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Summary

Ribosome biogenesis can modulate protein synthesis; a process heavily relied upon for cancer cell 

proliferation. In this study, involvement of large subunit ribosomal proteins (RPLs) in melanoma 

has been dissected and RPLs categorized based on modulation of cell proliferation and therapeutic 

targeting potential. Based on these results, two categories of RPLs were identified; the first 

causing negligible effects on cell viability, p53 expression, and protein translation; while the 

second category decreased cell viability and inhibited protein synthesis mediated with or without 

p53 protein stabilization. RPL13 represents the second category, where siRNA-mediated targeting 

inhibited tumor development through decreased cellular proliferation. Mechanistically, decreased 

RPL13 levels increased p53 stability mediated by RPL5 and RPL11 binding to and preventing 

MDM2 from targeting p53 for degradation. The consequence was p53-dependent cell cycle arrest 

and decreased protein translation. Thus, targeting certain category 2 RPL proteins can inhibit 

melanoma tumor development mediated through the MDM2-p53 pathway.
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Introduction

Although melanoma accounts for approximately 5% of skin cancer cases, it is the cause of 

75% of skin cancer-related deaths (Tarver, 2012). For the past 30 years, the incidence and 

mortality rates of melanomas continued to rise (Siegel et al., 2012). Effective treatments that 

would lead to a cure have been lacking but recent progress has been made with the approval 

of new targeted therapies (Bollag et al., 2012), most recently with ipilimumab (Hodi et al., 

2010), a human immunoglobulin specific for CTLA-4, and vemurafenib (Flaherty et al., 

2010) which targets mutant V600EBRaf, a mutation present in approximately 50% of 

melanoma patients. These therapies are only effective for a certain proportion of melanoma 

patients (Rughani et al., 2013) and most eventually relapse with drug resistant recurrent 

disease (Yauch and Settleman, 2012). With these limitations, the search continues for more 

effective treatment options.

The ribosome is an essential component of all cells that is necessary for protein synthesis. 

The eukaryotic ribosome contains approximately 79 ribosomal proteins in addition to four 

ribosomal RNAs (rRNAs), and is organized into an 80S structure consisting of the 60S large 

and 40S small subunits (Ben-Shem et al., 2011). Oncogenes and tumor suppressors can 

directly regulate ribosome production and protein translation (Ruggero and Pandolfi, 2003). 

Furthermore, the rate of protein synthesis is directly proportional to the rate of cellular 

proliferation and growth (Baxter and Stanners, 1978) (Rudra and Warner, 2004) (Thomas, 

2000). Thus, cancer cells rely heavily on protein synthesis for survival.

Ribosome biogenesis is the process by which ribosomes are synthesized. It constitutes a 

highly complex process involving assembling rRNA and ribosomal proteins, requiring 

substantial energy (Warner et al., 2001). A novel pathway termed the ribosomal protein-

MDM2-p53 (RP-MDM2-p53) pathway has begun to be elucidated that serves as a stress 

response to the disruption of ribosome biogenesis (Deisenroth and Zhang, 2010). Upon any 

stress to ribosome biogenesis, this pathway is activated, and certain ribosomal proteins, such 

as RPL5 (Dai and Lu, 2004), RPL11 (Zhang et al., 2003), RPL23 (Dai et al., 2004), RPL26 

(Zhang et al., 2010) and RPS7 (Zhu et al., 2009) bind to MDM2 and inhibit ubiquitination of 

p53. This causes stabilization and accumulation of p53 in cells, resulting in cell cycle arrest, 

apoptosis, or senescence (Vogelstein et al., 2000). In fact, depletion of certain ribosomal 

proteins in mice produced a variety of phenotypes that could be restored by the deletion of 

p53 (McGowan et al., 2008; Terzian and Box, 2013).

The greater reliance of cancer cells on protein synthesis and the presence of mechanisms to 

activate a tumor suppressor during the surveillance of ribosome biogenesis provide a 

foundation from which to work in order to develop potential therapeutic approaches to target 

melanoma. Ribosomal proteins make up, along with ribosomal RNA, the large and small 

subunits of the ribosome. Once thought to be exclusively involved in protein synthesis, 

ribosomal proteins are being identified in extra-ribosomal functions, such as in RP-MDM2-
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p53 pathway regulation (Warner and McIntosh, 2009), mRNA translation regulation 

(Kondrashov et al., 2011; Mazumder et al., 2003), and modulation of regulatory proteins 

(Wan et al., 2007). Since ribosomal proteins are likely linked to p53 through the RP-MDM2-

p53 pathway and to translation as part of the ribosome, they may offer a unique therapeutic 

potential in a diverse array of tumor types.

In this study, the involvement of RPLs has been comprehensively dissected for the first time 

and categories defined based on role in melanoma cells, as well as efficacy for 

therapeutically targeting these proteins has been evaluated. RPLs can be grouped into two 

categories based on cellular responses upon siRNA knockdown. Category 1 contains RPLs 

that do not participate in the RP-MDM2-p53 pathway. Targeting these RPLs caused little 

change in cell viability, no change in p53 expression, and little inhibition of protein 

synthesis. Category 2 contains RPLs that participate in the RP-MDM2-p53 pathway. 

Targeting these RPLs, comprising three-fourths of RPLs, decreased cell viability and caused 

an inhibition of protein synthesis. These RPLs can be subcategorized based on ability 

(category 2A) or inability (category 2B) of the various proteins to increase p53 stability. 

RPL13 was selected as a candidate to represent the 2A category to determine the therapeutic 

potential of targeting this class of proteins. siRNA mediated knockdown of RPL13 

significantly decreased tumor growth mediated through decreased cell proliferation. 

