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Abstract

Background: The tumor suppressor, protein phosphatase 2A (PP2A), is downregulated in 

hepatoblastoma. We aimed to examine the effects of two novel compounds of the tricyclic 

sulfonamide class, ATUX-3364 (3364) and ATUX-8385 (8385), designed to activate PP2A 

without causing immunosuppression, on human hepatoblastoma.

Methods: An established human hepatoblastoma cell line, HuH6, and a human hepatoblastoma 

patient-derived xenograft, COA67, were treated with increasing doses of 3364 or 8385, and 

viability, proliferation, cell cycle and motility were investigated. Cancer cell stemness was 

evaluated by real-time PCR and tumorsphere forming ability. Effects on tumor growth were 

examined using a murine model.
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Results: Treatment with 3364 or 8385 significantly decreased viability, proliferation, cell cycle 

progression and motility in HuH6 and COA67 cells. Both compounds significantly decreased 

stemness as demonstrated by decreased abundance of OCT4, NANOG, and SOX2 mRNA. The 

ability of COA67 to form tumorspheres, another sign of cancer cell stemness, was significantly 

diminished by 3364 and 8385. Treatment with 3364 resulted in decreased tumor growth in vivo.

Conclusion: Novel PP2A activators, 3364 and 8385, decreased hepatoblastoma proliferation, 

viability, and cancer cell stemness in vitro. Animals treated with 3364 had decreased tumor 

growth. These data provide evidence for further investigation of PP2A activating compounds as 

hepatoblastoma therapeutics.
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Introduction

The incidence of hepatoblastoma, the most common primary pediatric hepatic malignancy, 

has been increasing [1]. Surgical resection remains the mainstay of treatment [2], but a 

majority of patients present with unresectable disease [3]. Despite slight improvements in 

prognosis for patients with high-risk disease [4, 5], the chemotherapeutic agent currently 

employed, cisplatin, results in significant long-term sequelae including nephrotoxicity and 

ototoxicity [4]. Therefore, it continues to be crucial to investigate novel therapeutic agents 

that may be used alone or in combination to provide a more efficacious and less toxic 

regimen.

A potential therapeutic target is protein phosphatase 2A (PP2A). PP2A is a serine/threonine 

phosphatase that functions as a tumor suppressor, but its activity is reduced in many cancers. 

PP2A activation has been found to decrease the malignant phenotype in several cancer 

types [6–8]. Our lab has previously utilized the synthetic sphingosine analog, fingolimod 

(FTY720), to activate PP2A, and found a decrease in tumor burden of several pediatric 

solid tumors, including hepatoblastoma [9], neuroblastoma [10], and medulloblastoma 

[11]. FTY720 is an immunosuppressant [12] mediated by functional antagonism of 

sphingosine-1-phosphate receptor 1 (S1PR), which forms the basis of its clinical use in 

multiple sclerosis. To mitigate the issues of immunosuppression, other molecules designed 

to activate PP2A are being developed. One class of these PP2A activating compounds are 

tricyclic sulfonamides. These molecules bind directly to the alpha scaffold subunit of PP2A, 

resulting in conformational changes that promote the assembly of active PP2A holoenzyme 

complexes [7, 13]. A previous study in neuroblastoma with two other molecules of this 

class demonstrated a decrease in the malignant phenotype in vitro and in tumor burden in 
vivo [14]. In the current study, we aimed to evaluate the effects of these newly synthesized 

tricyclic sulfonamide compounds in models of hepatoblastoma.
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2. Methods

2.1 Cells and cell culture

The established human hepatoblastoma cell line, HuH6, was obtained from Thomas 

Pietschmann (Hannover, Germany) [15], and was maintained in Dulbecco’s Modified 

Eagle’s Medium (DMEM, Corning Inc., Corning, NY) supplemented with 10% fetal bovine 

serum (HyClone, GE Healthcare Life Sciences, Logan, UT), 2 mmol/L-glutamine (Thermo 

Fisher Scientific, Waltham, MA), and 1 μg/mL penicillin/streptomycin (Gibco, Carlsbad, 

CA). The human embryonal hepatoblastoma patient-derived xenograft (PDX), COA67, has 

been previously described [16]. COA67 was generated at our institution under University of 

Alabama at Birmingham (UAB) Institutional Review Board (IRB) and Institutional Animal 

Care and Use Committee (IACUC) approved protocols (IRB-130627006, IACUC-009186, 

respectively). The PDX was passed serially through mice to maintain the cell line. For 

experiments, COA67 cells were placed in DMEM/Ham’s F12 (Corning) supplemented 

with 2 mmol/L 1-glutamine (Thermo Fisher Scientific), 20 ng/mL basic-fibroblast growth 

factor (bFGF, MilliporeSigma, Billerica, MA), 20 ng/mL epidermal growth factor (EGF, 

MilliporeSigma), 2% B27 supplement (Gibco), 1 μg/mL penicillin/streptomycin (Gibco), 

and 2.5 μg/mL amphotericin B (HyClone). Cells were maintained under standard culture 

conditions at 37 °C and in a humidified atmosphere containing 5% CO2. Cells and PDXs 

were verified within the last 12 months using short tandem repeat analysis (UAB Genomics 

Core) and were deemed free of Mycoplasma infection by the Universal Mycoplasma 

Detection Kit (30–1012K, American Type Culture Collection, ATCC, Manassas, VA).

