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Abstract

Colorectal cancer (CRC) is the second leading cause of cancer deaths in the United States. It arises 

from loss of intestinal epithelial homeostasis and hyperproliferation of the crypt epithelium. In 

order to further understand the pathogenesis of CRC it is important to further understand the 

factors regulating intestinal epithelial proliferation and more specifically, regulation of the 

intestinal epithelial stem cell compartment. Here, we investigated the role of the RNA binding 

protein RBM3 in stem cell homeostasis in colorectal cancers. Using a doxycycline (Dox) inducible 

RBM3 overexpressing cell lines HCT 116 and DLD-1, we measured changes in side population 

(SP) cells that have high xenobiotic efflux capacity and increased capacity for self-renewal. In 

both cell lines, RBM3 induction showed significant increases in the percentage of side population 

cells. Additionally, we observed increases in spheroid formation and in cells expressing DCLK1, 

LGR5 and CD44Hi. As the Wnt/β-catenin signaling pathway is important for both physiologic and 

cancer stem cells, we next investigated the effects of RBM3 overexpression on β-catenin activity. 

RBM3 overexpression increased levels of nuclear β-catenin as well as TCF/LEF transcriptional 

activity. In addition, there was inactivation of GSK3β leading to decreased β-catenin 

phosphorylation. Pharmacologic inhibition of GSK3β using (2′Z,3′E)-6-Bromoindirubin-3′-

oxime (BIO) also recapitulates the RBM3 induced β-catenin activity. In conclusion, we see that 

RNA binding protein RBM3 induces stemness in colorectal cancer cells through a mechanism 

involving suppression of GSK3β activity thereby enhancing β-catenin signaling.
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INTRODUCTION

The RNA binding motif containing protein 3 (RBM3) was originally discovered through 

cDNA selection in yeast artificial chromosomes and was found to be a cold shock response 

protein [1,2]. Further studies revealed that RBM3 had cytoprotective effects and that 

exogenous overexpression of RBM3 impaired polyglutamine repeat induced cell death in 

both neural and non-neural cells [3]. The cytoprotective effects were further expanded to 

include chemical inducers of apoptosis, hypothermia, and serum deprivation [4–6]. Indeed, it 

was shown that RBM3 expression is necessary for appropriate cell cycle progression and 

loss of RBM3 induced mitotic catastrophe [6,7]. Studies of RBM3 expression in human 

tumors showed that it is upregulated in many solid tumors including colon, prostate, and 

breast cancers, and more specifically it is upregulated in a stage dependent manner in human 

colon cancers [7]. RBM3 has been shown to be expressed at higher levels in poorly 

differentiated, more aggressive prostate cancer and it has been shown to be an independent 

prognostic factor predicting early recurrence [8,9]. RBM3 expression has also been shown to 

be correlated with high grade astrocytoma compared to low grade or normal tissue [10]. 

Furthermore, we have previously shown that overexpression of the protein results in 

transformation of NIH-3T3 cells [7]. We have previously reported that RBM3 is upregulated 

in a stage dependent manner in colon cancer, and that upregulation of RBM3 is capable of 

inducing oncogenic transformation [7]. Mechanistically, we have demonstrated that RBM3 

is an RNA binding proteins, which when overexpressed increases the stability and 

translation of rapidly degraded mRNAs such as cyclooxygenase 2 (COX-2), interleukin-8 

(IL-8), and vascular endothelial growth factor (VEGF) [7]. Downregulating RBM3 

expression has also shown to increase chemotherapeutic susceptibility in prostate cancer cell 

lines [11].

Paradoxically, some studies have shown that RBM3 expression levels correlate with 

decreased tumor progression and recurrence. RBM3 was found to be upregulated in breast 

cancer tissues compared to normal controls, but high RBM3 expression was correlated with 

increased disease free survival [12]. Similarly, it was found that in a prospective cohort study 

of melanoma, the majority of tumors strongly expressed RBM3, though the tumors with low 

RBM3 expression levels correlated with increased aggressiveness [13]. One study postulated 

that RBM3 may serve to maintain genomic integrity in ovarian cancer cell lines treated with 

genotoxic agents [14]. However, these studies are largely observational, it remains unclear 

why this discrepancy exists. Importantly, the role for RBM3 in tumor aggressiveness 

remains contested. We have designed these studies in an attempt to elucidate the effects of 

ectopic RBM3 overexpression and reveal a mechanistic role of RBM3 in the pathogenesis of 

colorectal carcinoma. In doing so, we hope to begin understanding the role of RBM3 

expression on tumor aggressiveness.

Colon cancer is the second leading cause of cancer related deaths in the United States [15]. 

Akey pathway that is dysregulated in colon cancer is initiated is the Wnt (Wnt/β-catenin) 

pathway [16]. In the absence of stimuli, β-catenin is subjected to high turnover at the 

Adenomatous Polyposis Coli (APC)/Axin/Casein Kinase 1α (CK1α)/GSK3β destruction 

complex [17]. Upon exogenous stimuli, such as presence of a Wnt ligand or through the 

actions of phosphorylated AKT, the destruction complex is inactivated resulting in the 
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cytoplasmic accumulation and nuclear translocation of β-catenin, where it associates with a 

member of the Transcription factor/Lymphoid enhancer binding factor (TCF/LEF) and alters 

the transcriptional state of the cell [17,18]. Importantly, GSK3β kinase activity can be 

modulated by phosphorylation at the Serine 9 position resulting in the inability to 

phosphorylate β-catenin for degradation [19]. Wnt/β-catenin signaling has also been heavily 

implicated in the maintenance of the stem cell compartment within the normal adult intestine 

and in regulating the stem cell (CSC) population in colorectal cancers [20]. CSCs are a small 

subset of cells within the heterogeneous tumor that have the capacity to resist classical 

chemotherapeutics, survive under stressful conditions and regenerate the tumor following 

radiation or chemotherapeutic intervention [21].