Targeting the 2A category of RPLs caused increased p53 stability. RPL13 silencing 

demonstrated that the effects were mediated by the RP-MDM2-p53 pathway and by 

decreasing protein synthesis. Thus, targeting of category 2A RPL proteins has been shown 

to be effective for inhibiting cancer development, which is mediated by activating the RP-

MDM2-p53 pathway and decreasing protein synthesis.

Results

Targeting ribosomal proteins in the large subunit decreased melanoma cell viability

To dissect the role of large subunit ribosomal proteins (RPLs) for the first time in melanoma 

and evaluate the therapeutic potential of targeting these proteins, a siRNA screen was 

undertaken to observe the effects of inhibiting each individual member of the RPL gene 

family. Knocking down RPLs in two metastatic melanoma cell lines UACC 903 and 1205 

Lu, led to decreased melanoma cell viability for 74% and 79% of the RPL genes, 

respectively (Fig. 1A). Targeting these same genes in the normal foreskin fibroblast FF2441 

cell line produced a less inhibitory response than in the melanoma cell lines, with an average 

difference of 22% and a maximum difference of 35% between fibroblast and melanoma cell 

viability. A subset of RPLs were knocked down in melanocytes and demonstrate that, as 

with fibroblasts, there is a less inhibitory response (Fig. S1). This difference was not due to 

variability in protein knockdown between cell lines as all three cell lines had similar 

knockdown efficiencies for each respective siRNA (Figs. S2). RPL7 protein levels were 

decreased from 70–95%, RPL11 from 35–65%, and RPL31 from 74–80%.

Since knockdown was similar in melanoma and normal fibroblast cells, shown in Fig. 1A, 

the RPL genes were grouped into two categories: category 1 included all of the RPLs that 

have no effect on cell viability when knocked down and category 2 included all RPLs that 

decrease viability when targeted. Category 1 RPLs were not simply instances where 
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knockdown was inefficient as the siRNA were able to knockdown protein levels, which is 

illustrated for RPL28 and RPL29 (Fig. S3). Since effectiveness of siRNA for protein 

knockdown has not been determined for the other RPLs in this category, it cannot be 

conclusively determined whether they belong in this category or that the siRNA targeting 

each respective mRNA were ineffective. A representative protein of category 2, ribosomal 

protein L13 (RPL13), was selected to dissect the process leading to growth inhibition for 

this group of proteins. RPL13 was expressed in melanocytes, and to a greater extent in most 

melanoma cell lines tested, with advanced stage melanoma cell lines having four to six times 

greater RPL13 protein expression (Fig. 1B), and 40% of melanoma tumors taken directly 

from patients, having increased RPL13 protein compared to normal human melanocytes 

(Fig. 1C), suggesting it was important for advanced melanoma cell survival. Interestingly, 

not all ribosomal proteins were expressed equally in the tumors (Fig. S4), however the 

significance remains to be determined.

RPL13 protein levels can be decreased upon transfection with two independent siRNA 

targeting different regions of the RPL13 mRNA (Fig. 1D). UACC 903, 1205 Lu, and 

A375M melanoma cells were inhibited to 20–50% greater levels at siRNA concentrations 

ranging from 1.25–10 nM than normal fibroblast cells (Fig. 1E). Targeting RPL13 in normal 

human melanocytes did not decrease viability, while viability of melanoma cell lines from 

the radial (WM35) vertical (WM115 and WM278) and metastatic (UACC 903, 1205 Lu, and 

A375M) stages of growth were inhibited by 40 to 90% (Fig. 1F). Viability in UACC 903 

was also tested using an SRB assay and a DNA assay to verify MTS results (data not 

shown). These effects were not constrained to melanoma cells as cell lines from cancers of 

the prostate, brain, lung, cervix, connective tissue, and bone also demonstrated decreased 

cell viability upon RPL13 silencing ranging from 36% to 71% (Fig. S5).

siRNA mediated inhibition of RPL13 decreased tumor growth by reducing the proliferative 
potential of tumor cells

Reducing RPL13 protein levels in melanoma cells (Fig. 1D) decreased the viability of three 

cultured melanoma cell lines derived from tumors of advanced stage patients (Fig. 1E). To 

determine whether similar effects occurred on tumor growth, UACC 903 and 1205 Lu cells 

transfected with siRPL13 were subcutaneously injected into the left and right flanks of nude 

mice three days after transfection and tumor sizes were measured on alternate days 

following an established published approach (Sharma et al., 2005). Tumor size was inhibited 

by up to 90% for UACC 903 cells after 28 days (Fig. 2A) and up to 60% by 24 days for 

1205 Lu cells (Fig. 2B) following siRNA mediated inhibition of RPL13, which is the first 

time the effect of RPL13 on tumor development has been examined. To identify the process 

regulated by targeting RPL13, temporally and spatially matched UACC 903 tumors were 

harvested 13 days after injection and rates of apoptosis, angiogenesis, and cell proliferation 

compared. Apoptosis, measured by TUNEL staining of tumor sections, showed no 

significant differences compared to controls (Fig. 2C). Similarly, angiogenesis, quantified 

by CD31 staining, showed no significant difference between control cells and those in which 

RPL13 protein levels were knocked down (Fig. 2D). In contrast, there was a significant 

decrease in cellular proliferation observed by Ki-67 staining (Fig. 2E), suggesting that 
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decreased tumor growth following siRNA mediated RPL13 knockdown was being 

modulated by changes in the proliferative potential of the tumor cells.

