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Abstract

RX-5902 is a first-in-class anti-cancer agent targeting phosphorylated-p68 and attenuating nuclear 

shuttling of β-catenin. The purpose of this study was to evaluate the efficacy of RX-5902 in 

preclinical models of TNBC and to explore effects on β-catenin expression. A panel of 18 TNBC 

cell lines were exposed to RX-5902 and changes in proliferation, apoptosis, cellular ploidy and 

effector protein expression were assessed. Gene expression profiling was used in sensitive and 

resistant cell lines with pathway analysis to explore pathways associated with sensitivity to 

RX-5902. The activity of RX-5902 was confirmed in vivo in cell line and patient-derived tumor 

xenograft (PDX) models. RX-5902 demonstrated potent antiproliferative activity in vitro against 

TNBC cell lines with an average IC50 of 56 nM in sensitive cell lines. RX-5902 treatment resulted 

in the induction of apoptosis, G2/M cell cycle arrest and aneuploidy in a subset of cell lines. 

RX-5902 was active in vivo against TNBC PDX models and treatment resulted in a decrease in 

nuclear β-catenin. RX-5902 exhibited dose-proportional pharmacokinetics and plasma and tumor 

tissue in nude mice. Pathway analysis demonstrated an increase in the EMT, TGF beta, and Wnt/

β-catenin pathways associated with sensitivity to RX-5902. RX-5902 is active against in vitro and 

in vivo preclinical models of TNBC. Target engagement was confirmed with decreases in nuclear 

β-catenin and MCL-1 observed, confirming the proposed mechanism of action. This study 

supports the continued investigation of RX-5902 in TNBC and combinations with immunotherapy.
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Introduction

Triple-negative breast cancer (TNBC) is an aggressive breast cancer subtype that is defined 

by a lack of expression of the estrogen and progesterone receptors and human epidermal 

growth factor receptor 2 (HER2) overexpression [1-5]. TNBC comprises 10–20% of all 

breast cancers and is associated with a more aggressive disease course and early 

development of resistance to chemotherapy [1, 2, 6]. TNBC is more common in young 

women, African Americans, and women carrying deleterious mutations in BRCA1 [5, 7]. 

While TNBC can be subdivided into molecular subtypes using gene expression profiling, 

approved therapies targeting these subtypes remain elusive and there is still an urgent need 

for effective targeted anti-cancer therapies [8-12].

p68 RNA helicase is a prototypical member of the DEAD box family of RNA helicases with 

roles in pre-mRNA, rRNA and miRNA processing, ribosome biogenesis and cellular 

proliferation [13-16]. p68 can be phosphorylatedrylated by c-Abl in response to PDGF 

stimulation and phosphorylated-p68 is associated with tumorigenic transformation, cancer 

progression, invasion and metastasis [17-19]. Phosphorylated-p68 is aberrantly expressed in 

cancer cells, including TNBC, and minimally expressed in normal cells [13, 20-22]. 

Phosphorylated-p68 promotes epithelial-mesenchymal transformation (EMT) through β-

catenin dependent ATPase activity and up-regulation of Snail 1 [17]. Based on its 

association with malignant transformation, cancer progression and EMT, inhibition of 

phosphorylated-p68 represents a novel strategy to disrupt Wnt-independent β-catenin 

signaling and cancer cell growth.

RX-5902 is a first-in-class, orally bioavailable phosphorylated-p68 inhibitor that has 

demonstrated potent in vitro inhibition of cancer cell growth and induction of apoptosis [17, 

23]. RX-5902 is a quinoxalinyl-piperazine compound selected for development based on 

potent antiproliferative activity in vitro (IC50 of 10-20 nM), ability to induce apoptosis, and 

favorable pharmacokinetics in rat models [24, 25]. RX-5902 interacts with Y593 

phosphorylated-p68 and inhibits β-catenin dependent ATPase activity with little effect on 

RNA dependent ATPase activity [23]. RX-5902 was shown to lead to a decrease in 

phosphorylated-p68 and expression of downstream proteins of β-catenin including cyclin 

D1, phosphorylated-c-Jun and c-Myc in MDA-MB-231 TNBC cells, but not in normal fetal 

fibroblast cells [23]. Given the high expression of phosphorylated-p68 in TNBC and 

preliminary efficacy observed against the MDA-MB-231 TNBC cell line in vitro, this study 

aimed to further investigate the anticancer activity of RX-5902 against a broad panel of 

TNBC cancer cell lines and cell line-based and patient-derived xenograft (PDX) models in 
vivo. Additionally, we investigated the effect of RX-5902 treatment on nuclear β-catenin and 

explored gene expression profiles associated with sensitivity to RX-5902 in vitro.