Previous studies have shown that RNA binding proteins are capable of affecting the cancer 

stem cell population [22,23]. Given that RBM3 is able to induce properties shared by cancer 

stem cells, namely resistance to chemotherapy, hypoxia and serum deprivation, we 

investigated the role of RBM3 in affecting the cancer stem cell population. We chose to 

overexpress RBM3 in the colon cancer cell lines HCT 116 and DLD-1 primarily because 

these cell lines have different genotypes allowing for modulation of β-catenin signaling. 

DLD-1 cells contain an inactivating mutation of APC, while HCT 116 cells contain a 

mutation in the CTNNB1 gene which prevents one copy of β-catenin from being 

phosphorylated for degradation [24]. We show that RBM3 overexpression results in 

increased stemness in colon cancer cells as measured by side population, spheroid formation 

capacity and expression of the stem cell markers. Additionally, RBM3 overexpression 

results the inactivation of GSK3 by phosphorylation at Ser9, thereby enhancing β-catenin 

signaling activity the colorectal cancer cells.

MATERIALS AND METHODS

Cell Culture and Reagents

HCT 116 and DLD-1 cells were obtained from American Type Culture Collections 

(Manassas, VA) and grown in Dulbecco’s modified eagle medium (DMEM) with 10% heat 

inactivated fetal bovine serum (Sigma–Aldrich, St. Louis, MO) and 2% penicillin/

streptomycin/amphotericin B solution (Mediatech Inc., Manassas, VA). Cells were grown in 

a humidified incubator at 37°C with 5% CO2. Tetracycline inducible RBM3 overexpressing 

plasmids were generated using the pLVX Tet-On Advanced plasmid system (ClonTech 

Laboratories Inc., Mountain View, CA). Lentiviral particles were generated using Lenti-X 

cells transfected with the pGIPZ set of packaging plasmids generously donated by Roy 

Jensen (University of Kansas Medical Center, Kansas City, KS). Both HCT 116 and DLD-1 

cells were cotranduced with pLVX-Tet-On and pLVX-Tight plasmids followed by selection 

with 1 mg/mL G418 (Mediatech Inc.) and 2 µg/mL puromycin (Life Technologies, Grand 

Island, NY) for 7 d. Cells were consistently maintained in 500 µg/mL G418 and 1 µg/mL 

puromycin following selection unless otherwise noted.

Western Blots

Cell extracts were separated by poly-acrylamide gel electrophoresis using a Miniprotean 

Tetracell apparatus (BioRad, Hercules, CA) followed by transfer on to 0.45 µm pore size 
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Immobilon polyvinyl difluoride membrane (Millipore, Bedford, MA) using a mini Transblot 

module (BioRad). Specific proteins were detected by the enhanced chemiluminescence 

system (GE Health Care, Piscataway, NJ). Nuclear cytoplasmic extraction was generated 

through NE-PER kit (Thermo Fisher Scientific, Rockford, IL) according to manufacturer 

recommendations. Antibodies for RBM3 were obtained from AbCam (AbCam, Cambridge, 

MA) or custom generated through Fisher (Thermo Fisher Scientific). Antibodies for β-

catenin and phospho-β-catenin were obtained from Cell Signaling (Cell Signaling 

Technology, Danvers, MA) or BD Biosciences (BD Biosciences, San Jose, CA). Antibodies 

for GSK3β and phosphor-GSK3β were obtained from Cell Signaling (Cell Signaling 

Technology).

Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

Total cellular RNA was isolated using TRIzol reagent followed by reverse transcription 

using SuperScript II in the presence of random hexonucleotide primers (Life Technologies). 

cDNA was then analyzed by realtime PCR using Jumpstart Taq polymerase (Sigma–

Aldrich) and SYBR Green nucleic acid stain (Life Technologies). Threshold crossing values 

for each gene were normalized to glyceraldehyde phosphate dehydrogenase (GAPDH) gene 

expression. mRNA expression was then normalized to fold change relative to uninduced 

controls. Primers used in this study are shown in Figure S5.

Side Population

Side population assay was performed as previously described with minor modifications [25]. 

In brief, cells were plated at 100 000 cells/mL into 6 well plates with relevant treatments. 

Following 72 h of treatment cells were trypsinized and resuspended at 1 million cells/mL in 

DMEM and pre-warmed for 15 min at 37°C. Cells were then given 50 µM verapamil 

(Sigma–Aldrich), as a pan efflux inhibitor, or vehicle for 30 min. Cells were then incubated 

with 10 µM Vybrant DyeCycle Violet (DCV) (Life Technologies) for 90 min at 37°C. Cells 

were then resuspended in ice cold SP buffer containing 2% FBS, 2 mM HEPES, 1 µg/mL 7-

amino actinomycin D (7AAD) (Life Technologies) in Hank’s balanced salt solution and 

analyzed on a BD LSR II for side population. DCV was excited using a violet diode laser 

(408 nm) and emission was measured with a 450/50 nm bandpass filter (DCV Blue) and 630 

nm longpass, 660/40 nm bandpass filter (DCV Red). Viability gating was established with 7-

amino actinomycin D staining (7AAD) with excitation at 552 nm and emission monitored 

with a 630 nm longpass, 660/40 nm bandpass filter. Cells were initially gated for appropriate 

size using the side scatter (SSC) and forward scatter (FSC). Cells were then gated for 

viability using 7-AAD uptake to eliminate non-viable cells. Finally, the location of the SP 

gate was established using the verapamil treated sample.