RPL13 protein knockdown induced p53-dependent G0/G1 and G2/M arrest

Targeting ribosomal proteins such as RPS9 and RPL37 has been reported to lead to p53 

activation through the RP-MDM2-p53 pathway (Lindstrom and Nister, 2010; Llanos and 

Serrano, 2010). To determine whether p53 activation is a larger phenomenon occurring 

across all category 2 ribosomal proteins, a subset of RPLs from category 2 was selected for 

further study, which included RPL5, RPL7, RPL11, RPL13, RPL18, RPL31, and RPL34, 

whose targeting decreased viability when knocked down using siRNA (Fig. 1A). RPL5 and 

RPL11 were chosen because they have a unique function by directly binding to MDM2 in 

the RP-MDM2-p53 pathway (Deisenroth and Zhang, 2010; Sun et al., 2010; Zhang et al., 

2003). Proteins representing the first category, RPL28 and RPL29, which do not 

significantly alter viability when targeted using siRNA served as controls. When the selected 

RPL protein levels were knocked down using siRNA, a unique pattern of p53 protein 

expression was observed (Fig. 3A). None of the RPLs from category 1 significantly 

increased p53 protein levels. However, category 2 could be subdivided into category 2A, 

which dramatically increased p53 protein levels, or category 2B, that included RPL5 and 

RPL11, which did not increase p53 protein levels even though targeting decreased viability. 

p21, a downstream target of p53, followed the same pattern (Fig. 3A). The fibroblast cell 

line FF2441 and all melanoma cell lines tested showed an increase in p53 and p21 protein 

levels upon knockdown of RPL13, a category 2A protein (Fig. 3B). To determine whether 

p53 protein levels were increased due to stabilization of p53 in category 2A proteins, cells 

were treated with cycloheximide (CHX) to inhibit protein synthesis. In control lysates, p53 

protein levels decreased dramatically within 30 minutes of CHX treatment; however, in cells 

transfected with siRPL13, p53 protein levels were stabilized for two to four fold longer 

periods of time (Fig. 3C). p53 can function as a tumor suppressor regulating cell cycle arrest 

(Vogelstein et al., 2000). To examine whether cell cycle arrest was affected by p53 

stabilization, propidium iodide was used to stain DNA in cells to measure changes in the 

various cell cycle phases. Targeting RPL13 decreased the percentage of cells progressing 

through the S phase of the cell cycle with an accumulation of cells in G0/G1 and G2/M (Fig. 

3D and S6). When p53 protein levels were knocked down using siRNA in combination with 

RPL13 siRNA, a partial restoration of cells in S phase was observed, suggesting that p53 

partially accounts for the effects observed when targeting category 2A RPL proteins 

affecting cell proliferation. Interestingly, knockdown of RPL13 in melanoma cell lines 

decreased CDK2 phosphorylation at Thr160, a requirement for CDK2 activation (Gu et al., 

1992), and multiple cyclin protein levels involved in the cell cycle consistent with the 

observation of cell cycle arrest, however this was not detected in the normal fibroblast 

FF2441 cell line (Fig. S7).

RPL5 and RPL11 mediated the p53 stability increase as well as cell cycle effects observed 
following RPL13 silencing

p53 serves as a monitor of ribosome biogenesis through the RP-MDM2-p53 pathway, which 

utilizes the extraribosomal effects of RPL5, RPL11, and possibly other RPs to bind to 

MDM2 to inhibit the ubiquitination of p53 (Deisenroth and Zhang, 2010; Sun et al., 2010; 
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Zhang et al., 2003). To determine whether RPL5 and RPL11 were necessary for p53 

stabilization upon RPL13 knockdown, RPL5 and RPL11 were siRNA targeted in 

combination with RPL13 siRNA to observe the effects on p53 protein levels. When RPL13 

was silenced, p53 protein levels increased, but combining it with the silencing of RPL5 or 

RPL11 prevented increases in p53 protein levels (Fig. 4A), suggesting that both RPL5 and 

RPL11 are a necessary link for regulating p53 stabilization after RPL13 knockdown. To test 

whether p53-dependent cell cycle arrest is dependent upon RPL5 and RPL11, RPL5 or 

RPL11 was knocked down using siRNA in combination with RPL13 siRNA. This led to a 

partial restoration of the percentage of cells in S phase as seen when p53 and RPL13 were 

knocked down in combination (Fig. 4B).

Since ribosome biogenesis disruption can cause certain ribosomal proteins to bind to MDM2 

and inhibit its ability to ubiquitinate p53, MDM2 was co-immunoprecipitated and probed for 

the presence of RPL5 and RPL11 to determine whether RPL13 knockdown caused a similar 

effect. Lysates from cells transfected with RPL13 siRNA showed no change in RPL5 

protein levels and a decrease in RPL11 protein levels compared to the control; however, co-

immunoprecipitation of MDM2 in these lysates pulled down significantly more RPL5 and 

RPL11 protein when RPL13 is knocked down compared to the control (Fig. 4C). p53 was 

also able to be pulled down, which was consistent with the known interactions between 

MDM2 and p53 (Vogelstein et al., 2000).

Consistent with the observation that p53 knockdown only partially restores the percentage of 

cells in S phase, we also observed that cell viability could not be significantly restored when 

p53 was knocked down in combination with RPL13 knockdown (Fig. S8). Thus, while the 

RP-MDM2-p53 pathway may explain some of the effects seen after RPL knockdown, it 

cannot explain the observations completely. This interesting finding suggests that other 

factors also exist to mediate the effects that we have subsequently identified.

siRNA mediated RPL13 knockdown caused protein synthesis inhibition, which is unique 
from the p53 stabilization role

Disruption of ribosomal protein function could affect ribosome-related functions, i.e. protein 

synthesis (Dresios et al., 2000). Using the methionine analog azidohomoalanine (AHA) to 

measure the extent of new protein synthesis (Dieterich et al., 2006), every targeted RPL that 

decreased viability in vitro was found to inhibit protein synthesis, while those that had little 

to no effect on viability did not completely inhibit protein synthesis (Figs. 5A, 5B). 