Material and Methods

Drug

RX-5902 was provided by Rexahn, Inc. (Rockville, MD). The drug was dissolved in DMSO 

to prepare a stock solution of 10 mM and stored at −20°C. For in vitro use, the drug was 

diluted with complete media to prepare the appropriate concentration. For use in vivo, 
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RX-5902 was prepared in sterile milliQ H2O. The chemical structure of RX-5902 is 1-(3,5-

Dimethoxyphenyl)-4-[(6-fluoro-2-methoxyquinoxalin-3-yl)aminocarbonyl] piperazine and 

the drug was synthesized at Rexahn, Inc. according to the method described by Lee et al 

[24]. RX-5902 is compound 25 in this reference.

Cell lines and tissue culture

Human TNBC cell lines MDA-MB-231, MDA-MB-436, MDA-MB-157, HCC1806, 

HCC1937, Hs578T, HCC38, BT549, HCC1187, and HCC1395 were obtained from 

American Type Culture Collection (ATCC, Manassas, VA). CAL-51, CAL-85-1, CAL-120, 

CAL-148 and HDQ-P1 were obtained from the Deutsche Sammlung von Mikroorganismen 

und Zellkulturen GmbH (DSMZ, Braunschweig, Germany). MDA-MB-468, BT20, and 

HCC70 were obtained from the University of Colorado Cancer Center (UCCC) Tissue 

Culture Core laboratory. The MCF-10A cell line was obtained as a kind gift from Traci 

Lyons, PhD and used as a control. All breast cancer cells were cultured in DMEM 

supplemented with 10% FBS, 1% penicillin–streptomycin, 1% MEM nonessential amino 

acids and 1% normocin. All cells were grown in an incubator at 37°C containing 5% CO2. 

Cell lines were routinely authenticated by the Barbara Davis Center for Childhood Diabetes 

Core and screened for mycoplasma every 3 months.

Cell viability assay

Cellular proliferation was assessed using the Cell Titer-Glo Luminescent Cell Viability 

Assay (Promega Corporation, Madison, WI, USA). This assay estimates the number of 

viable cancer cells present in culture by quantification of the ATP present in cells as a signal 

of metabolic activity. Cells were harvested in the logarithmic growth phase and then plated 

in 96 well flat-bottomed plates with lids for each experiment. The next day, cells were 

treated with increasing doses of RX-5902 (0-10 μmol/l) for 72 hours. Next, 100 μl of Cell 

Titer-Glo reagent was added followed by a 10 min incubation. The fluorescent intensity of 

each plate was then assessed using a plate reader (Biotek Synergy 2, Winooski, VT, USA). 

The raw luminescent data was used to determine IC50 values from at least 3 independent 

experiments for each cell line.

Long-term live cell microscopy and caspase 3/7 analysis

Apoptosis was assessed using the Incucyte Caspase 3/7 Green apoptosis assay (Essen 

Bioscience) which measures activated caspase-3/7 to quantify apoptosis over time. MDA-

MB-231, HCC 1806, MDA-MB-436 and CAL-120 cell lines were selected for use in this 

experiment. Depending on the growth kinetics of the cell lines, 1500–5000 cells were plated 

in 96 well black-walled plates and allowed to adhere overnight. Cells were then exposed to 

increasing concentrations of RX-5902 (0-1μmol/l) for 72 hours. Caspase 3/7 Green reagent 

1:1000 was added to each well on the first day of treatment. Live cell imaging was used to 

monitor the activation of caspase-3/7 for quantification using the IncuCyte basic analyzer 

(Essen BioScience Inc, USA). Experiments were performed in triplicate.
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Flow-cytometric analysis of cell-cycle distribution

MDA-MB-231, HCC-1806, MDA-MB-436 and Cal-120 cell lines were seeded in 6 well 

plates (2×105 per well) for 24 hours at 37 °C and then exposed to RX-5902 (0, 20 and 

100nM) for 24 hours. Analysis was performed using Krishan’s stain, as previously described 

[26]. Experiments were performed in at least triplicate.