2.2 Reagents and antibodies

For immunoblotting, the following primary antibodies were used: rabbit monoclonal 

anti-cleaved PARP (5625) from Cell Signaling (Danvers, MA), rabbit polyclonal anti-

CIP2A (ab99518) from Abcam (Cambridge, MA), mouse monoclonal anti-β-actin (A1978) 

from Sigma Aldrich (St. Louis, MO), mouse monoclonal anti-GAPDH (MAB374) from 

MilliporeSigma, and rabbit polyclonal anti-I2PP2A (SET, 55201-AP) from Proteintech 

(Rosemont, IL).

2.3 Synthesis of ATUX-3364 and ATUX-8385

PP2A activators, ATUX-8385 (8385) and ATUX-3364 (3364), were synthesized by a 

modification of the route described in Ohlmeyer and Zaware in published patent application 

US 2018-0251456. Structure activity relationships and associated synthetic chemistry will 

be published elsewhere. The compounds are light sensitive and were therefore stored in the 

dark in a sealed container.

2.4 Microsome stability

Microsome stability assays were performed by Eurofins. Briefly, 2.5 μL (100 μM in DMSO) 

of test compounds are added to 197.5 μL of mouse microsome preparation (0.633 mg/mL 

in phosphate buffer) and mixed gently at 37 °C. The reaction is started by adding 50 μL 

NADPH (5 mM in phosphate buffer) and mixing at 37 °C. The final reaction microsome 

concentration is 0.5 mg/mL. The reaction is sampled at 0, 5, 15, 30, and 60 min. Reaction 
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aliquots are quenched by adding to 1:1 methanol–acetonitrile containing analytical standards 

and analyzed by liquid chromatography with tandem mass spectrometry (LC-MS/MS).

2.5 Protein phosphatase 2A (PP2A) activation

HuH6 (1 × 106) or COA67 (3 × 106) cells were treated with 3364 or 8385 (HuH6: 8 

μM, COA67: 2 μM) for 24 h and lysed using HEPES (AC215001000, Thermo Fisher 

Scientific), MgCl2 (MX0045-4, EM Science, Gibbstown, NJ), KCl (02-003-741, Thermo 

Fisher Scientific), PMSF (Sigma), dithiothreitol (EC-601, National Diagnostics, Atlanta, 

GA), and Igepal CA-630 (I7771, Sigma) for 20 min on ice. Lysates were centrifuged at 17 

000 rpm for 30 min at 4 °C. A PP2A Immunoprecipitation Phosphatase Assay Kit (17–313, 

MilliporeSigma) was utilized per manufacturer’s protocol to evaluate the activity of PP2A. 

Experiments were completed at least in triplicate, and data reported as mean fold change ± 

standard error of the mean (SEM).

2.6 Immunoblotting

Whole cell lysates were isolated on ice using radioimmunoprecipitation (RIPA) buffer 

with phosphatase inhibitors (P5726, Sigma), protease inhibitors (P8340, Sigma), and 

phenylmethanesulfonylfluoride (PMSF, P7626, Sigma) for 60 min. Lysates were centrifuged 

at 17 000 rpm for 30 min at 4 °C. Pierce BCA Protein Assay (Thermo Fisher Scientific) was 

used to determine protein concentration and proteins were separated by electrophoresis on 

sodium dodecyl sulfate polyacrylamide (SDS-PAGE) gels. Antibodies were used according 

to the manufacturers’ suggested protocol. Expected size of the targeted proteins was 

confirmed using molecular weight markers (Precision Plus Protein Kaleidoscope, Bio-Rad, 

Hercules, CA). Immunoblots were developed with Luminata Classico or Crescendo Western 

horseradish peroxidase substrate (MilliporeSigma). Anti-GAPDH or anti-β-actin served as 

internal loading controls.

2.7 Viability and proliferation

To examine viability, alamarBlue assay (Thermo Fisher Scientific) was used. CellTiter 

96 Aqueous One Solution Cell Proliferation assay (Promega, Madison, WI) was used to 

investigate proliferation. These assays are cell-based and detect changes in dye turnover. 