Significantly, with the exception of RPL5 and RPL11, protein synthesis correlated with p53 

stabilization. This did not occur with RPL5 and RPL11 because of the direct involvement of 

these proteins in the stabilization of p53. To determine whether increased p53 stabilization 

was modulated by protein synthesis inhibition, three different protein synthesis inhibitors 

that act on the 60S subunit, cycloheximide (Ennis and Lubin, 1964), anisomycin (Grollman, 

1967), and puromycin (Nathans, 1964), were tested and effect on p53 examined. Complete 

inhibition of protein synthesis with cycloheximide and anisomycin treated cells decreased 

p53 protein levels (Fig. 5C). Concentrations of puromycin tested did not completely inhibit 

protein synthesis therefore p53 protein levels were detectable. Importantly however, no 

protein synthesis inhibitor was able to increase p53 protein levels as was observed with 
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category 2A RPLs. Cell cycle arrest is likely not caused by the inhibition of protein 

synthesis either because treatment with protein synthesis inhibitors did not cause cell cycle 

arrest seen with RPL13 silencing (Fig. 5D). The slightly decreased percentage of cells in the 

S phase in puromycin-treated cells was accompanied by an accumulation of cells in G2/M, 

whereas upon RPL13 knockdown the accumulation was observed in G0/G1 and G2/M cell 

populations. Thus, we have found that inhibition of protein synthesis from RPL knockdown 

is an additional effect alongside the activation of the RP-MDM2-p53 pathway rather than a 

consequence of p53 stabilization. Likewise, protein synthesis inhibition is not the cause of 

the activation of the RP-MDM2-p53 pathway. This may explain why effects of RPL13 

silencing cannot be restored completely by co-knockdown of RPL13 with p53, RPL5, or 

RPL11.

Discussion

In this study, for the first time, all large subunit ribosomal proteins were studied to elucidate 

RPL protein function in melanoma cells to identify potential therapeutic targets. Results 

suggest that RPLs can be grouped into two categories. Category 1 consists of RPLs that do 

not participate in the RP-MDM2-p53 pathway having little effect on cell proliferation or on 

inhibition of protein synthesis. Category 2 contains RPLs that participate in the RP-MDM2-

p53 pathway and causes protein synthesis inhibition, affecting cell proliferation (Fig. 6). 

Category 2 can be further delineated based on differences in p53 stabilization into category 

2A, which induce the RP-MDM2-p53 pathway upon knockdown, and category 2B, which 

enables the pathway. Results described in this report suggest that category 2A proteins, 

which induce the RP-MDM2-p53 pathway and reduce protein production, may be the most 

promising therapeutic targets in melanoma and other cancer cell types. This is because 

targeting them increased p53 protein expression and disrupted protein synthesis. Because of 

the importance of proliferation for cancer, these cells require greater protein synthesis 

(Baxter and Stanners, 1978; Stumpf and Ruggero, 2011). Therefore, protein synthesis can 

directly contribute to tumor formation (Ruggero, 2009) and would be a reasonable cancer 

cell target. Furthermore, this effect is not limited to melanoma as many other cancer types 

demonstrated decreased viability upon RPL13 knockdown. Therefore, simultaneously 

targeting a normal process essential to a cancer cell and increasing expression of a tumor 

suppressor may provide an effective means to halt tumor growth.

Targeting a ribosomal protein that activated the RP-MDM2-p53 pathway caused cell cycle 

arrest. Cell cycle arrest could be attributed in part to p53 stabilization because decreasing 

p53 protein expression partially alleviated arrest and enabled cells to progress through the S 

phase. In addition, RPL5 and RPL11 were also necessary mediators of this effect. This is in 

line with evidence linking other disruptions of ribosome biogenesis and cell cycle arrest 

(Deisenroth and Zhang, 2010). Variability in the recovery of the S phase may be because 

siRNA targeting p53 more completely knocked down p53 expression than siRPL5 and 

siRPL11, or that the knockdown of p53, RPL5, or RPL11 has additional consequences by 

itself. RPL13 knockdown is not solely dependent on p53 status since knockdown in p53-null 

cells were still able to decrease viability (data not shown). This suggests that the disruption 

of protein synthesis is an important aspect of targeting ribosomal proteins which p53 is not 

directly affecting.
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Because of the role of category 2B RPLs such as RPL5 and RPL11 as enablers of the RP-

MDM2-p53 pathway, this report suggests that the proteins would not be ideal targets for 

wildtype p53 melanoma tumors since targeting these proteins would prevent p53 

accumulation. It is not yet clear how many RPLs would act as activators or enablers of the 

RP-MDM2-p53 pathway since only a subset was tested. However, the studies of others infer 

that RPL23 (Dai et al., 2004), RPL26 (Zhang et al., 2010), and RPL37 (Daftuar et al., 2013) 

as well as small ribosomal subunit proteins RPS3 (Yadavilli et al., 2009), RPS7 (Zhu et al., 

2009), RPS15 (Daftuar et al., 2013), RPS20 (Daftuar et al., 2013), RPS27 (Xiong et al., 

2011) and RPS27A (Sun et al., 2011) may also be included as enablers and thus would also 

not be good therapeutic targets. While it would be ideal to be able to both disrupt protein 

synthesis and activate a tumor suppressor, a therapeutic strategy targeting ribosomal proteins 

would not rely predominantly on p53 stabilization and therefore the therapeutic approach of 

targeting category 2A RPLs would not be constrained to wildtype p53 melanomas. Since 

there are p53-independent mechanisms of cell cycle arrest following disruption of ribosome 

biogenesis (Donati et al., 2012) and because ribosomal protein knockdown disrupts protein 

synthesis, a greater majority of melanomas should be able to be targeted using this 

therapeutic strategy.