Immunoblotting

MDA-MB-231, MCF-10A, Cal-51, HCC 1806, MDA-MB-468, CAL-120 and MDA-

MB-436 cells were seeded in 6 well plates and allowed to adhere for 24 hours. Cells were 

then treated with increasing concentrations of RX-5902 (0, 20, 100 or 200 nM) for 24 to 48 

hours. Cells were harvested by scraping or with trypsin/EDTA and then lysed in Cell Lysis 

Buffer (Cell Signaling Technology). Nuclear and cytoplasmic extract isolation was 

performed using a nuclear extract kit (Active Motif). Protein was isolated from flash frozen 

tumor samples from xenograft models. In brief, flash frozen samples were homogenized in 

Cell Lysis Buffer (Cell Signaling Technology) using the Qiagen tissue lyser and centriguged 

at 16,000 rpm at 4°C for 15 minutes. Fifteen to 50 μg of total protein was loaded onto a 4% 

to 20% BIS-TRIS 1.5 mm gradient gel (NuPage, Novex Invitrogen), electrophoresed, and 

transferred to nitrocellulose using the invitrogen Xcell II blotting apparatus (BioRad). 

Membranes were blocked in blocking buffer for 1 hour, washed × 3 for 10 min with TBS-

Tween (0.1%) and incubated overnight at 4°C with primary antibodies: β-catenin (Bethyl 

Lab, 1:1000, rabbit), c-Myc (Cell Signaling, 1:1000, rabbit), MCL-1 (Cell Signaling, rabbit), 

phosphorylated-p68 (Abcam, 5μg/ml, rabbit), cyclin D1 (Cell Signaling, 1:500, rabbit), c-

Myc (Cell Signaling, 1:1000, rabbit) and actin (Santa Cruz, 1:1000, mouse). The blots were 

washed in TBS-Tween (0.1%) × 3 and secondary anti-rabbit or anti-mouse IgG1 horseradish 

peroxidase-linked antibody was added at 1:15,000 (Jackson Immuno Research, West Grove, 

PA, USA) for 1 hour at room temperature (RT). Blots were developed using the enhanced 

chemiluminescence detection system 9 pierce, Rockford, IL) or the Odyssey Infrared 

Imaging System (LI-COR Biosciences, Lincoln, NE, USA). Experiments were repeated at 

least 3 times.

In vivo cell line and patient-derived xenograft (PDX) studies

Five- to six-week-old female athymic nude (nu/nu) mice (Envigo, formally Harlan Sprague 

Dawley) were allowed to acclimate for a week before handling in cages housing up to 5 

mice. Animals were provided with sterilized food and water ad libitum and a 12-hour light/

dark cycle was utilized. MDA-MB-231 cells were harvested during a logarithmic growth 

phase, mixed 1:1 in serum-free DMEM and Matrigel (BD Biosciences) and 5 × 106 cells in 

100 μL was injected bilaterally into the flank. PDX models were generated as previously 

describe [26, 27]. Mice were weighed, and tumor measurements obtained using digital 

calipers at least twice a week. Study Director software package (Studylog Systems) was 

used for data management. Tumor volume was calculated (volume = (length × width2) × 

0.52) and mice were randomized to study groups when the mean tumor volume reached 

~150 mm3. For the first MDA-MB-231 xenograft model, animals were randomized to 

treatment with vehicle, nab-paclitaxel 5 mg/kg IV twice a week × 3, RX-5902 160 mg/kg 

via oral gavage once weekly × 3, RX-5902 320 mg/kg once weekly × 3 or RX-5902 600 
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mg/kg once weekly × 3. Based on clinical tolerability of the compound in the first-in-human 

phase I study, an additional experiment was performed. Animals were randomized to 

treatment with vehicle, RX-5902 15 mg/kg, 30 mg/kg or 60 mg/kg administered by oral 

gavage × 5 days followed by 2 days off. For the PDX models, mice were randomized to 

treatment with vehicle or RX-5902 60mg/kg via oral gavage with once daily dosing 5 days 

on 2 days off. At the end of the study, mice were euthanized, and tumor samples were 

collected. Tumor growth inhibition (TGI) was calculated according to the formula: TGI = 

100 × (Vt final -Vt initial)/(Vvc final -Vvc intial).