Cells treated with no drug serve as controls. HuH6 or COA67 (1.5 × 104 cells for viability, 

5 × 103 for proliferation) cells were plated in 96-well plates and treated with increasing 

doses of 3364 or 8385 for 24 h. AlamarBlue or CellTiter 96 dye (10 μL) was added 

for viability and proliferation assays, respectively. A microplate reader (Epoch Microplate 

Spectrophotometer, BioTek Instruments, Winooski, VT) measured absorbance at 570 nm for 

alamarBlue and at 490 nm for CellTiter 96, using 600 nm as a reference. Experiments were 

completed with at least three biologic replicates, and data reported as fold change ± SEM.

2.8 Cell cycle

To evaluate cell cycle, HuH6 cells (5 × 105) were synchronized overnight in media with 4% 

FBS. HuH6 cells were treated with 3364 (6 μM) or 8385 (8 μM) for 24 h in standard media 

with 10% FBS. COA67 cells (3 × 106) were plated and treated with 3364 or 8385 (4 μM) 

and treated for 24 h. Cells were washed with phosphate-buffered saline (PBS) and fixed on 
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ice for 30 min with 100% ethanol. Following a second PBS wash, cells were stained with 

200 μL of propidium iodide (PI, Invitrogen, Waltham, MA), RNAse A (0.1 mg/mL, Qiagen, 

Germantown, MD), and 0.1% TritonX (Active Motif, Carlsbad, CA). FACSCalibur™ Flow 

Cytometer (BD Biosciences, Franklin Lakes, NJ) was used for evaluation and data analysis 

completed with FlowJo software (FlowJo, LLC, Ashland, OR). Experiments were repeated 

with three biologic replicates and data reported as mean percentage cells in phase ± SEM.

2.9 Motility

Since HuH6 cells propagate as a monolayer, migration was examined using wound healing 

(scratch) assay. HuH6 cells (5 × 104) were plated in 12-well plates. Once cells reached 

80% confluence, a sterile 200 μL pipette tip was used to make a standard scratch in the 

cell layer, and cells were washed with 1 mL PBS, and treated with 3364 (6 μM) or 8385 

(8 μM). Photographs of the plates were obtained at 0, 12, 24, 36, and 48 h. ImageJ MRI 

Wound Healing Tool (http://imagej.nih.gov/ij/) [17] quantified the open wound area, and 

data reported as fold change of the open area ± SEM. For COA67 cells which do not grow 

as a monolayer, migration was assessed using modified Boyden chambers. Micropore inserts 

with 8 μM pores (Corning) were utilized in 24 well plates. The insert bottoms were coated 

with fibronectin (10 μg/mL, Qiagen). Cells were treated for 24 h with 3364 (0, 3 μM) or 

8385 (0, 3 μM), plated (6 × 104 cells), and allowed to migrate through the membrane for 72 

h. Insert membranes were fixed using 4% paraformaldehyde, stained with 1% crystal violet 

for 15 min, photographed, and migration quantified with ImageJ (http://imagej.nih.gov/ij/). 

Scratch assays were reported as fold change area remaining open ± SEM.

Cell invasion assays were performed with the HuH6 and COA67 cells using micropore 

inserts. For the HuH6 cells, the insert bottom was coated with collagen I (10 μg/mL, MP 

Biomedicals, Santa Ana, CA) and for COA67 cells with fibronectin (10 μg/mL, Qiagen). 

An additional layer of Matrigel (1 mg/mL, 50 μL, BD Biosciences) was coated on the tops 

of the inserts. Treatment doses were the same as those utilized in migration assays. HuH6 

cells (3 × 104) were allowed to invade for 24 h and COA67 cells (6 × 104) for 72 h. 

Modified Boyden chamber migration and invasion assays were reported as mean fold change 

of numbers of migrated or invaded cells ± SEM. All motility experiments were completed 

with at least three biologic replicates.

2.10 qPCR

HuH6 cells were treated with 3364 or 8385 (0, 8 μM) for 4 h. A RNeasy kit (Qiagen) 

was utilized to extract total cellular RNA according to the manufacturer’s protocol. iScript 

cDNA Synthesis kit (Bio-Rad) was used to synthesize cDNA with 1 μg of RNA used in 

a 20 μL reaction. SsoAdvanced SYBR Green Supermix (Bio-Rad) was utilized according 

to the manufacturer’s protocol for quantitative real-time PCR (qPCR). Primers specific for 

octamer-binding transcription factor 4 (Oct4), homeobox protein Nanog, sex determining 

region Y-box 2 (Sox2), and β-actin were utilized (Invitrogen). Amplification was performed 

using an Applied Biosystems CFX96 Real-Time System or C1000 Touch Thermal Cycler 

(Applied Biosystems). qPCR was performed with 10 ng cDNA in 20 μL reaction volume 

with cycling conditions as previously described [18, 19]. β-actin was utilized as an internal 

control. Gene expression was calculated using the ΔΔCT method [20] and reported as mean 
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fold change in mRNA abundance ± SEM. Experiments were repeated with at least three 

biologic replicates.