Ribosome biogenesis and auxiliary processes associated with the ribosome utilize a lot of 

energy (Warner, 1999), which necessitates that any disruption of these processes be met 

with strategies to avoid wasting energy. Activation of p53 is one response to arrest affected 

cells but others exist. Knockdown of ribosomal proteins may have an effect on the ribosome 

itself, either during ribosome biogenesis or during protein production, which would 

ultimately affect protein synthesis. Results reported here suggest that targeting the majority 

of RPLs affect protein synthesis, which could be detrimental to highly proliferating cancer 

cells compared to normal ones. One caveat, however, is that since cancer stem cells may lie 

dormant (Schillert et al., 2013), treatment may not be as effective at targeting these actively 

proliferating cells. It could also be affecting proteins having short half-lives by disrupting 

levels disproportionately. This report uniquely suggests that not all RPL targets affected cell 

viability or protein synthesis when knocked down. One possibility to explain this 

observation is that these ribosomal proteins are not essential for the assembly, structure, or 

function of the ribosome as is the case in yeast for RPL26 and RPL29 (Babiano et al., 2012; 

DeLabre et al., 2002). As such, they may not cause aberrant ribosome biogenesis when 

disrupted. It is interesting, however, that RPL29 has been shown to inhibit pancreatic cancer 

cell proliferation (Li et al., 2012), but it has been deemed a non-essential ribosomal protein 

in yeast (DeLabre et al., 2002), and appears to be non-essential in melanoma as well. This 

suggests that different cell types may have varying dependencies on certain ribosomal 

proteins.

Stresses on ribosome biogenesis include inhibition of rRNA synthesis or processing (Act D, 

5FU (Sun et al., 2007), mycophenolic acid (Sun et al., 2008)) and silencing of nucleolar or 

ribosomal proteins (Bee et al., 2011; Lindstrom and Nister, 2010; Llanos and Serrano, 2010; 

Wu et al., 2011). Targeting ribosome biogenesis through disruption of RNA polymerase I 

can be a viable option to therapeutically and selectively target cancer cells (Drygin et al., 

2011). Likewise, silencing of certain ribosomal proteins can affect cancer growth (Bee et al., 

2011; Lindstrom and Nister, 2010; Wu et al., 2011), and targeting the translation apparatus 
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could also be a therapeutic approach (Malina et al., 2011). Since we have shown that many 

ribosomal proteins are linked to p53 through the RP-MDM2-p53 pathway and to protein 

translation as part of ribosome function, they may serve as unique therapeutic targets for a 

diverse array of cancer types. We must, however, keep in mind that haploinsufficiency of 

certain RPs in zebrafish elevated cancer incidence (Amsterdam et al., 2004) and that 

Diamond-Blackfan anemia is related to defects in ribosome biogenesis (Choesmel et al., 

2007), therefore any therapeutic strategy must strive to avoid off-target effects.

Although the majority of RPLs caused a similar effect on p53 protein levels and protein 

synthesis when targeted, it is likely that there are other yet unknown effects as well, 

including ones unique to particular ribosomal proteins. For instance, RPL38 has been 

implicated in the translation of a specific subset of Hox mRNA suggesting that ribosomal 

proteins may have more specific functions than simply being one component of the large or 

small ribosomal subunits (Kondrashov et al., 2011). These, and other, extra-ribosomal roles 

of RPs are important to consider if a therapeutic strategy is developed because there may be 

unintended consequences of knocking down an RP that has more functions than the typical 

ribosomal activities. Furthermore, disruption of one RP may affect the function of another 

RP in turn, especially if they cannot come together to form intact subunits after disruption, 

so this potential impact on the cell would need to be taken into consideration. In addition, it 

is important to note that prokaryotic and eukaryotic ribosomes serve the same function, 

however eukaryotic ribosomes contain many more proteins and rRNA segments. The 

purpose of these additional entities is yet to be conclusively established. Research on 

ribosomes suggests that its protein components may serve unique functions (Gilbert, 2011), 

which occurs with RPL19, a protein overexpressed in prostate cancer (Bee et al., 2011), and 

RPL6, a protein overexpressed in gastric cancer (Wu et al., 2011), having unique roles and 

may be novel therapeutic targets. Furthermore, multiple mouse models of RP deficiencies 

have attributed particular phenotypic abnormalities to suppression of protein synthesis and 

extra-ribosomal functions, many of which could be reduced following p53 deletion (Terzian 

and Box, 2013). In this study, only large subunit ribosomal proteins were examined, 

however, small subunit proteins, ribosome assembly factors, and nucleolar proteins might 

also be important (Pestov et al., 2001). These are promising therapeutic targets in cancer 

cells that not only can activate the RP-MDM2-p53 pathway and affect protein synthesis, but 

may also regulate unique functions relied upon by cancer cells.

In summary, this report shows that targeting ribosomal proteins in melanoma and other 

cancers can be a promising therapeutic option for cancer treatment. These data uniquely 

suggest that targeting most large subunit ribosomal proteins not only increased p53 stability 

leading to cell cycle arrest, an effect mediated by RPL5 and RPL11, but also inhibited 

protein synthesis. This led to decreased cell viability in culture and significantly decreased 

tumor growth in animals. In contrast, targeting these genes in melanocytes or fibroblasts had 

a marginal effect on cell viability. Therefore, increasing expression of a tumor suppressor 

while targeting a normal process more essential to cancer than normal cells may provide an 

effective means to inhibit tumor growth.
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Materials and Methods

Cell lines

UACC 903, 1205 Lu, FF2441, A375M, MRC5, and two primary neonatal fibroblast cell 

lines (Neonatal Fibroblasts, and FibroNeoSkin) cell lines were maintained in DMEM 

(Thermo) supplemented with 10% fetal bovine serum (FBS) (Thermo HyClone, Logan, UT, 

USA) and 1% glutaMAX (Life Technologies, Carlsbad, California, USA). WM35, WM115, 

and WM278 cell lines were grown in media #2 (MCDB media supplemented with heat-

inactivated FBS, glutaMAX, and insulin) (Satyamoorthy et al., 1997). FOM103 melanocytes 

were grown in DermaLife media (Lifeline Cell Technology, Walkersville, MD, USA) 

containing LifeFactors DermaLife M (Lifeline Cell Technology). All cell lines were 

maintained at 37°C with 5% CO2 in a humidified incubator. All melanoma cell lines used 

are p53 wildtype (Ji et al., 2012; Khlgatian et al., 2002) as few human melanomas contain 

mutant p53.

siRNA Transfections

Silencer Select siRNA (Life Technologies) were used in preliminary screening (Table S1). 

