes (nuclear) Yes (nuclear)
GPC3 Yes Yes No Yes
Macrovascular invasion NA Yes Yes No
Microvascular invasion NA Yes Yes No
Viable nodules NA Yes Yes NA
CTNNB1 (Tier I) mutation c.13+158_241+99del c.53_241+84del c.A5_A80del c.17_100del
Tier I/II mutation NA ARID1A mut, MDM4 amp RPS6KA3 mut SMARCB1 mut

PDX
PDX origin Biopsy Liver tumor (PH) Liver tumor (PH) Metastectomy
Engraftment time 3 weeks 2 weeks 3 weeks 2 weeks
Patient AFP High High High High
PDX AFP High High High High
Patient metastases Yes Yes Yes Yes
PDX metastases Yes Yes Yes Yes
PDX matches patient mutation Yes Yes Yes Yes

The demographics, tumor/patient characteristics, treatment scheme, and outcomes of relapse/metastatic/treatment-refractory patients that were used to create the PDXs utilized in
the study. RECIST was utilized in evaluating tumor response to chemotherapy. The comparisons of the patients to their matched PDXs are also noted.
HB, hepatoblastoma; PDX, patient-derived xenograft.

Research Article
combination therapy testing. We present in our manuscript four
high-risk, aggressive, and orthotopically implanted models that
we have utilized to extensively test the VIP combination ther-
apy. These PDXs were extensively validated and found to have
identical genetic mutations, b-catenin/glypican 3 staining, and
A
In vivo growth

In vitro growth

In vitro drug scre

Flash frozen for 
protein characte

FFPE for IHC

AFP ELISAMRI

Fig. 4. PDX pipeline development and validation. (A) The pipeline of tumor evalua
the PDXs. The images were taken at 40x magnification with the white scale bar repr
ELISA enzyme-linked immunosorbent assay; MRI, magnentic resonance imaging; P

Journal of Hepatology, Apr
STR testing as the patients. We treated these mice when they
had reached high tumor burden with the goal of providing
preclinical data for a new clinical trial arm.

The utilization of irinotecan-based therapy for patients with
high-risk disease has been established since 2012.30 While
B GPC3β-catenin H&E

HB52

HB66

HB106

HB113

ening

RNA, DNA,
rization

tion, drug testing and PDX creation. (B) The H&E, b-catenin, and GPC3 staining of
esenting 50 lm. All four PDXs were noted to have intracellular b-catenin staining.
DX, patient-derived xenograft; MRI, magnentic resonance imaging.
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Novel strategies for treatment-refractory hepatoblastoma
initially demonstrated to be associated with progression-free
survival of 24% at 1 year as monotherapy, the combination
with vincristine increased the 3-year event free survival (EFS)
rate to 49%.4,30 Recently, the VI + temsirolimus combination
was shown to lead to a similar 3-year EFS rate of 47% with an
overall survival rate of 67%.31 While not improving the EFS of
these high-risk patients, this study demonstrated that the
618 Journal of Hepatology, Apr
addition of an agent to VI is well tolerated. Given this, we
believe that a VIP treatment scheme could be proposed as a
high-risk arm of a future clinical trial for children with high-risk
or relapse/refractory HB who are initially responsive to VI
therapy. Currently, in the ongoing clinical trials for pediatric HB,
there are no options for children who do not respond to the
standard chemotherapy regimens. In our preclinical models we
il 2024. vol. 80 j 610–621
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Research Article
have shown that VIP therapy induces cytolytic effects in tumors
that are initially responsive to VI (HB52 and HB106). Addition-
ally, we witnessed a complete response to this treatment, with
no gross evidence of disease, a decrease in AFP levels in mice,
and almost complete tumor necrosis noted on histology. Three
of the four PDXs in this study were derived from tumors that
were refractory to neoadjuvant chemotherapy. Given that pa-
tients with chemo-resistant disease have survival rates that
approach 50%, we believe this therapy has the potential to
provide patients with a promising treatment option in pursuit of
lower rates of relapse and death. Notably, the patients from
whom these PDXs were derived were VI naïve and thus likely
would have responded similarly to the preclinical models. In
contrast, the PDXs that had a significant decrease in tumor
volume with the VIP treatment were derived from patients who
did not respond to VI (HB66 and HB113). While our study is
underpowered to evaluate whether VI therapy response should
be used as a screen for patients to receive VIP treatment,
further work to identify eligible patients is warranted. This will
aid in allowing patient selection if this therapy is included as an
arm in clinical trials for treatment-refractory HB. One of the
concerns with targeting an epigenetic modulator that has
diverse roles is the concern of side effects in patients due to
non-specificity. While this may prove to be true in phase II
Journal of Hepatology, Apr
clinical trials in relapsed/treatment-refractory HB, previous
phase I studies have demonstrated minor side effects in the
pediatric population.11 Notably, we have shown in our models
that the combination therapy has minor side effects with mice
maintaining stable weight throughout the entire study. In
addition, the dose that was used for these drug studies is half
the human equivalent dose of previous phase I studies.32 While
we believe that our four PDX models have individually
demonstrated the efficacy of the VIP combination therapy on
high-risk and relapsed/refractory HB, further validation would
strengthen our results. We believe that testing this combination
therapy on PDX models developed from treatment-refractory
tumors acquired through national and international collabora-
tions would further validate the value of this treatment.

To develop further therapies for high-risk HB, evaluating the
entire mechanisms of this combination therapy is warranted.
We have demonstrated that the addition of panobinostat to VI
induced a significant decrease in the HDAC pathway genes,
notably decreased expression of the Bcl-2 antiapoptotic family
of BCL2 and BCL2L1. While the BCL2 and BCL2L1 genetic
expression was significantly decreased in all four models with
the addition of panobinostat, VI-treated HB66 and HB113 tu-
mors were noted to have the highest level of BCL2 and BCL2L1
expression. Interestingly, these two models had the highest
il 2024. vol. 80 j 610–621 619
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tumor growth throughout the entire 6 weeks of VI treatment.
While further validation is warranted, our data suggests that
elevated Bcl-2 expression may be correlated with resistance to
VI, similar to its correlation with chemoresistance to cisplatin,
doxorubicin, and 5-FU.33,34 In addition, we have shown in our
manuscript that panobinostat induces apoptosis in HB in vitro
and an increase in tumor intensity in T2-weighted imaging after
VIP treatment (Fig. 5E), a finding suggestive of necrosis.23

Nonetheless, we recognize that an epigenetic modulator
combined with VI likely leads to multiple pathways being acti-
vated. To note, the mechanism of anticancer effects that VI
potentiates is not fully understood.4 We hypothesize that given
the synergistic effect of another HDACi (entinostat) and irino-
tecan previously described, panobinostat and irinotecan may
also cause apoptosis through acetylation and thus activation of
620 Journal of Hepatology, Apr
p53.35 We recognize that the role of vincristine in relation to
both irinotecan and panobinostat warrants further study. In
addition, further work to elucidate the cytolytic mechanism in
VIP is warranted.

In this study, we continue to strive for an effective and
efficient HB preclinical workflow that will provide children with
informed therapeutic options before undergoing aggressive
treatment. We demonstrate that VIP therapy is an effective
treatment strategy that has been validated in four unique
chemo-resistant preclinical models, and warrants consideration
in future clinical trial arms. In addition, our preclinical testing
pipeline can be used to screen new therapies not only for high-
risk HB tumors, but for those with unique mutations and
characteristics that render them unresponsive to current stan-
dard of care treatment regimens.
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