Stem Cell Marker Flow Cytometry

Cells were treated with Dox to induce expression of GFP or RBM3 for 72 h. Cells were then 

trypsinized then resuspended at 1 × 106 cells. For DCLK1 and LGR5, cells were stained 

with Alexafluor 647 conjugated LGR5 antibody (BD Biosciences) or PE conjugated DCLK1 

antibody (AbCam) according to manufacturer recommendations. PE conjugation was 

performed using the Zenon PE labelling kit (Life Technologies) according to manufacturer 

recommendations. For the CD44/CD24 experiment, cells were stained using 
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allophycocyanin (APC) conjugated CD44 antibody and phycoerythrin (PE) conjugated 

CD24 antibody according to manufacturer recommendations with the exception of using 

half the recommended concentration of APC-CD44 antibody (BD Biosciences). 

Compensation was performed using standardized fluorescent beads.

Proliferation Assay

Cells were induced with Dox 2 for 72 h. Following induction of RBM3 or GFP vector 

control, cells were plated at 50 000 cells/mL into 96 well plates and allowed to adhere 

overnight followed by treatment with paclitaxel or doxorubicin at varying concentrations. 

Following 48 h of treatment, cells were assayed for proliferation using the hexoseaminidase 

assay as previously described [26]. Briefly, cell culture medium was removed followed by 

addition of 75 µL hexoseaminidase substrate buffer (7.5 mM sodium citrate, pH 5.0, 3.75 

mM 4-nitrophenyl-N-acetyl-β-D-glucosaminide, 0.25% Triton) per well and incubation at 

37°C for 30 min. The reaction was quenched using 112.5 µL of hexoseaminidase developer 

solution (50 mM glycine, 5 mM EDTA, pH 10.4) and absorbance at 405 nm was read on a 

plate reader. Percentage proliferation was calculated as absorbance relative to untreated 

control and curves for inhibitory response were fit using GraphPad Prism software 

(GraphPad, La Jolla, CA).

Spheroid Formation

Cells were appropriately treated in 2D culture, trypsinized followed by a wash in phosphate 

buffered saline (PBS) to remove residual serum. Cells were then resuspended in spheroid 

media containing 1× B27 supplement, 20 ng/mL basic recombinant fibroblast growth factor 

(bFGF) and 20 ng/mL recombinant epidermal growth factor (EGF) (Life Technologies) in 

DMEM. Cells were passed through a 35 µm sieve, counted and plated onto ultra-low 

attachment surface plates (Corning, Tewksbury, MA). Spheroid formation was allowed to 

proceed for 10–14 d followed by spheroid quantification and analysis using a Celigo 

Cyntellect embryoid body counter.

siRNA transfection

siRNA to CTNNB1 and scrambled siRNA were both purchased from Life Technologies 

(Life Technologies). Transfection was performed using Lipofectamine RNAi-Max and 

OptiMEM according to manufacturer recommendations (Life Technologies). Briefly, cells 

were plated at 400 000 cells per well into 6 well plates and transfected using either siSCR 

(Cat# S28186) or siCTNNB1 (Cat# S436) using 25 pmol of siRNA into each well. Six hours 

following transfection, cells were treated with indicated concentrations of Dox. Seventy-two 

hours following siRNA transfection, cells were then assayed for side population, flow 

cytometry or western blot as indicated above.

TOPFlash Luciferase Assay

Cells were plated in 24 well plates in antibiotic/antimycotic free medium and without 

selection antibiotics. Each well was transfected using 2 µL of Lipofectamine 2000 

complexed with 900 ng of TOP-Flash luciferase plasmid and 100 ng of CMV renilla 

luciferase plasmid. Eight hours following transfection, the media was replaced with normal 
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growth medium containing selection antibiotics and appropriate treatments. Luciferase 

activity was then read using the dual-luciferase reporter assay system (Promega, Madison, 

WI) on a plate reader. TOPFlash luciferase activity was normalized to CMV renilla 

luciferase activity.

Immunofluorescence and Immunohistochemistry

For immunofluorescence, cells were plated on sterile glass cover slips with appropriate 

treatments. Cells were then fixed using neutral buffered formalin then permeablized using 

0.1% Triton. Antigen blocking was achieved using 1% bovine serum albumin in phosphate 

buffered saline (PBS). Cells were incubated with primary antibody overnight at 4°C 

followed by staining with fluorophore conjugated secondary antibody for 1 h at room 

temperature. Coverslips were mounted using Prolong Gold with DAPI (Life Technologies). 

For immunohistochemistry, spheroids were embedded in paraffin blocks and slides were 

obtained with 5 µm sections. Slides were deparaffinized then boiled for 20 min in antigen 

retrieval buffer (10 mM sodium citrate, pH6, 0.05% Tween-20) followed by peroxidase 

quenching using Peroxabolish (Biocare Medical, Concord, CA). Slides were then stained 

using Histostain SP kit (Life Technologies) as per manufacturer recommendations. 