Duplexed Stealth siRNA (Life Technologies) were used in all subsequent transfection 

experiments.

siRNA sequences:

Scrambled – AAUUCUCCGAACGUGUCACGUGAGA

RPL13 #1 – AGGAAGAGAAGAAUUUCAAAGCCUU

RPL13 #2 – CACUGAGGAAGAGAAGAAUUUCAAA

p53 – UCCACACGCAAAUUUCCUUCCACUC

RPL5 – GAAGACGACGAGAGGGUAAAACUGA

RPL7 – UGAUUGCUCGAUCUCUUGGUAAAUA

RPL11 – CAUGCGGGAACUUCGCAUCCGCAAA

RPL15 – UAGCUUACCAAUCUUAAGGCUAAUA

RPL18 – GAGGCUGUUGGUCAAGUUAUACAGG

RPL28 #2– UUCCUGAUCAAGAGGAAUAAGCAGA

RPL28 #3– CUACAGCACUGAGCCCAAUAACUUG

RPL29 #1– AAACCCCGAUCACAAAGAUACGAAU

RPL29 #2– UUGGCAAAGCGCAUGUUCCUCAGGA

RPL29 #3– CCUGUGCUAUUUGUACAAAUAAACC

RPL31 – CGGGCACUCAAAGAGAUUCGGAAAU

RPL34 – CUGGUAAUAGAAUUGUUUACCUUUA
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MTS assays were carried out by reverse-transfecting 5,000 cells/well with RNAiMAX (Life 

Technologies) and 10 nM siRNA in 96-well plates according to manufacturer’s 

recommendations. For FOM103 melanocytes, 20,000 cells/well and 40 nM siRNA were 

used. After 48 hours, plates were replaced with serum-free media and incubated for 72 hours 

before performing an MTS assay (Promega, Madison, Wisconsin, USA).

Transfections to collect lysates were carried out using the Amaxa Nucleofector (Lonza, 

Basel Switzerland) using Solution R/program K-17(Stahl et al., 2004). 1 × 106 cells were 

nucleofected with 100 pmoles of respective siRNA followed by incubation for 72 hours at 

37°C with 5% CO2 in a humidified incubator.

Western Blotting

Cell lysates were harvested three days after transfection by washing plates with PBS 

followed by addition of RIPA lysis buffer containing Halt Protease & Phosphatase Inhibitor 

Cocktail (Thermo Scientific, Rockford, IL, USA). Lysates were centrifuged (10,000 ×g) for 

10 minutes at 4°C to remove cell debris. Protein concentration was determined using the 

bicinchoninic acid assay kit (Thermo). 25 μg of respective lysates were loaded onto 4–12% 

Bis-Tris NuPAGE gels (Life Technologies) and run in an XCell SureLock Mini-Cell gel 

apparatus (Life Technologies). Following electrophoresis, protein was transferred to 

polyvinylidene difluoride membranes (PVDF) (Pall Corporation, Port Washington, NY, 

USA). Blots were probed according to company’s specifications and exposed using ECL 

Western Blotting Substrate (Thermo Scientific) or Supersignal West Femto 

Chemiluminescent Substrate (Thermo Scientific). Primary antibodies used: RPL13 

(sc-133960), RPL29 (sc-103166), α enolase (sc-7455), p53 (sc-6243), p21 (sc-756), Erk2 

(sc-1647), MDM2 (SMP14) (sc-965), and MDM2 (D-12) (sc-5304) from Santa Cruz 

Biotechnology (Dallas, TX, USA), RPL7 (ab72550), RPL28 (ab112609), and RPL31 

(ab103991) from Abcam (Cambridge, UK), RPL11 (37-3000) from Invitrogen, RPL5 from 

Dr. Mushui Dai, and cyclin E1 (#4129), cyclin E2 (#4132), cyclin B1 (#4138), cyclin H 

(#2927), cyclin A2 (#4656), CDK2 (#2546), and pCDK2 (T160) (#2561) from Cell 

Signaling (Danvers, MA). Secondary antibodies goat anti-rabbit IgG-HRP (sc-2004), goat 

anti-mouse IgG-HRP (sc-2005), and donkey anti-goat IgG-HRP (sc-2020) were purchased 

from Santa Cruz Biotechnology.

Tumor Lysate Studies

Melanoma tumors were collected from human patients according to protocols approved by 

he Penn State Human Subjects Protection Office as described previously (Stahl et al., 2004). 

Pulverized tumor samples were lysed with RIPA lysis buffer containing Halt Protease & 

Phosphatase Inhibitor Cocktail and subsequently sonicated. Tumor lysates were centrifuged 

(10,000 xg) for 10 minutes at 4°C to remove cell debris.

Co-Immunoprecipitation

Lysates were co-immunoprecipitated using the Co-Immunoprecipitation Kit (26149, Thermo 

Scientific). MDM2 (SMP14) primary Ab (sc-965, Santa Cruz) cross-linking to beads and 

co-IP of lysates were performed according to manufacturer’s protocol. Briefly, 5 μg of the 

MDM2 (SMP14) antibody was incubated with 20 μL AminoLink Plus coupling resin for 
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covalent coupling to immobilize antibody. The antibody-coupled resin was washed, and then 

incubated with protein lysate at 4°C overnight. After washing the resin, antigen complexes 

were eluted using elution buffer. Samples were analyzed by western blotting as described 

above. A negative control antibody only lane was run to ensure antibody was properly 

crosslinked so that no heavy or light chains interfered during western blotting.