Plasma and tumor samples were collected for pharmacokinetic analysis from nude mice with 

MDA-MB-231 implanted tumors treated with a single dose of RX-5902 15 mg/kg, 30 mg/kg 

or 60 mg/kg. Samples were stored at −70°C until analysis and PK analysis was performed at 

QPS (Newark, DE). Compound concentrations in plasma and homogenized tumor tissue 

samples were determined by LC/MS/MS analysis (Triple Quadrupole mass spectrometer, 

Applied Biosystem, USA). RX-5902 powder compound was subsequently used to prepare 

standard and quality control (QC) solutions for this study. Verapamil was obtained from 

Sigma Aldrich and was used over the course of the study to prepare internal standard (IS) 

solutions for the analysis of RX-5902. For mouse plasma, quadratic regression analysis 

calculations were performed with 1/x2 weighting using Watson™ LIMS v.7.4.1. For mouse 

tumor tissue homogenate, linear regression analysis calculations were performed with 1/x2 

weighting using Watson™ LIMS v.7.4.1. All statistics (e.g., Mean, S.D., %CV, %RE) found 

in the data were calculated by Watson™ LIMS or based on the “precision as displayed” 

option of Microsoft® Excel.

All animal experiments were performed in accordance with the current NIH guidelines for 

the care and use of laboratory animals with approval by the University of Colorado 

Institutional Animal Care and Use Committee prior to initiation of experiments. 

Experiments took place in a facility accredited by the American Association for 

Accreditation of Laboratory Animal Care

Gene expression profiles of breast cancer cell lines

We obtained baseline gene expression profiles from the Cancer Cell Line Encyclopedia 

project (NCBI Gene Expression Omnibus Accession Number: GSE36133), as previously 

described [28]. Data were profiled using Affymetrix HG U133 Plus 2.0 gene arrays and 

normalized by the Robust Multiarray Average algorithm using Affymetrix Power Tools.

Gene set enrichment analysis

Gene set enrichment analysis (GSEA) software Version 3.0 was used for gene set analysis 

(Broad Institute) [29]. For each analysis, gene set permutations were conducted 1,000 times. 

We used the Hallmark gene sets in this study and we considered gene sets with false 

discovery rate (FDR) < 0.05 as significant in this study.
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Statistical analysis

We compared treatment groups using the ANOVA parametric analysis of the means (Prism 

4.0, GraphPad). For in vivo studies, groups were compared using an unpaired parametric t 
test with Welch’s corrections (Prism 4.0, Graph Pad).

Results

In vitro antiproliferative activity of RX-5902 against TNBC cell lines

A diverse panel of 18 molecularly characterized TNBC cells lines was screened for 

sensitivity to RX-5902. Figure 1 depicts the in vitro response to RX-5902 with IC50 values 

ranging from 18 nM to > 10 μM. Using 100 nM as an IC50 value cutoff to define sensitivity 

to RX-5902, 14 sensitive and 4 resistant cell lines were identified. The average IC50 of the 

cell lines sensitive to RX-5902 treatment was 56 nM. Cell lines were sensitive to RX-5902 

independent of TNBC molecular subtype or mutational profile. RX-5902 was active against 

cell lines with mutations in p53, RB1, CDKN2A and loss of PTEN. RX-5902 was active 

against cell lines of all TNBC molecular subtypes.

RX-5902 exposure leads to G2/M cell cycle arrest and induction of apoptosis

To further understand the mechanism of the observed inhibition of cellular proliferation with 

RX-5902 treatment in TNBC cell lines, we used flow cytometry to assess changes in cell 

cycle and the Incucyte Caspase 3/7 assay to assess induction of apoptosis. These 

experiments were performed in a subset of sensitive and resistant cell lines. As shown in 

Figure 2A-B, RX-5902 treatment resulted in a dose-dependent increase in tetraploid cells, 

consistent with induction of G2/M cell cycle arrest. This effect was more pronounced in the 

cell lines sensitive to the antiproliferative activity of RX-5902, but observed to some degree 

in all cell lines tested. These results are consistent with prior reports of RX-5902 inducing a 

G2/M cell cycle arrest in vitro [24].

RX-5902 treatment resulted in a significant increase in apoptosis in the sensitive cell lines as 

measured by caspase 3/7 activity (Figure 2C). As expected, no significant induction of 

apoptosis was observed in cell lines resistant to the antiproliferative effects of RX-5902. The 

observed activation of apoptosis began 24-48 hours following drug treatment and reached a 

peak at 72 hours. The magnitude of apoptosis was greatest with a dose of RX-5902 100 nM 

as compared to 10 nM.