Antibodies used were the same as those used for western blots.

Statistics

Results are expressed with standard error of mean. Statistical analysis was performed using 

Student’s t-test using GraphPad Prism software (GraphPad, La Jolla, CA). Values of P < 

0.05 were considered statistically significant.

RESULTS

RBM3 Overexpression Increases Side Population in Colon Cancer Cells

We first developed HCT 116 and DLD-1 colon cancer cell lines with stable doxycycline 

(Dox) inducible RBM3 overexpression. There was a dose-dependent increase in RBM3 

mRNA expression with maximal induction seen with 500 ng/mL Dox (Figure 1A). 

Additionally, RBM3 mRNA and levels reached maximal induction within 24 and 48 h, 

respectively (Figure 1B,C). We also validated that the GFP vector control had similar Dox-

mediated induction (Figure 1C). Importantly, there is very low baseline expression of both 

RBM3 and GFP in the absence of Dox.

To measure changes in the stem cell population, we first determined whether there was a 

change in the number of cells inside population (SP) following RBM3 induction. SP 

population, originally described in mouse bone marrow cells, represent a small fraction of 

cells with enhanced capacity to efflux therapeutic agents, as measured by intracellular 

fluorescent dye, such as Hoescht 33342, and have the capacity to self-renew and 

differentiate [27]. SP cells have also been shown to be upregulated in many primary tumors 

and cancer cell lines [28]. Following RBM3 induction, both DLD-1 and HCT 116 cells 

showed increased numbers of DyeCycle Violet negative SP cells compared to uninduced 

controls (Figure 2). Verapamil was used as a pan efflux inhibitor to establish the negative 

control for locating the SP fraction (Figure 2). As mentioned above, SP cells have the 
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increased capacity to efflux chemotherapeutic agents. We next hypothesized that with a 

higher side population, RBM3 expression should also confer increased resistance to 

chemotherapies that are substrates of efflux mechanisms. For this, we measured cell 

proliferation following treatment with paclitaxel and doxorubicin, both being of which are 

substrates for ATP-binding cassette (ABC) transporters [29]. HCT 116 Tet-RBM3 clones 

were induced for 72 h with 500 ng/mL Dox and then treated with increasing concentrations 

of the two compounds. There was significantly higher level of survival of RBM3 

overexpressing cells, especially at higher concentrations of paclitaxel and doxorubicin 

(Figure 3). As expected, uninduced RBM3 cells showed no appreciable difference between 

GFP vector controls or parental cells (Figure S1). These data suggest that RBM3 

overexpression increases stem cells within colon cancer cells and alters sensitivity to 

chemotherapies. The studies are further confirmation of previous studies that correlated 

RBM3 knockdown with loss of resistance to doxorubicin and cisplatin [11].

RBM3 Increases Spheroid Formation

Spheroid forming capacity of cells is a marker of stemness [30,31]. Cells cultured as 

spheroids have been shown to have significant increases in SP and in self-renewal and 

differentiation capacity [32]. We first compared levels of RBM3 protein within spheroids to 

levels within monolayer cell cultures and found that there were significantly higher levels of 

RBM3 in the spheroids. This was observed in both DLD-1 and HCT 116 cells (Figure 4A). 

We next determined whether increasing RBM3 levels in the cells affects spheroid formation. 

Following 72 h Dox induction in both DLD-1 and HCT 116 cells expressing vector control 

or RBM3, cells were plated into ultra-low attachment conditions and allowed to form 

spheroids. Both DLD-1 RBM3 and HCT 116 RBM3 overexpressing cells showed increase 

in spheroid formation compared to vector or RBM3 uninduced controls (Figure 4B). These 

data suggest that colorectal cancer cells increase RBM3 expression in the process of 

spheroid formation and that RBM3 is capable of enhancing spheroid formation capacity. 

Taken together, these data suggest that RBM3 overexpression enhances stemness in cancer 

cells.

RBM3 Overexpression Increases Stem Cell Marker Expression

Two putative markers elucidated for the intestinal epithelial stem cell is doublecortin-like 

calmodulin kinase 1 (DCLK1) and leucine-rich-repeat containing G-protein-coupled 

receptor 5 (LGR5) [33,34]. Interestingly, both markers have also been implicated in the 

process of tumorigenesis and may serve as important markers in the context of both 

physiologic and cancer stem cells [35,36]. To further validate the model of RBM3 induced 

colon cancer stem cells, we next determined the expression of both DCLK1 and LGR5 in 

HCT 116 and DLD-1 cells. Following induction of RBM3 with 500 ng/mL Dox for 72 h, 

there was significant increase in the DCLK1+ (0.51 ± 0.11 vs. 2.00 ± 0.27 in control and 

RBM3 overexpressing cells, respectively), LGR5+ (0.46 ± 0.05 vs. 0.85 ± 0.07 in control 

and RBM3 overexpressing cells, respectively) and double positive (0.24 ± 0.07 vs. 0.98 

± 0.15 in control and RBM3 overexpressing cells, respectively) populations of HCT 116 

when compared to uninduced control (Figure 5A). Similar increase in LGR5+ and double 

positive populations with only a modest increase in DCLK1+ (P¼0.08) in DLD-1 cells when 
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compared to uninduced controls (Figure 5A). The modest increase in DCLK1+ LGR5− cell 

population in DLD1 is compensated for by the higher percentage of DCLK1+LGR5+ cells.