Flow cytometry for cell cycle analysis

Three days after transfection, 1 × 106 asynchronously proliferating cells per treatment were 

collected. Cell pellets were washed twice with serum-free DMEM before resuspending in 

propidium iodide staining solution (0.1 mg/mL propidium iodide, 0.02 mg/mL Ribonuclease 

A, 1 mg/mL sodium citrate, and 0.3% Triton-X-100 in 1X PBS). Cells were run on a BD 

FACSCalibur (BD Biosciences, San Jose, California, USA) and results analyzed by ModFit 

LT (Verity Software House, Topsham, Maine).

Protein Synthesis Analysis

After transfection and incubation at 37°C with 5% CO2 in a humidified incubator for three 

days, cells were starved of methionine by washing plates with PBS then incubating with 

methionine-free DMEM for 1 hour. 25 μM L-azidohomoalanine (AHA, Life Technologies), 

a methionine analog, was added to the media for 4–6 hours so that all new protein synthesis 

will incorporate AHA. As a negative control, 80 μg/mL cycloheximide was added 

immediately before the addition of AHA to stop protein synthesis. Cell lysates were then 

collected using RIPA buffer. The Click-iT Protein Reaction Buffer Kit (Life Technologies) 

and Biotin Alkyne (Life Technologies) were used to attach biotin to AHA via a click 

reaction according to manufacturer’s protocol. Biotin-attached lysates were run on 4–12% 

Bis-Tris gels, transferred to PVDF membranes, and probed with streptavidin-HRP (R&D 

Systems, Minneapolis, MN, USA) to visualize the level of protein synthesis.

Animal studies

200 pmol siRNA to RPL13 or Scrambled control was reverse transfected into 2 × 106 

UACC 903 and 1205 Lu cell lines per plate using RNAiMAX. Sterile, nuclease free DEPC 

H2O (EMD Chemicals, Gibbstown, NJ, USA) was used as the Buffer control. 72 hours after 

transfection, 1 × 106 cells in 0.2 mL of DMEM media containing 10% FBS were 

subcutaneously injected into the left and right flanks of 4–6 week old athymic female nude 

mice. Tumors were measured every other day beginning at day 6 using calipers to measure 

length, width, and depth.

For size and time matched tumors, 7.5 times as many siRPL13-treated cells were injected 

into nude mice than siScramble and buffer-treated nude mice in order to obtain similar 

tumor sizes by two weeks post injection. 13 days after injection, tumors were collected for 

fixation.

Tissue staining

Formalin-fixed, paraffin-embedded tumor sections from size and time matched tumors were 

used to measure apoptosis, cell proliferation, and vessel density. Apoptosis was visualized 

using the In Situ Cell Death Detection Kit TMR Red (Roche, Indianapolis, IN, USA) (Stahl 
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et al., 2003). Cell proliferation rates were measured by Ki-67 staining using Ki-67 mouse 

anti-human primary Ab (BD Pharmingen) with a biotinylated goat anti-mouse IgG 

secondary Ab (BD Pharmingen) (Stahl et al., 2003). Vessel density quantification was 

performed using the rat anti-mouse CD31 primary Ab (BD Pharmingen) and biotinylated 

goat anti-rat secondary Ab (BD Pharmingen) on zinc-fixed, paraffin-embedded tumor 

sections (Stahl et al., 2003). Density was calculated on the IP Lab imaging software program 

by taking the proportion of area of tumor occupied by the vessels divided by the total tumor 

area. In all analyses, 6 different tumors from each treatment group with a minimum of three 

fields per tumor were quantitated.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance

Little is known regarding involvement of large subunit ribosomal proteins (RPLs) in 

melanoma development or the potential to target these proteins for therapeutic purposes. 

To unravel the involvement of these proteins in melanoma, a screen of all RPLs was 

undertaken, showing that not all RPLs affect melanoma cell survival in a similar manner. 

Certain RPL proteins represented by RPL13 can be targeted to stabilize p53 in melanoma 

cells to induce p53-dependent cell cycle arrest, and decrease protein translation. Thus, for 

the first time in melanoma RPLs are shown to a potential therapeutic target capable of 

inhibiting tumor development.
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Figure 1. siRNA targeting of ribosomal proteins in the large subunit decreased melanoma cell 
viability
(A) A screen containing three independent siRNA targeting each RPL was transfected into 

1205 Lu, UACC 903, or FF2441 cells. Cell viability was measured by a MTS assay and 

values were averaged for each RPL. The heatmap colors visually depict effect of respective 

RPL knockdown on cell viability. Green = least effect on cell viability. Red = largest effect 

on cell viability. # indicates instances where 2 of 3 siRNA displayed the growth effect 

instead of 3 of 3. * p<0.05, ** p<0.01, ***p<0.001. (B) Western blot comparing RPL13 

protein levels between FOM103 melanocytes and melanoma cell lines. Protein band 

intensity was quantified using ImageJ software and RPL13 values normalized to the alpha 

enolase control and expressed as a percentage of FOM103 control. (C) Western blot 

comparing RPL13 protein levels between FOM103 melanocytes and melanoma tumor 

lysates. Blot intensities were quantitated using ImageJ software, normalized to alpha enolase 

loading control and expressed as a percentage of FOM103 control. BLD = below level of 

detection. (D) siRNA to RPL13 or scrambled control were transfected into UACC 903, 1205 