2.11 Tumorsphere formation

Capacity to form tumorspheres was evaluated in COA67 cells only, as HuH6 cells propagate 

in culture as attached cells and do not readily form spheres. COA67 cells were plated in 

non-adherent conditions in a 96-well plate with a decreasing number of cells in each row of 

12 wells (1000, 500, 100, 50, 20, or 1 cell per well) and treated with either 3364 or 8385 

(0, 2 μM), incubated for one week, and each well was examined for tumorsphere formation. 

The number of wells with sphere formation were counted by an investigator blinded to the 

treatment groups, and data was analyzed using the online extreme limiting dilution analysis 

(ELDA) software (http://bioinf.wehi.edu.au/software/elda/, accessed February 22, 2002).

2.12 Animal statement

The University of Alabama at Birmingham Institutional Animal Care and Use Committee 

(UAB IACUC-09064) approved all animal experiments, and the studies were conducted 

within institutional, national, and NIH guidelines.

2.13 In vivo tumor growth

HuH6 cells (2.5 × 106) in 25% Matrigel (BD Biosciences) were injected into the right 

flank of 6-week-old female athymic nude mice (Fredricks, Charles River, Wilmington, MA). 

Calipers were used to measure tumors and volumes calculated by the formula (width2 

× length)/2; where width was the smaller measurement. Fourteen days after injection, 

animals were randomized to treatment groups using GraphPad (https://www.graphpad.com/

quickcalcs/randomize1/). Two experiments were performed. The first was a preliminary 

evaluation of 3364 and 8385 in HuH6. Animals were randomized to three groups (n=7, 

each) to receive 100 μL of either vehicle [N,N-dimethylacetamide (DMA, 271012, Sigma) 

and Kolliphor HS 15 (Solutol, 42996, Sigma)], 8385 (50 mg/kg in DMA and Solutol) or 

3364 (50 mg/kg in DMA and Solutol) twice daily for 21 days by oral gavage. The choice of 

dosage and timing for this initial pilot study was based on results of previous bioavailability 

studies of similar compounds [14]. Based on the results of this pilot experiment, a second 

in vivo study was performed with the same parameters except: (i) the 8385 group was 

eliminated, (ii) the 3364 dosage was increased to 75 mg/kg po bid (n=4), and (iii) the 

experimental group was compared to controls from the pilot experiment (n=7). Employing 

controls from the pilot experiment allowed adherence to the three R’s of animal usage [21]. 

Animals were weighed daily, and 3364 doses were strictly adjusted based on the weight of 

each animal each day. At the completion of the experiments at 21 days, or when animals 

reached IACUC parameters for euthanasia, they were humanely euthanized in their home 

cages with CO2 and cervical dislocation.

2.14 Statistical analysis

All in vitro experiments were performed with at least three biologic replicates. For PDX 

cells, biologic replicates were represented by PDX tumors from at least three different 
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animals. Data reported as the mean ± SEM [22]. ANOVA or student’s t-test was utilized, and 

statistical significance was defined as p≤0.05.

3.0 Results

3.1 Novel PP2A activators

The compounds used in the current study, ATUX-8385 and ATUX-3364 shown in Fig. 

S1a, contain a basic piperidine moiety in the central ring constraint to allow for salt 

formation and provide a larger range of options for formulation of drug, including water 

solubility. The tricyclic in the compounds is a fluorine substituted carbazole which imparts 

metabolic stability with respect to oxidative metabolism, which is consistent with the in vitro 
microsome clearance shown in Fig. S1b. These data indicate high stability with respect to 

oxidative metabolism. ATUX-8385 and ATUX-3364 are enantiomers.

3.2 Treatment with 3364 and 8385 led to PP2A activation

First we aimed to examine the effects of the tricyclic sulfonamides, 3364 and 8385, on 

PP2A activation in hepatoblastoma. After 24 h of treatment, PP2A activity was significantly 

increased in HuH6 cells (Fig. 1a). Similarly, COA67 cells had significantly increased 

PP2A activity after treatment with either compound (Fig. 1b). Since previous research 

demonstrated that treatment with PP2A activators altered the expression of cancerous 

inhibitor of protein phosphatase 2A (CIP2A) and or I2PP2A (SET), two endogenous 

inhibitors of PP2A [9, 14, 23, 24], we investigated the effects of 3364 and 8385 on these 

inhibitors. In the current study, HuH6 cells treated with 3364 and 8385 had decreased 

CIP2A expression (Fig. 1c). In COA67 cells, CIP2A decreased with 3364 but there was no 

change in CIP2A with 8385 treatment (Fig. 1d). Treatment with 3363 or 8385 did not affect 

expression of SET in either HuH6 (Fig. 1c) or COA67 (Fig. 1d) cells.