As an additional marker of stem cell population, we next measured changes in the CD44Hi/

CD24Lo population. Previous studies have demonstrated that CD44Hi/CD24Lo population of 

cells display characteristics of cancer stem cells [37]. Following RBM3 induction, HCT 116 

Tet-RBM3 cells showed an increase in CD44Hi/CD24Lo compared uninduced controls 

(4.987 ± 0.24 vs. 9.45 ± 0.81 in control and RBM3 overexpressing cells, respectively) 

(Figure 5B). GFP vector controls showed no appreciable difference following Dox induction 

(data not shown). Previous reports have also shown that RBM3 overexpression induces 

alternative splicing of CD44 increasing the tumor suppressing variant of CD44 (CD44s) 

while suppressing levels of the pro-oncogenic CD44 variants (CD44v) in prostate cancer 

cells [38]. In HCT 116 Tet-RBM3 cells, RBM3 induction showed significant increases in 

both major isoforms of CD44 with no significant changes in GFP vector controls (Figure 

5C). Additional studies are required to determine whether the CD44Hi/CD24Lo cells also 

overexpress DCLK1 and LGR5. Nevertheless, taken together, these data imply that RBM3 

overexpression is capable of increasing the cancer stem cell population.

RBM3 increases β-Catenin Signaling Activity

The Wnt/β-catenin signaling pathway is known to be active in stem cells of the embryo and 

of the adult as well as in cancer stem cells [39]. During embryogenesis, β-catenin activation 

is required for maintenance and transition from a pluripotent state. In cancers, the pathway is 

believed to contribute to the self-renewal of cancer stem cells [17]. Furthermore, both CD44 

and LGR5 have been identified as β-catenin transcriptional targets [30,33,40]. Moreover, β-

catenin signaling activity has been shown to be essential for SP cells and spheroid formation 

[30,41]. Since, RBM3 overexpression increased stemness and expression of stem cell 

marker protein LGR5, we next determined whether the Wnt/β-catenin pathway is affected. 

Following RBM3 induction in DLD-1 and HCT 116 cells, there was only a modest increase 

in total β-catenin levels (Figure S2A). As β-catenin transcriptional activity depends upon its 

localization to the nucleus, we next examined changes in β-catenin levels in the cytoplasm 

and nucleus. RBM3 overexpression did not significantly affect cytoplasmic levels of β-

catenin. However, nuclear levels of β-catenin were increased upon RBM3 overexpression in 

both DLD-1 and HCT 116 compared to uninduced or vector controls (Figure 6A). 

Additionally, immunofluorescence labeling revealed nuclear accumulation of β-catenin in 

RBM3 overexpressing cells, while membrane localization of β-catenin showed no 

significant difference (Figure 6B). This effect was further replicated with 

immunohistochemistry of spheroids (Figure 6C). Finally, to validate that the increase in 

nuclear β-catenin levels correlates with increased transcriptional activity, we examined 

TOPFlash luciferase assay. Following 48 h RBM3 induction, TOPFlash luciferase activity, 

normalized to CMV/Renilla luciferase was significantly increased in both cell lines with 

HCT 116 cells showing an average of 28.3 ± 3.1 compared to 3.3 ± 0.13 in uninduced 

controls (Figure 6D). Similarly, in DLD-1 cells, luciferase levels were observed to be at 15.9 

± 0.79 RBM3 overexpressing cells compared to an average of 9.4 ± 0.52 in uninduced 

controls (Figure 6D). As expected, DLD-1 cells show a higher basal TOPFlash activity 

because it encodes mutated APC whereas HCT 116 maintains intact wild type APC and at 
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least one wild type β-catenin allele [24]. Further confirmation of increased β-catenin 

transcriptional activity was observed through elevated levels of its target genes c-Myc, 

LGR5, and CD44 [33,40,42] (Figure S2B). These data demonstrate that upon RBM3 

overexpression, β-catenin transcriptional activity is increased resulting in higher DCLK1+ 

and LGR5+ stem cell population thereby enhancing side population and spheroid formation.

RBM3 Mediated Stem Cell Induction Is Dependent Upon Increased β-catenin Activity

We next sought to determine whether the initial observations of increased SP percentages 

and stem cell marker expression were dependent upon the β-catenin signaling pathway. In 

order to validate this, we transiently knocked down CTNNB1 expression using siRNA 

(siCTNNB1) in DLD-1 tRBM3 cells (Figure S3). We observed that following transfection of 

siCTNNB1, there was attenuation in the SP percentages (0.55 ± 0.23) compared to 

scrambled siRNA (siSCR) transfected controls (1.47 ± 0.08) (Figure 7A). As expected, 

RBM3 overexpression in siSCR transfected cells showed similar increases in both SP. 

Moreover, RBM3 overexpression in siCTNNB1-transfected cells was unable to rescue either 

the loss in SP (Figure 7A,B). We also determined the effect of the knockdown on LGR5 and 

DCLK1 expressing cells. LGR5+ only cells were significantly suppressed upon β-catenin 

suppression (5.15 ± 1.2 in siSCR vs. 0.90 ± 0.12 siCTNNB1-transfected cells, respectively) 

(Figure 7C). As expected, overexpression of RBM3 did not overcome β-catenin knockdown 

(Figure 7C,D). In addition, there was a significant effect on DCLK+LGR5+ cells (0.54 

± 0.39 vs. 1.03 ± 0.88 in siSCR vs. 0.90 ± 0.12 siCTNNB1-transfected cells, respectively) 

(Figure 7C). Surprisingly, however, there was no effect on DCLK1-positive LGR-negative 

cells between siSCR and siCTNNB1- transfected cells in the absence (3.10 ± 0.17 vs. 9.49 

± 4.51, respectively) or presence of RBM3 overexpression (3.00 ± 0.36 vs. 8.36 ± 3.67, 

respectively) (Figure 7C). These data suggest that the ability of RBM3 overexpression to 

modulate SP and LGR5 expression, but not DCLK1 expression is dependent on β-catenin 

levels.