Effect of RX-5902 on nuclear β-catenin and MCL-1

In order to further evaluate the ability of RX-5902 to disrupt the phosphorylated-p68-β-

catenin interaction, we investigated the effect of RX-5902 treatment on nuclear β-catenin 

and cytoplasmic β-catenin in a sensitive TNBC cell line (MDA-MB-231), resistant TNBC 

cell lines (CAL-120 and MDA-MB-436) and a non-tumorigenic epithelial cell line 

(MCF-10A). It has been reported that Y593 phosphorylated-p68 binds β-catenin and induces 

its nuclear translocation through disrupting the interaction with cytoplasmic axin [17]. As 

depicted in Figure 3A, RX-5902 treatment resulted in a dose-dependent decrease in nuclear 

β-catenin at 24 hours in the TNBC cell lines and MCF-10 cells. RX-5902 did not 

significantly affect cytoplasmic β-catenin. This data support the ability of RX-5902 to 
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inhibit the interaction of Y593 phosphorylated-p68 and β-catenin, leading to a decrease in 

nuclear translocation of β-catenin. This is consistent with the model of the mechanism of 

action of RX-5902 proposed by Kost et al based on their observations of RX-5902 

interacting with Y593 phosphorylated-p68, inhibiting β-catenin dependent ATPase activity, 

and leading to a decrease in proteins downstream of β-catenin, including cyclin D and c-

Myc in the MDA-MB-231 cell line [23].

Next, we investigated the ability of RX-5902 to modulate MCL-1 expression as a potential 

mechanism of the induction of apoptosis observed with drug treatment in our TNBC cell 

line panel. Nuclear β-catenin can bind to HIF-1α and promote transcription of the anti-

apoptotic protein, MCL-1 [30]. We hypothesized that the decrease in nuclear β-catenin 

following RX-5902 treatment could result in a decrease in MCL-1 expression that would 

correlate with apoptosis observed following treatment in sensitive cell lines. As depicted in 

Figure 3, treatment with RX-5902 resulted in a dose-dependent, statistically significant 

decrease in MCL-1 in cell lines sensitive to the antiproliferative effects of RX-5902 in vitro. 

This decrease was observed at 24 and 48 hours post treatment and was consistent across cell 

lines tested. These data support a role for MCL-1 as a potential mediator of apoptotic cell 

death in response to RX-5902 treatment.

In vivo activity of RX-5902 in cell line and PDX TNBC models

To confirm the in vitro antiproliferative activity of RX-5902 in vivo, we investigated the 

effects of RX-5902 treatment in a MDA-MD-231 xenograft model and 3 TNBC PDX 

models. As shown in Figure 4A and Supplementary Figure 1, RX-5902 treatment once 

weekly × 3 weeks resulted in significant dose-dependent tumor growth inhibition in the 

MDA-MB-231 model (RX-5902 160mg/kg TGI 55.7%, RX-5902 320mg/kg TGI 80.29% 

and RX-5902 600mg/kg TGI 94.58%). RX-5902 was more efficacious than the 

chemotherapy control arm of nab-paclitaxel (TGI 45%). In order to confirm target 

engagement in vivo, tumors were excised following treatment for 24 hours in a subset of 

animals and western blots were performed for phosphorylated-p68, c-Myc and cyclin D1. 

Consistent with in vitro data from Kost et al, treatment with RX-5902 resulted in a decrease 

in phosphorylated-p68 and the β-catenin-downstream proteins c-Myc and cyclin D1 (Figure 

4B)[23].

Based on the clinical tolerability of RX-5902 in an ongoing first-in-human dose escalation 

study, we investigated lower doses of RX-5902 administered 5 days on 2 days off. As shown 

in Figure 4C, RX-5902 treatment administered in this schedule resulted in significant dose-

dependent tumor growth inhibition. Pharmacokinetic analysis for RX-5902 was performed 

in plasma and tumor samples in the MDA-MB-231 xenograft model. The pharmacokinetics 

were dose-proportional and with a dose of 60 mg/kg, the concentration of RX-5902 

remained above the IC50 of the MDA-MB-231 cell line in vitro for more than 8 hours. This 

dose was selected for the TNBC PDX models.

To further confirm the in vivo activity of RX-5902 in a biologically relevant model, we 

explored the activity of RX-5902 in 3 TNBC PDX models. RX-5902 was active in vivo in 

these models where oral once daily dosing 60 mg/kg 5 days on 2 days off resulted in 

statitstically significant tumor growth inhibition (Figure 5A, B and C) (CU_TNBC_002, 
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TGI 47.97%, p<0.05, CU_TNBC_004, TGI: 84.14%, p<0.0001, and CU-TNBC_014, TGI 

82.49%, p<0.0001). This schedule was selected based on dose and schedule finding in the 

first-in-human phase I clinical trial of RX-5902 [31]. Treatment with RX-5902 was well-

tolerated in the mice with no significant change in body weight or outward signs of toxicity.