3.3 Treatment with 3364 and 8385 decreased proliferation

Because other investigators demonstrated decreased cancer cell proliferation with other 

PP2A activators [9, 10, 25], we investigated the effects of 3364 and 8385 on hepatoblastoma 

proliferation. After 24 h treatment, HuH6 proliferation was significantly decreased with 

3364 (7.5 μM) and 8385 (12.5 μM) (Fig. 2a). Treatment with 4 μM of either compound 

significantly decreased COA67 proliferation (Fig. 2b).

To continue investigating proliferation, cell cycle analysis was performed following 24 h 

treatment of 3364 or 8385. There was a significant increase in the percentage of HuH6 cells 

in G1 phase following treatment with 3364 (6 μM, 37.1 ± 0.8 % vs. 33.9 ± 1.0 %, treated 

vs. control, respectively, p≤0.05) or 8385 (8 μM, 41.1 ± 2.1 % vs. 33.9 ± 1.0 %, treated 

vs. control, respectively, p≤0.01). Treatment with 8385 (8 μM, 46.5 ± 0.5 % vs. 55.3 ± 2.1 

%, treated vs. control, respectively, p≤0.01) resulted in significant decrease in percentage 

of HuH6 cells in S phase while 3364 (6 μM, 51.0 ± 1.6 % vs. 55.3 ± 2.1 %, treated vs. 

control, respectively, p≤0.07) resulted in a downward trend that did not reach significance 

(Fig. 2c,e). COA67 cells had diminished progression through the cell cycle (Fig. 2d,e) as 

shown by an increase in percentage of cells in G1 phase following treatment with 3364 (41.0 

± 4.1 % vs. 33.3 ± 2.1 %, treated vs. control, respectively, p≤0.01) or 8385 (41.9 ± 2.0 % 
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vs. 30.0 ± 1.7 %, treated vs. control, respectively, p≤0.001) and a decrease in percentage of 

cells in S phase following treatment with 3364 (34.1 ± 2.0 % vs. 39.3 ± 1.9 %, treated vs. 

control, respectively, p≤0.05) or 8385 (35.0 ± 0.3 % vs. 39.3 ± 1.9 %, treated vs. control, 

respectively, p≤0.01). Cell cycle data are presented in tabular form in Fig. 2e. These findings 

indicate decreased progression through the cell cycle following treatment with the tricyclic 

sulfonamide compounds.

3.4 Treatment with 3364 and 8385 decreased viability and increased apoptosis

In addition to proliferation, we examined the effects of 3364 and 8385 on hepatoblastoma 

viability. Treatment with either compound significantly decreased viability in HuH6 

(Supplementary Fig. S2a) and COA67 (Supplementary Fig. S2b) cells.

To assess whether decreased viability was due to apoptosis, immunoblotting for cleaved 

PARP was performed. Expression of cleaved PARP was increased with 3364 and 8385 in 

HuH6 (Supplementary Fig. S3a) and in COA67 (Supplementary Fig. S3b) cells, indicating 

apoptosis.

3.5 Treatment with 3364 and 8385 decreased motility

Migration and invasion are key to development of cancer metastases [26], and previous 

investigators documented decreased cell motility with PP2A activation [9–11, 27, 

28]prompting investigation of effects of 3364 and 8385 on motility. A wound healing assay 

was utilized to examine HuH6 motility. Following 48 h treatment with 3364 (Fig. 3a) or 

8385 (Fig. 3b), there was a significantly greater open area of the scratch wound compared 

to that of control HuH6 cells, signifying decreased ability to migrate. Motility in COA67 

cells was evaluated with modified Boyden chamber assays. Treatment with 3364 or 8385 

significantly decreased COA67 cell migration (Fig. 3d). Invasion was investigated using 

Transwell inserts. Treatment with 3364 or 8385 led to significantly decreased HuH6 invasion 

after 24 h (Fig. 3e). The ability of COA67 cells to invade was significantly decreased after 

72 h treatment with 3364 or 8385 (Fig. 3f). Representative photomicrographs of wound 

assays are provided in Fig. 3c. Photomicrographs of migration and invasion inserts are 

provided below graphs in Fig. 3d–f.