GSK3β Activity Is Decreased Following RBM3 Overexpression

Marked increases in nuclear β-catenin levels and activity in HCT 116 RBM3 cells suggests 

that degradation of the protein might be affected. Under normal conditions,β-catenin 

targeted by the APC/Axin/GSK-3β degradation complex in the cytoplasm to degradation by 

the ubiquitination-proteasomal degradation pathway. We chose to investigate GSK3β as a 

target for RBM3 mediated β-catenin activity because previous reports show that GSK3β is 

inactivated during hypoxia, and RBM3 expression is also induced [43,44]. Western blot 

analyses showed that there is an increase in the phosphorylation of the protein at serine 

position 9 in both HCT 116 and DLD-1 cells (Figure 8A). Phosphorylation at serine 9 (Ser9) 

inhibits GSK-3β activity [45]. As expected, GFP vector control showed no appreciable 

difference in GSK3β phosphorylation in either cell line (Figure 8A). We next validated this 

increase in GSK3β phosphorylation by determining β-catenin phosphorylation at serines 33 

and 37, and threonine at position 41 because phosphorylated GSK-3β cannot phosphorylate 

β-catenin in these residues. There was reducedβ-catenin phosphorylation in HCT 116 cells 

(Figure 8B). These data suggest that GSK3β is inactivated. GSK3β phosphorylation can 

occur through either induction of Wnt signaling or through the action of activated AKT 

kinase [18]. In previous studies, we have demonstrated that RBM3 induces the production of 
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Interleukin 8 and Prostaglandin E2, both of which activate AKT by phosphorylation [7,46]. 

Accordingly, we determined whether AKT activity may explain attenuated GSK3β activity. 

RBM3 overexpression showed significant increases in AKT phosphorylation at serine 473, 

whereas no appreciable increase was observed in vector controls or uninduced RBM3 cells 

(Figure 8C). To confirm that the increasedβ-catenin activity is a result of inactivating 

GSK3β, we used a specific inhibitor, BIO, a compound previously shown to upregulate β-

catenin signaling and increase the expression of ABC proteins [47,48]. HCT 116 cells 

treated with BIO showed increase in both total and nuclear β-catenin levels similar to that of 

RBM3 overexpression(Figures 8D, S4A, S4B). Additionally, BIO treatment induced c-myc 

expression in both GFP and RBM3 overexpressing cells similar to RBM3 overexpression 

(Figure S4C). Moreover, the combination of RBM3 overexpression and BIO treatment 

generated an even more robust increase inβ-catenin signaling as measured the levels of 

nuclear β-catenin, and increased c-Myc protein expression (Figures 8D, S4B,C). 

Furthermore, there was significantly higher TOPFlash luciferase activity following treatment 

with both RBM3 and BIO (Figure 8E). These data imply that RBM3 overexpression 

increases β-catenin activity in part by inhibiting GSK3β through the actions of activated 

AKT kinase.

DISCUSSION

Previously, our studies suggested that RBM3 might be working as a protooncogene because 

it was able to transform NIH3T3 cells [7]. However, its role in tumor progression is yet to be 

carefully studied. Previously, we had discerned in a small sample of tissues that there might 

be a correlation in the level of RBM3 expression and tumor stage, suggesting that the protein 

may play a role in progression of the disease. Indeed previous studies have demonstrated 

that stem cells have the capacity to contribute to tumor progression [49]. Interestingly, much 

of these have been with mesenchymal stem cells or stromal cells, which have been shown to 

suppress immune responses directly by producing immunomodulatory molecules [50]. 

Mesenchymal stem cells have also been shown to modulate epithelial-to-mesenchymal 

transition (EMT) followed by induction of tumor metastasis and cancer-initiating stem cells, 

as well as angiogenesis followed by promotion of tumor growth [51,52]. In this case, RBM3 

is inducing stemness in the cells, suggesting that this can circumvent the need for this aspect 

of mesenchymal stem cells. Further studies are required to determine whether RBM3 

overexpression affects EMT, angiogenesis or tumor metastatic phenotype.

RBM3 has been previously demonstrated to confer resistance to classical chemotherapeutic 

agents cisplatin and doxorubicin [11]. However, no clear mechanism was demonstrated 

regarding this chemoresistance. Our current study further confirms RBM3-induced 

chemoresistance to these agents and to paclitaxel. Our study further reveals a potential 

mechanism by which RBM3 is capable of increasing chemoresistance by inducing a side 

population of cells with high xenobiotic efflux capacity. However, what is also interesting is 

that RBM3 might be conferring chemoresistance to the cells by multiple mechanisms, one of 

which would be through the induction of ATP-binding cassette (ABC) transporters. Both, 

doxorubicin and paclitaxel are both substrates of the ABC transporters [53], and therefore 

cells overexpressing RBM3 might be able to acquire the resistance to these compounds 

through the expression of these transporters. However, the mechanism for resistance to 
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cisplatin in the RBM3-overexpressing cells is currently unknown, but cisplatin is not a 

substrate for the ABC transporters. Understanding the resistance to cisplatin may be 

complex and may involve multiple pathways. One such mechanism involves the 

upregulation of enzymes such as γ-glutamylcysteine synthetase or glutathione S-transferase 

that catalyze the production of GSH, or conjugates the compound to GSH, respectively [54]. 