Gene set enrichment analysis to explore pathways potentially associated with sensitivity 
to RX-5902

RX-5902 is known to interact with Y593 phosphorylated-p68 and lead to a decrease in β-

catenin downstream effector proteins cyclin D1 and c-Myc [23]. Our data further 

demonstrate that RX-5902 leads to a decrease in nuclear β-catenin and MCL-1 expression 

which may mediate apoptosis and cell death that is observed following treatment in the 

majority of TNBC cell lines tested. PDGF stimulation can trigger c-Abl 

phosphorylatedrylation of p68, however, there are potentially other cellular pathways with 

uncharacterized interactions with phosphorylated-p68 that may affect sensitivity to 

RX-5902.

In order to evaluate baseline characteristics than may be predictive of sensitivity to RX-5902 

treatment using an unbiased approach, GSEA was performed using baseline gene expression 

profiling in sensitive TNBC cell lines compared to resistant cell lines. As depicted in Figure 

6A, we identified a number of differentially pathways enriched in sensitive vs resistance 

TNBC cell lines. The top differentially expressed pathways more highly expressed in 

sensitive cell lines included Epithelial Mesenchymal Transition (EMT, Figure 6B), TGF-β 
Signaling (Figure 6C), WNT/β-catenin Signaling (Figure 6D) and Inflammatory Response 

(Figure 6E). Pathways upregulated in resistant cell lines included MYC target V2 and V1 

(Figure 6F and G). While these analysis are hypothesis generating, they support the 

proposed mechanism of action of RX-5902 and may lay the groundwork for predictive 

biomarker investigation and development.

Discussion

Although substantial progress has been made in understanding the differential molecular 

characteristics of TNBC, this disease remains defined by the absence of expression of the 

estrogen receptor, progesterone receptor and HER2 over-expression. TNBC is a highly 

aggressive breast cancer subtype still in need of novel, active targeted therapies. The target 

of RX-5902, phosphorylated-p68, is highly expressed in TNBC, therefore, we conducted 

these studies to characterize the antitumor activity of RX-5902 in a large panel of 

genomically characterized TNBC cell lines and cell line and PDX models in vivo. 

Furthermore, we investigated the ability of RX-5902 to affect expression of nuclear β-

catenin and the anti-apoptotic protein MCL-1, and explored pathways associated with 

sensitivity.

Our study demonstrates that RX-5902 is active against a large number of TNBC cell lines 

tested, independent of TNBC genomic subtype or mutational profile. We also show that 

RX-5902 is active in vivo against multiple TNBC models and cell lines with gene expression 

profiles enriched for genes in the EMT, TGF-β, and WNT/β-catenin signaling may be more 

sensitive to RX-5902 whereas cell lines enriched for MYC target genes may be more 
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resistant. RX-5902 treatment led to a G2/M cell cycle arrest and cell death was associated 

with robust induction of apoptosis in sensitive TNBC cell lines. We observed a treatment 

emergent decrease in expression of the anti-apoptotic protein MCL-1 which may mediate the 

induction of apoptosis following RX-5902 demonstrated in our work, as well as the work of 

others [23, 24]. RX-5902 is multifaceted in its ability to induce apoptosis and cell death, but 

also impact β-catenin signaling that may be essential to EMT and cancer metastasis.

p68 RNA helicase is well documented as mediator of cancer progression and metastasis [17, 

32]. In particular, phosphorylated-p68 is aberrantly expressed in cancer cells compared to 

normal tissue, correlates with cancer progression, and cancer metastasis through promotion 

of EMT [17, 23, 33-35]. RX-5902 interferes with the interaction of Y593 phosphorylated-

p68 and β-catenin, making it a unique inhibitor of Wnt-independent β-catenin signaling. 

EMT (epithelial-mesenchymal transition) is a cellular process that results in the loss of 

proteins responsible for cell junction maintenance, therefore, promoting metastasis [33, 36]. 