3.6 Treatment with 3364 and 8385 led to decreased stemness

Since cancer cell stemness is thought to be responsible for hepatoblastoma disease 

progression, resistance to therapy, and recurrence [29] and other investigators have shown 

that PP2A activation decreased cancer stemness [30, 31], we examined the effects of 3364 

and 8385 on hepatoblastoma cell stemness. qPCR was utilized to examine the abundance of 

mRNA of OCT4, NANOG, and SOX2, three cancer stem cell markers [32–35], following 4 

h treatment with 3364 or 8385. Treatment of HuH6 with either compound (8 μM) resulted 

in a significant decrease in abundance of mRNA of these stemness markers (Fig. 4a). To 

further evaluate stemness, we utilized COA67 cells to assess tumorsphere formation, a 

phenotypic indication of cancer stemness. Following treatment with either 3364 or 8385 (2 

μM), the ability of COA67 cells to form tumorspheres was significantly decreased (Fig. 4b), 

indicating a less cancer stem cell-like phenotype.
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3.7 PP2A activation decreased tumor growth in vivo

The in vitro data revealed that 3364 and 8385 significantly affected the malignant phenotype 

of human hepatoblastoma cells, leading us to pursue in vivo investigations. Since these 

compounds had not been utilized for hepatoblastoma previously, we began with a pilot 

study comparing tumor growth in animals treated with 3364 or 8385 at 50 mg/kg/bid 

to those treated with vehicle. Treatment with 8385 had no significant effect on tumor 

growth compared to vehicle-treated animals (Supplementary Fig. S4a). Animals treated 

with 3364 had smaller tumor volumes that trended towards significance when compared to 

vehicle treated animals (Supplementary Fig. S4b). Therefore, a follow up experiment was 

undertaken, increasing the dosage of 3364 to 75 mg/kg bid. This decision was founded 

on previous experiments with SMAPs that were well tolerated in doses up to 100 mg/kg 

bid [13]. The animals treated with 3364 at the increased dose had significantly decreased 

relative tumor growth compared to vehicle treated animals from the pilot study (Fig. 5a). 

Tumor growth for individual animals is provided in Fig. 5b. The weights of the animals were 

not affected by the treatment (Fig. 5c).

4.0 Discussion

In the current study, we used two novel tricyclic sulfonamides designed to activate PP2A 

and demonstrated a decrease in the malignant phenotype of hepatoblastoma in vitro as 

well as in vivo. Previously we demonstrated that PP2A activation using the sphingosine 

analog, FTY720, decreased hepatoblastoma tumor growth [9]. Similar effects were noted 

in neuroblastoma using novel tricyclic sulfonamide small activators of PP2A (SMAPs) 

[14], providing the rationale for the current study. We utilized the established human 

hepatoblastoma cell line HuH6 for these investigations. Despite being the most common 

primary liver cancer in children, HuH6 is the only fully characterized hepatoblastoma cell 

line that is publicly available for investigation [36]. HuH6 cells are of the embryonal 

subtype. There are questions that the embryonal and fetal subtypes may not always 

respond similarly to interventions. To partially mitigate this limitation, we utilized a 

human hepatoblastoma patient-derived xenograft (PDX), COA67, which is from a mixed 

hepatoblastoma with both fetal and embryonal subtypes. COA67 has been previously shown 

by our lab to re-capitulate the histochemistry and genetics of the patient tumor from which it 

was derived [16].

Chiral agents are therapies which combine two enantiomers and are given as a mixture, 

examples of which include common chemotherapeutics such as leucovorin [37]. Recently, 

it’s been thought that an individual enantiomer of a chiral compound could have varying 

metabolisms, potencies, and bioavailability [37, 38]. For example, only the (6S)-leucovorin 

stereoisomer is active [37]. In the current study, the two PP2A activators, ATUX-3364 

and ATUX-8385, are enantiomers. Although they were similarly effective in decreasing 

the malignant phenotype in vitro, there were some notable differences. For example, 

ATUX-3364 had a lower LD50 and IC50 and more of an effect on invasion than 

ATUX-8385. However, ATUX-8385 appeared to affect the expression of stemness markers 

and tumorsphere formation. The in vivo investigations also demonstrated differences in 

response between ATUX-3364 and −8385. We hypothesize that these differences may reflect 
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differences in clearance rates by amine conjugation-elimination or rates of excretion of 

unchanged compound between the enantiomers [39]. There are a couple of other findings 

which may partially explain the differences seen between the two compounds in the in 
vivo studies. The immunoblotting findings showed that 3364 decreased CIP2A at lower 

concentrations than 8385. This decrease in the endogenous inhibitor of PP2A may contribute 

to the improved response in vivo. In addition, 3364 treatment resulted in slightly better 

PP2A activation compared to 8385, possibly resulting in a more profound effect on tumor 

growth.

In the pilot in vivo study, we investigated ATUX-3364 versus AUTX-8385 with 50 mg/kg 

bid which was the dose that had been tolerated in previous investigations [14]. Animals 

treated with 3364 had decreased tumor growth while those treated with 8385 showed 

minimal effect. Therefore, efforts were focused on 3364. Previous studies showed that 

tricyclic sulfonamide compounds were well tolerated by rodents in doses up to 100 mg/kg 

bid [13], prompting the use of a higher dose of 3364. Animals bearing HuH6 tumors and 

treated with 75 mg/kg bid had significantly decreased tumor growth compared to control 

animals from the pilot study. There were no changes in animal weights at the increased 

dosage which serves as a surrogate for the lack of potential dose-related toxicities.