While we do not know whether any of the proteins are upregulated in the cells, this and 

expression of the drug resistance genes such as MRP2 would be an interesting new direction 

to understand RBM3 function.

Studies have demonstrated a link between hypoxia and its effects on GSK3β [43]. Our study 

further demonstrates that increased RBM3 expression affects GSK3β activity thereby 

enhancing β-catenin signaling. Additionally, our report suggests that there must be a 

secondary mechanism by which RBM3 activates β-catenin signaling as a concurrent 

overexpression of RBM3 as well as inhibition of GSK3β through use of BIO was capable of 

increasing nuclear β-catenin and TOP-Flash activity beyond that of either one alone. 

Additionally, we show that RBM3 overexpression is capable of increasing β-catenin 

signaling irrespective of their APC and β-catenin status. There was increased signaling in 

cell lines with intact APC as well as those with mutant APC that show the inability to 

generate phospho-β-catenin species through GSK3β activity or to induce its degradation 

[24]. These findings reveal that while RBM3 overexpression results in phosphorylation of 

GSK3β, thereby attenuating β-catenin degradation, this is only a partial mechanism and 

there is an as yet unknown role that RBM3 plays in modulatingβ-catenin signaling. 

Although previous studies have reported that hypoxia is capable of effecting the stem cell 

population in various cancers, these studies focused on the hypoxia inducible factor 1α 
(HIF1α) as the primary mechanism of modulating stem cell signaling pathways such as 

WNT/β-catenin [55–57]. As RBM3 is also regulated by hypoxia in a HIF1α independent 

mechanism this provides a novel target to further examine as a potential mediator of hypoxia 

induced stem cell signaling.

β-catenin signaling pathway is dysregulated in the majority of colorectal cancers and is a 

critical factor governing colorectal cancer aggressiveness and cancer stem cells [17]. Since 

RBM3 levels are increased in many solid tumors with more aggressive tumors showing 

higher expression, it is important to understand the effects that RBM3 confers upon the cells 

and further understand how this affects colorectal cancers [7,9,10]. The studies reported here 

reveal a novel mechanism by which the β-catenin signaling pathway can be regulated 

through alterations in expression of RBM3. Further studies are required to determine 

whether the effect of RBM3 overexpression affects tumor aggressiveness in vivo through 

changes in stem cells, a focus of our future publications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
RBM3 overexpression in colorectal cancer cells. (A) Real time PCR analysis of RBM3 

mRNA in HCT 116 cells following 72 h induction with indicated concentrations of 

doxycycline. mRNA fold change is normalized to uninduced control. (B) Real time PCR 

analysis of RBM3 mRNA following 500 ng/mL Dox induction with indicated durations of 

induction. mRNA fold change is normalized to uninduced control. Graphs show mean fold 

change with SEM. (C) Western blot analysis of RBM3 or GFP overexpression in DLD-1 and 

HCT 116 inducible GFP or RBM3 cells with indicated concentrations of and times of Dox 
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induction. Data shows significant dose- and time-dependent induction of RBM3 in the two 

cell lines. Graphs show mean fold change with SEM. *P < 0.05, **P < 0.01, ***P <0.001 

(Student's t-test).
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Figure 2. 
RBM3 overexpression increases side population. Flow cytometry analyses of side 

population following 72 h treatment with 0 or 500 ng/mL Dox. Side population negative 

gate was set with 50 µM verapamil treated control. One representative experiment is shown 

with dot plots with bar graphs showing mean of three replicates. Shown in dot plots are 

percentage of side population with respective 95% confidence intervals.
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Figure 3. 
RBM3 induction increases chemotherapy resistance. (A) Comparison of proliferation of 

HCT 116 Tet-GFP and Tet-RBM3 clones with varying concentrations of paclitaxel or 

doxorubicin with 0 ng/mL Dox induction. The two cell lines show no difference in 

proliferation rate. (B) Comparison of hexoseaminidase proliferation assay of HCT 116 Tet-

GFP and Tet-RBM3 clones treated with varying concentrations of paclitaxel following 72 h 

of 100 or 500 ng/mL Dox induction. In the presence of RBM3, the proliferation inhibition 

by paclitaxel is reduced. (C) Comparison of hexoseaminidase proliferation assay of HCT 
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116 Tet-GFP and Tet-RBM3 clones treated with varying concentrations of doxorubicin 

following 72 h of 100 or 500 ng/mL Dox induction. Again there was significant reduction in 

doxorubicin-mediated proliferation inhibition in the presence of RBM3. Graphs show SEM. 

*P < 0.05, **P < 0.01, ***P < 0.001 for RBM3-1, †P < 0.05, ††P < 0.01, †††P < 0.001 for 

RBM3-4 (Student's t-test).
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Figure 4. 
RBM3 overexpression increases spheroid formation. (A) Western blot analyses for RBM3 

from HCT 116 and DLD-1 cells grown in regular tissue culture dish (2D culture) and ultra-

low attachment plates (3D culture). Data shows that cells grown in 3D cultures have higher 

levels of RBM3 compared to 2D cultures. (B) Representative composite image of HCT 116 

GFP or RBM3 inducible cells induced for 72 h with 0–500 ng/mL of Dox then plated in 

ultra-low attachment plates with colonosphere media and allowed to form spheroids for 14 

d. Quantification of HCT 116 and DLD-1 spheroids was performed by Celligo embryoid 

body counting system. Bar graph shows spheroid number from 2500 cells.
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Figure 5. 
Increased stem cell marker expression in HCT 116 and DLD-1 cells overexpressing RBM3. 