EMT is promoted through PDGF phosphorylatedrylation of p68 at the tyrosine residual 

(Y593) that leads to increased transcription of cyclin D1 and c-Myc, resulting in cancer cell 

proliferation [37]. The transcriptional activation of cyclin D1 and c-Myc is enhanced by the 

interaction of phosphorylated-p68 with β-catenin and the TCF/LEF transcriptional factors 

complex. In HT-29 colorectal cancer cell lines, phosphorylated-p68 was shown to facilitate 

β-catenin nuclear translocation by blocking the cytoplasmic phosphorylation of β-catenin by 

GSK-3β and displacing Axin [17, 37]. Through this mechanism of action, phosphorylated-

p68 enables β-catenin to activate downstream genes with essential roles in cell proliferation 

and EMT [17, 37]. Adding to the growing body of literature describing the potential 

mechanism of action of RX-5902, we observed the ability of RX-5902 treatment to decrease 

nuclear β-catenin and confirmed the ability to decrease β-catenin dependent proteins c-Myc 

and cyclin D in vivo. This data support the conclusion that RX-5902 is able to disrupt the 

phosphorylated-p68/β-catenin interaction and inhibit β-catenin nuclear translocation, 

consistent with prior in vitro modeling [17, 23, 37].

Dysregulation of the canonical Wnt/β-catenin signaling pathway is well known to be 

associated with cancer progression [38]. Signaling through the frizzled family of g-protein-

coupled receptors leads to stabilization and accumulation of β-catenin in the cytoplasm 

followed by subsequent β-catenin translocation to the nucleus where it interacts with 

transcriptional factors involved in tumor cell progression, migration and survival [39]. Wnt/

β-catenin signaling is upregulated in many cancers, including TNBC where it is associated 

with a poor prognosis [40]. Targeting the Wnt/β-catenin pathway is a promising anticancer 

strategy and multiple agents targeting Wnt ligands and/or frizzled receptors are in preclinical 

and early clinical development, however, significant single agent activity has not to date 

been observed [41-45]. Additionally, these agents may lead to a decrease in bone density and 

compression fracture risk [46].

Interest has heightened recently in Wnt/β-catenin modulators based on recent identification 

of this pathway as a driver of cancer-mediated immune evasion [47, 48]. Activation of β-

catenin in dendritic cells suppresses immunity by inhibiting cross-priming through mTOR/

IL-10 signaling, leading to CD4+ and CD8+ T cell tolerance [49]. β-catenin expression is 

inversely correlated with CD8+ T cells infiltration, supporting a hypothesis that inhibition of 
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the β-catenin, as an immunomodulator, could be used to increase T cell infiltration and 

potentiate the activity of immune check point inhibition [49]. Based on ability to modulate 

downstream β-catenin activity in a Wnt-independent manner, RX-5902 may represent an 

ideal combination partner for immune check point inhibion in TNBC with a more favorable 

side effect profile.

RX-5902 has been evaluated in a first-in-human phase I dose escalation study () where it 

was found to be well-tolerated with a favorable side effect profile [31]. The recommended 

phase 2 dose was determined to be 250 mg of RX-5902 administered daily for 5 on 2 days 

off with continuous dosing. This trial includes a planned phase II TNBC expansion that is 

currently enrolling. Future studies are planned to evaluate the impact of RX-5902 on 

immune cell infiltration and activation in order to support combination studies with 

immunotherapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: RX-5902 inhibits cellular proliferation in TNBC cell lines.
TNBC cell lines were treated with RX-5902 (0-10 μmol/l) for 72 hours and cellular 

proliferation was assessed using the Cell Titer-Glo Luminescent Cell Viability Assay. Using 

an IC50 value cutoff of 100 nM, 14 cell lines were determined to be sensitive to RX-5902 

(green) and 4 resistant (red). TNBC subtypes, p53 mutation, PTEN loss, PIK3CA mutation, 

BRCA1 mutation, KRAS mutation, RB1 mutation and CDKN2A mutation are included 

based on publicly available databases. TNBC molecular subtype was obtained from 

Lehmann et al, using gene expression profiles [50]. MSL; mesenchymal stem-like, M; 

mesenchymal, BL1; basal-like 1, BL2; basal-like 2, IM; immunomodulatory, LAR; luminal 

androgen receptor, UNK; unknown.
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Figure 2: RX-5902 treatment results in G2/M cell cycle arrest and apoptosis in sensitive cell lines.
(A) Flow-cytometric analysis of cell-cycle distribution in two sensitive (MDA-MB-231 and 

HCT1806) and two resistant (MDA-MB-436 and CAL-120) cell lines exposed to RX-5902 

for 24 hours. (B) Representative graphs for a sensitive (HCC1806) and a resistant 

(CAL-120) cell line treated with 100 nM RX-5902 or no drug control demonstrating cellular 

fractions in G1, G2/M and aneuploidy. (C) Indicated cell lines were treated with RX-5902 