Two endogenous inhibitors of PP2A, SET (I2PP2A) and CIP2A, have been studied as 

drivers of the suppression of PP2A in cancer [40–45]. The tricyclic sulfonamides used 

in the current study were designed to activate PP2A through direct binding of the alpha 

subunit and subsequent conformational change [7, 14, 39] and not to directly target SET or 

CIP2A. Both compounds did result in a significant increase in PP2A activation, but there 

was also some effect on CIP2A expression. These findings are like those seen previously. 

Activation of PP2A with FTY720 decreased expression of CIP2A in HuH6 cells without 

affecting expression of SET [9]. The same effects were seen with FTY720 treatment of 

medulloblastoma patient-derived xenografts [11]. In colorectal cancer, CIP2A expression 

decreased while there was no change in SET expression following FTY720 treatment 

[25]. Previous investigations with SMAPs in neuroblastoma demonstrated a more marked 

decrease of CIP2A expression compared to minimal change in expression of SET [14]. 

These data suggest that the changes in the endogenous inhibitors of PP2A may vary based 

on compound and cell line and defining the mechanism behind these changes and the 

significance will be the subject of future investigations, considering that a dual mechanism 

of action toward increasing PP2A activation may prove to be a beneficial attribute for the 

compound.

Targeting cancer stem cells has become a popular subject for cancer therapeutics, due to 

the belief that this population of cells, with their ability for self-renewal and resistance 

to therapy, may fuel disease relapse [46]. In this study, treatment with 3364 or 8385 

resulted in a decrease of stemness markers in HuH6 cells as well as decreased tumorsphere 

formation in the COA67 cells. Other investigators used a novel PP2A activator, OSU-2S, 

in leukemia and found a decrease in stem and progenitor cell populations [47]. FTY720 

decreased the breast cancer stemness markers, Nanog, Oct 3/4, and Sox2 [31]. A study by 

Stafman et al. showed that cisplatin-induced cancer cell stemness and cisplatin resistance 

in hepatoblastoma was abrogated following PP2A activation [9], suggesting that PP2A 
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activation could decrease chemotherapeutic resistance. These findings provide an avenue 

for future studies to investigate synergy between PP2A activating molecules and current 

chemotherapeutics.

5.0 Conclusion

In this study, we examined two novel PP2A activators, ATUX-3364 and ATUX-8385, 

in hepatoblastoma and found that treatment decreased proliferation, viability, motility, 

and cancer cell stemness in the established hepatoblastoma cell line, HuH6, and human 

hepatoblastoma PDX, COA67. In addition, treatment with 3364 resulted in decreased tumor 

growth in vivo. These findings provide support for future investigation of PP2A activators as 

potential therapeutics for hepatoblastoma, and efforts should focus on continuing to develop 

PP2A activating compounds with improved bioavailability and stability.
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Fig. 1. Effects of ATUX-3364 or ATUX-8385 on PP2A and its endogenous inhibitors.
(A) HuH6 or (B) COA67 cells were treated with 3364 or 8385 (HuH6: 8 μM, COA67: 2 

μM) for 24 h and PP2A activation measured with a commercially available assay kit. There 

was a significant increase in PP2A activation following treatment with either compound in 

HuH6 and COA67 cells. (C, D) Immunoblotting was used to examine the effects of 3364 

and 8385 on the endogenous inhibitors of PP2A, including CIP2A and SET. Densitometry 

was performed and band density reported in relation to that of the housekeeping protein. 

(C) There was a decrease in CIP2A expression with 3364 and 8385 treatment in HuH6 

cells. SET expression did not change with either drug. (D) In COA67 cells, 3364 treatment 

decreased CIP2A expression, but 8385 did not affect CIP2A expression. Expression of SET 

was unchanged by 3364 or 8385 treatments. Experiments were repeated with at least three 

biologic replicates. Data reported as mean fold change ± standard error of the mean (SEM) 

and compared with two-tailed t-test. *p≤0.05, **p≤0.01.
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Fig. 2. ATUX-3364 or ATUX-8385 decreased hepatoblastoma proliferation.
HuH6 or COA67 cells (5 × 103 cells) were plated into 96-well plates and treated for 24 

h with increasing doses of 3364 or 8385. (A) In HuH6 cells, 3364 and 8385 significantly 

decreased proliferation. (B) In COA67 cells proliferation was significantly decreased after 

treatment with either compound. (C) HuH6 cells were serum starved overnight and treated 

for 24 h with 3364 (6 μM) or 8385 (8 μM). There was a significant increase in the 

percentage of cells in G1 phase following treatment with either compound. There was an 

associated significant decrease in S phase following 8385 treatment with a trend toward 

significance for cells treated with 3364, indicating a lack of progression through the cell 

cycle. (D) Similarly, following 24 h treatment of 3364 or 8385 (4 μM), COA67 cells had a 

significant increase in percentage of cells in G1 phase and decrease in S phase, indicating 

a lack of progression through the cell cycle. (E) Cell cycle data presented in tabular form. 