(A) Representative flow cytometry dot plot of HCT 116 and DLD-1 cells stained for DCLK1 

(phycoerythrin-PE) and LGR5 (AlexaFluor 647-AF647). Bar graphs on right represent 

percentage of DCLK1+, LGR5+, and DCLK1+/LGR5+ double positive populations. Error 

bars represent SEM. P values shown are obtained with Student's t-test. *P < 0.05, **P < 

0.01, ***P < 0.001 (Student's t-test). (B) Representative flow cytometry dot plot of HCT 116 

cells stained for CD44 (allophycocyanin-APC) and CD24 (PE). Bar graphs on right 
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represent percentage of CD44hi/CD24lo population of cells. Error bars represent SEM. (C) 

Western blot analyses for the two variants of CD44 of extracts from HCT 116 cells 

expressing GFP or RBM3 after induction with increasing doses (0–500 ng/mL) of 

doxorubicin. Data shows increased expression of both isoforms of CD44 following RBM3 

overexpression.
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Figure 6. 
RBM3 overexpression increases β-catenin signaling. (A) β-catenin western blot of DLD-1 

and HCT 116 inducible GFP or RBM3 cell lines following nuclear and cytoplasmic 

fractionation. Lamin A/C shown as loading control for nuclear fraction and GAPDH shown 

as loading control for cytoplasmic fraction. Cells were treated with indicated concentration 

of Dox for 72 h. (B) Immunofluorescence of DLD-1 and HCT 116 RBM3 cells treated with 

0 or 500 ng/mL Dox for 72 h. Both β-catenin and RBM3 are nuclear following RBM3 

induction. (C) Immunohistochemistry of HCT 116 GFP and RBM3 overexpressing 
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spheroids. Cells were treated with 500 ng/mL for 72 h Dox in monolayer culture followed 

by 14 d growth in spheroid culture. Again, there is increased nuclear levels of β-catenin and 

RBM3 following induction. (D) TOPFlash luciferase assay of DLD-1 and HCT 116 RBM3 

inducible cells. Cells were treated with indicated concentrations of Dox for 48 h following 

transfection with TOPFlash and CMV renilla luciferase plasmid. Bar graphs represent mean 

values of TOPFlash firefly luciferase luminescence normalized to CMV renilla luciferase 

luminescence. There was increased luciferase activity following RBM3 induction. Bar 

graphs show SEM. P values were obtained from Student's t-test.
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Figure 7. 
β-catenin is necessary for RBM3 mediated stemness. (A) Flow cytometry analysis of SP in 

DLD-1 cells overexpressing RBM3 transfected with scrambled (siSCR) or β-catenin-

specific (siCTNNB1) siRNA and induced with 0 or 500 ng/mL Dox. (B) Bar graph 

representations of the SP percentages following the indicated treatments. (C) Flow 

cytometry analysis of LGR5 and DCLK1 expression in DLD-1 cells overexpressing RBM3 

transfected with siSCR or siCTNNB1 and induced with 0 or 500 ng/mL Dox. (D) Bar graph 
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representations of the LGR5 and DCLK1 expression following the indicated treatments. *P 
< 0.05, **P < 0.01, ***P < 0.001, ns P > 0.05 (Student's t-test).
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Figure 8. 
Cells overexpressing RBM3 show attenuated GSK3β activity. (A) Western blots for Ser9 

phosphorylation in GSK3β in DLD-1 and HCT 116 GFP or RBM3 inducible cells treated 

with Dox for 72 h Data shows higher levels of Ser9 phosphorylation in RBM3 

overexpressing cells in both cell lines. (B) Western blots for β-catenin at Ser33/37 and Thr41 

in HCT 116 GFP or RBM3 inducible cells following 72 h treatment with indicated 

concentration of Dox followed by 6 h of treatment with 5 µM MG132. Data shows reduced 

phosphorylation of β-catenin following RBM3 induction. (C) Western blots for 
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phosphorylation of Akt at Ser473 in HCT116 GFP or RBM3 inducible cells following 72 h 

treatment with indicated Dox. Data shows increased phosphorylation of Akt in RBM3 

overexpressing cells, while a decreased phosphorylation is observed in GFP overexpressing 

cells. (D) Western blot of nuclear extracts of HCT 116 RBM3 inducible cells following 

treatment with indicated concentrations of Dox and BIO for 72 h. Data shows increased β-

catenin levels in the nucleus of following RBM3 induction, which was further increased in 

the presence of BIO. (E) TOPFlash luciferase assay of DLD-1 and HCT 116 RBM3 

inducible cells. Cells were treated with indicated concentrations of Dox or BIO for 48 h 

following transfection with TOPFlash and CMV renilla luciferase plasmid. Bar graphs 

represent mean values of TOPFlash firefly luciferase luminescence normalized to CMV 

renilla luciferase luminescence. Data shows increased TOPFlash luciferase activity in the 

presence of RBM3 and BIO. Bar graphs show SEM. P values obtained from Student's t-test.
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