Lu, A375M, and WM35 cells to demonstrate the ability of each siRNA to knockdown 

RPL13 protein expression. Erk2 was used as a control for equal protein loading. (E,F) 

siRNA to RPL13 or scrambled control were reverse transfected into fibroblast and 

melanoma cell lines at varying concentrations (E) or at 10 nM (F) and cell viability 

measured by MTS to compare differences in extent of cell viability decrease. Fibroblasts 

represent the average of four different fibroblast cell lines; MRC5, FF2441, and two primary 

neonatal fibroblast cell lines (Neonatal Fibroblasts, and FibroNeoSkin). * p<0.05, ** 

p<0.01, ***p<0.001. (N≥3) Bars; average, ±SEM.
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Figure 2. RPL13 protein knockdown decreased tumor growth by reducing cellular proliferation
(A,B) Transfection of RPL13 siRNA into UACC 903 (A) or 1205 Lu (B) led to a 

statistically significant decrease in tumor growth. Cells transfected with siRNA or buffer 

control were incubated for 3 days before s.c. injection into nude mice. Tumor volumes were 

measured every other day (N=6) Points; mean, ± SEM. (C, D, E) Tissue sections from size 

and time matched tumors were imaged and quantified after staining with antibodies to 

Ki-67, CD31, or TUNEL (N=10) Bars; mean, ±SEM (statistics, One-way ANOVA followed 

by Tukey’s test for multiple comparisons). *p<0.05, ** p<0.01, ***p<0.001.
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Figure 3. Effect of silencing RPL13 induced a p53-dependent cell cycle arrest
(A) UACC 903 cells were transfected with siRNA targeting selected RPLs or scrambled 

control followed by western blotting. Erk2 served as the control for equal protein loading. 

(B) FF2441 fibroblast and UACC 903, 1205 Lu, or WM35 melanoma cell lines were 

transfected with RPL13 or scrambled control siRNA to measure increases in p53 and p21 

levels by western blotting. Erk2 was used as a control for equal protein loading. (C) UACC 

903 and 1205 Lu cells transfected with RPL13 or scrambled control siRNA were treated 

with cycloheximide (CHX) to stop protein synthesis. Western blotting from 0–2 hours after 

CHX treatment showed stability of p53. The siScramble 0–2hr blots were intentionally 

overexposed to enable comparison to the other blots. Enolase served as the control for equal 

protein loading. (D) UACC 903 or 1205 Lu cells were transfected with RPL13 siRNA alone 

or in combination with p53 siRNA and after 3 days incubation, cells were stained with 

propidium iodide, run on a BD FACSCalibur and results analyzed by ModFit LT (N≥3).
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Figure 4. RPL5 and RPL11 mediated p53 and cell cycle effects following RPL13 silencing
(A) UACC 903 cells were transfected with RPL13 siRNA in the presence or absence of p53, 

RPL5, or RPL11 siRNA. Western blotting of lysates shows changes in MDM2 and p53 

protein levels. Erk2 served as a control for equal protein loading. (B) UACC 903 and 1205 

Lu cells were transfected with RPL13 siRNA alone or in combination with p53, RPL5, or 

RPL11 siRNA and after 3 days, cells were stained with propidium iodide, run on a BD 

FACSCalibur and results analyzed by ModFit LT (N≥3). (C) Lysates of UACC 903 and 

1205 Lu cells transfected with RPL13 or scrambled siRNA control were 

coimmunoprecipitated using an MDM2 primary Ab, followed by western blotting, to 

examine the extent of p53, RPL5, and RPL11 binding to MDM2. Erk2 was used as a loading 

control for equal protein loading.
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Figure 5. siRNA mediated RPL13 knockdown caused protein synthesis inhibition, and effects 
seen were not due to an effect on general protein synthesis inhibition
(A, B) Cells transfected with RPL siRNA were subjected to methionine starvation then 

azidohomoalanine (AHA) incubation before collecting lysates. Biotin was attached to the 

AHA in newly synthesized proteins before performing western blotting and probing 

membranes with streptavidin-HRP to identify the extent of new protein synthesis in UACC 

903 (A) or the effect of siRPL13 inhibition in UACC 903 and 1205 Lu (B). Erk2 served as 

the control for equal protein loading. (C) UACC 903 cells were treated with varying 

concentrations of the protein synthesis inhibitors cycloheximide, puromycin, and 

anisomycin for 4 hours before subjecting cells to methionine starvation then AHA 

incubation prior to collecting lysates. Biotin was attached to the AHA in newly synthesized 

proteins before performing western blotting and probing the membrane with streptavidin-

HRP to identify the extent of new protein synthesis. Erk2 was used as a control for equal 

protein loading. (D) UACC 903 cells were treated with varying concentrations of 

cycloheximide, puromycin or anisomycin for 24 hours before staining cells with propidium 

iodide, running on a BD FACSCalibur and analyzing results using ModFit LT (N=3).
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Figure 6. Large subunit ribosomal protein categories based on functional roles. RPL function in 
melanoma cells can be grouped into two categories
Category 1 contains all RPLs that, when targeted, have little to no effect on cell viability and 

protein synthesis inhibition. These are also the proteins that do not participate in the RP-

MDM2-p53 pathway. Category 2 contains all RPLs that, when targeted, decrease cell 

viability and inhibit protein synthesis. These are proteins that participate in the RP-MDM2-

p53 pathway. Based on differences in effect on p53 stabilization, category 2 RPLs can be 

further grouped into 2A, those that induce the RP-MDM2-p53 pathway, and 2B, those that 

enable the RP-MDM2-p53 pathway. Most, if not all, RPLs of the second category could be 

grouped into either those that induce or enable the RP-MDM2-p53 pathway but only a 

subset was studied in detail, so the remaining cannot be conclusively categorized without 

further study. Highlighted in blue, green, and red are validated components of categorys 1, 

2A, and 2B, respectively, from this study.
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