Significant values (p≤0.05) depicted by bold font. Proliferation data reported as mean fold 

change ± SEM, cell cycle data reported as the mean percent cells in phase ± SEM. Data 

evaluated with two-tailed t-test. Experiments were repeated with at least three biologic 

replicates. *p≤0.05, **p≤0.01, ***p≤0.001.
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Fig. 3. ATUX-3364 or ATUX-8385 decreased hepatoblastoma motility.
(A) To assess migration, HuH6 (5 × 103) cells were plated in 12 well plates. Once cells 

reached 80% confluence, a standard scratch was made with a 200 μL pipette tip. Cells were 

treated with 3364 (0, 6 μM) or (B) 8385 (0, 8 μM) and pictures were taken every 12 h. 

ImageJ analysis software was used to quantify the open area. Cells treated with 3364 and 

8385 had significantly increased open area remaining at 48 h. (C) Representative pictures of 

scratch wound in control and treated cells at 0 and 48 h. (D) Because COA67 cells do not 

adhere in cell culture, modified Boyden chamber assays were used to examine migration. 

Cells were treated for 24 h with 3364 or 8385 (0, 3 μM), plated into the inserts (6 × 104 

cells), and allowed to migrate through the membrane for 72 h. Treatment with either 3364 

or 8385 resulted in decreased COA67 migration. Representative images are shown below 

the graph. (E) To investigate invasion, modified Boyden chamber assay experiments were 

performed in similar fashion with the addition of a layer of Matrigel to the top of the insert. 

HuH6 cells were treated for 24 h with 3364 (0, 6 μM) or 8385 (0, 8 μM), and then plated (3 

× 104 cells) onto the inserts and allowed to invade for 24 h. There was a significant decrease 

in invasion following treatment with 3364 or 8385. (F) COA67 cells were treated for 24 

h with 3364 or 8385 (0, 3 μM), plated (6 × 104 cells) onto inserts and allowed to invade 

for 72 h. Treatment resulted in a significant decrease in COA67 invasion. Representative 

photomicrographs of migration and invasion inserts are provided below the graphs. Data 

from wound healing assay reported as mean fold change open area ± SEM; data from 

modified Boyden chamber studies reported as mean percent area of membrane with cells 

present ± SEM. Data were compared using two-tailed t-test. Experiments were repeated 

with at least three biologic replicates. Scale bars represent 300 μm. *p≤0.05, **p≤0.01, 

***p≤0.001.
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Fig. 4. ATUX-3364 and ATUX-8385 decreased stemness.
qPCR was used to investigate three stemness markers, OCT4, NANOG, and SOX2, 

following 3364 or 8385 treatments. (A) HuH6 cells were treated with either 3364 or 8385 

(0, 8 μM) for 4 h. The abundance of mRNA of the three stemness markers was significantly 

decreased in the treated cells. mRNA expression was normalized to β-actin and calculated 

as fold change versus the control untreated cells using the ΔΔCt method [20]. (B) A 

tumorsphere formation assay was used to further assess the effects on stemness. COA67 

cells were plated at increasing cell concentrations per well in non-adherent conditions 

(100 to 1 cells). Cells were treated with 3634 or 8385 (0, 2 μM) and after 1 week, the 

number of wells with spheres were counted. The findings were analyzed using an ELDA 

online analysis software (http://bioinf.wehi.edu.au/software/elda/, accessed February 22, 

2002). Treatment with 3364 or 8385 significantly reduced tumorsphere formation in COA67 

cells. Experiments were repeated with at least three biologic replicates. *p≤0.05, **p≤0.01, 

***p≤0.001.
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Fig. 5. Treatment with ATUX-3364 decreased tumor growth in vivo.
(A) HuH6 cells (2.5 × 106) in 25% Matrigel were injected into the right flank of 6-week-old 

female athymic nude mice. Fourteen days after injection, animals were randomized to 

receive either vehicle or 3364 (75 mg/kg po bid) via oral gavage (n = 7 for vehicle, n = 4 

for 3364) for 21 days. Tumors were measured with calipers and volumes calculated by the 

formula (width2 × length)/2; where width was the smaller measurement at least s3 times 

per week. Animals were weighed daily for dosing adjustments. Animals treated with 3364 

had decreased relative tumor growth compared to vehicle treated animals. Student’s t-test 

was use for comparison. (B) Graph of individual tumor growth displaying trends between 

vehicle treated (solid black lines) and ATUX-3364 treated (grey dashed lines) animals. (C) 

The weights of the animals were not affected by the drug treatment.
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