(0-100 nM) for 72 hours and apoptosis was assessed using the Incucyte Caspase 3/7 Green 

apoptosis assay with live cell microscopy. S; sensitive to RX-5902, R; resistant to RX-5902, 

ND; no drug control. *p<0.05, **p<0.01, ****p<0.0001,
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Figure 3: Effect of RX-5902 on nuclear β-catenin and downstream effector proteins
(A) MDA-MB-231, CAL-120, MDA-MB-436 and MCF-10A cells were treated with 

RX-5902 100 nM for 24 hours and immunoblotting was performed for MCL-1, 

phosphorylated p68, p68 and actin. Additionally, nuclear and cytoplasmic extract isolation 

was performed. Immunoblotting was performed for β-catenin and actin. (B) Quantification 

of immunoblots for nuclear β-catenin and MCL-1 normalized to actin and no drug control. 

(C) TNBC cell lines sensitive to RX-5902 (Cal-51, HCC-1806 and MDA-MB-468) were 

treated with RX-5902 and immunoblotting was performed for MCL-1 and actin. (D) 
Quantification of immunoblots for MCL-1. *p<0.05, ****p<0.0001.
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Figure 4: RX-5902 has anti-tumor activity against a MDA-MB-231 xenograft model, dose-
proportional pharmacokinetics and treatment results in decreased phosphorylated-p68, c-myc 
and β-catenin.
(A) Effect of RX-5902 administered once weekly in the MDA-MB-231 xenograft model. 

Animals were randomized to treatment with vehicle, nab-paclitaxel 5 mg/kg IV twice a 

week × 3, RX-5902 160 mg/kg via oral gavage once weekly × 3, RX-5902 320 mg/kg once 

weekly × 3 or RX-5902 600 mg/kg once weekly × 3. Nab-paclitaxel was used as a 

chemotherapy control. Tumor growth inhibition (TGI) RX-5902 160 mg/kg 55.7%, 320 

mg/kg 80.29% and 600 mg/kg 94.58%, p < 0.001. TGI nab-paclitaxel 45%. B) Immunoblots 

performed using protein isolated from tumor tissue obtained pre and 24h post RX-5902. 

Three mice were included in each group. Immunoblotting was performed for p-p68, C-myc, 

Cyclin D1, β-catenin and actin. C) Based on observed toxicity in the ongoing Phase I dose 

escalation study, the effect of lower dose RX-5902 5 days on 2 days off was investigated in 

the MDA-MB-231 xenograft model. TGI RX-5902 15 mg/kg 45%, 30 mg/kg 58% and 60 

mg/kg 72%, p < 0.001. D) Plasma concentration-time curve after a single dose of RX-5902 

15 mg/kg, 30 mg/kg or 60 mg/kg in thenMDA-MB-231 xenograft model in nude mice. E) 
Tumor concentration-time curve after a single dose of RX-5902 15 mg/kg, 30 mg/kg or 60 

mg/kg in the MDA-MB-231 xenograft model in nude mice.
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Figure 5: In vivo antitumor activity of RX-5902 in TNBC PDX models.
The effect of RX-5902 was evaluated against 3 TNBC PDX models. Mice were randomized 

to treatment with vehicle or RX-5902 60mg/kg once daily 5 days on 2 days off. This dose 

was selected based on the PK data in Figure 4D-E. (A) CU_TNBC_002 (TGI 47.97%, 

p<0.05), (B) CU_TNBC_004 (TGI: 84.14%, p<0.0001) and (C) CU-TNBC_014 (TGI 

82.49%, p<0.0001).
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Figure 6: Gene set enrichment analysis (GSEA) according to FDR value in RX-5902 sensitive vs. 
resistant cell lines.
(A) GSEA was performed using baseline gene expression profiling in 14 sensitive cell lines 

(IC50 ≤100 nM) and 4 resistant cell lines (IC50 >100 nM) from Figure 1. Hallmark gene sets 

enriched in sensitive cell lines vs. resistance cell lines (FDR < 0.05). Hallmark gene sets 

enriched in the sensitive and resistant cell lines are highlighted in red and blue color, 

respectively. Selected enrichment plots for sensitive cell lines: (B) EMT, (C) TGF beta, (D) 
WNT/ β -catenin signaling pathway, and (E) inflammatory response. Selected enrichment 

plots for resistant cell lines: (F) MYC target V2 and (G) MYC target V1.
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