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Abstract 
Mammalian Hsp90 is a ubiquitous molecular chaperone that undergoes selective translation 
under stress. However, the precise control mechanism of HSP90 translation is yet to be 
elucidated. 
although global translation is inhibited during heat shock. A genetic screen identified two 
ribosomal proteins, RPL36A and RPL42, as translation regulators of yeast HSP90. I found that 
knockdown of either RPL36 or RPL36A, mammalian homologs of the yeast ribosomal 
proteins, modulates expression under basal and heat shock condition, suggesting that 
the selective translation mechanism is conserved between humans and yeast. Profile 
expression in rhabdomyosarcoma cell line revealed a correlation between HSP90 protein 
levels and RPL36/RPL36A expression, suggesting that they might be the drivers behind 
elevated HSP90 expression. Interestingly, a higher level of RPL36 and RPL36A rendered cells 
less sensitive to HSP90 inhibitor, suggesting that they may be predictors of HSP90 inhibitor 
resistance.
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Chapter 1: Introduction 
 
1.1 Importance of translational regulation 
 
Gene expression is regulated at multiple steps, including transcription and translation. 
Transcriptional regulation includes modulating the production of a messenger RNA (mRNA) 
from DNA. mRNA processing, transport, and stability are part of post-transcriptional control 
that can affect the concentration and availability of mRNA. Translational regulation controls 
mRNA translation efficiency, allowing for a rapid control of protein expression. Although 
mRNA levels have been thought of as the rate-limiting step in global protein translation, 
studies have shown lack of correlation between mRNA and protein levels (Tebaldi et al., 2012; 
Schwanhausser et al., 2011;  Nishizuka et al., 2003; Gygi et al., 1999;).  Highly regulated 
protein synthesis consumes ~50% of cellular ATP (Li et al., 2014; Pace and Manahan, 2007; 
Princiotta et al., 2003). Therefore, it is more time and energy-efficient to regulate mRNA 
translation rather than deal with the aftermath of aberrant proteins. Moreover, certain cells like 
oocyte use translational control as their only method of protein regulation as they lack active 
transcription (Kronja and Orr-Weaver, 2011). Translational regulation plays a role key in cell 
cycle control. Hence, impaired regulation has been associated with numerous diseases (Schafer 
et al., 2015; Darnell, 2011; Kronja and Orr-Weaver, 2011). 
 
There are two general modes of translation: global translation, which affects the translation of 
the bulk of cytoplasmic mRNAs, and mRNA specific translation, which affects a specific 
subset of mRNAs.  
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1.1.1. Global translation 
 
Although translation is a continuous process, it can be divided into three distinct steps: 
initiation, elongation, and termination.  Initiation is thought to be the rate limiting step of 
mRNA translation and is modulated by eukaryotic initiation factors (eIF) (Figure 1). The m7G 
cap-
promote the initiation of translation, also known as cap-dependent translation (Figure 2).  

Initiation involves the recruitment of the 40S ribosomal subunit in association with a ternary 
complex that contains an initiator tRNA (methionyl-tRNAi), GTP and eIF2, in addition to 
eIF1, eIF1A, eIF3, and eIF5 (Figure 1). This complex is known as the 43S-initiation complex. 
Each eIF has a unique and distinct role in regulating translation initiation. For instance, eIF2 
mediates the binding of the initiator tRNA to the 40S ribosomal subunit, whereas eIF1 and 

-initiation complex 
recognizes bound mRNA through the interaction of two scaffold proteins known as eIF3 and 
eIF4G. The recruitment of the 43S-initiation complex to the mRNA is mediated by eIF4E. It 

physically bind to the cap structure. The scanning of the mRNA is facilitated by eIF4A, an 
RNA helicase, which is believed to unwind  and is 
promoted by eIF4B and eIF4H. The interactions between eIF4A, eIF4E and eIF3 is mediated 
by the scaffold protein, eIF4G. Moreover, the simultaneous interaction of eIF4G and PABP 
(poly-a biding protein) allows the mRNA to be circularized, further enhancing translation. The 
48S-initiation complex, (43S-initiation complex bound to mRNA) scans the 5' UTR until it 
identifies an initiation codon (AUG) in the appropriate context, followed by the    
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Figure 1: The mechanism of the eukaryotic translation initiation.  
Cap-dependent translation is the mechanism used by vast majority of mRNAs. Initiation 
involves the recruitment of the 40S ribosomal subunit in association with several initiation 
factors (together known as 43S-initiation complex) followed by the binding and scanning of 
the 5' UTR until an initiation codon is identified. Following, the 60S ribosomal subunit joins 
the 43S-initiation complex turning into a catalytically active 80S ribosome. For more details, 
refer to the text. (Figure courtesy of Martin Holcik). 
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eIF5-catalyzed release of eIF2, eIF1, eIF1A, and eIF3 (Hershey et al., 2012; Holcik and 
Sonenberg, 2005). This reaction allows the 60S ribosomal subunit to join the 48S-initiation 
complex and become a catalytically active 80S ribosome.  

There are two main regulatory pathways  altered phosphorylation status (reversible) and 
proteolytic degradation (irreversible). The first one usually incl
eIF4E binding proteins (4E-BP). The second one is usually centered around eIF4G, eIF2a, and 
PABP. For instance,  phosphorylation inhibits the recycling of Met-tRNAi and charging 
of the ternary complex. However, the phosphorylation of eIF4E decreases its binding to the 
cap structure increasing translation initiation, whereas its dephosphorylation leads to 
attenuation in global translation (Holcik, 2015; Liwak, and Holcik 2012; Pavitt and Ron 2012, 
Holcik and Sonenberg, 2005). The availability of eIF4E to assemble in the eIF4F complex is 
reduced by the competitive binding of dephosphorylated 4E-BP to eIF4E, inhibiting eIF4E 
interaction with the scaffold protein eIF4G. Moreover, the phosphorylation of the f subunit in 
eIF3 has been noted during apoptosis and is known to negatively regulate global translation. 
In addition to phosphorylation-mediated inhibition, the proteolytic cleavage of either , 
eIF4G, or PABP by an apoptotic protein caspase-3 inhibits protein synthesis (Holcik, 2015; 
Liwak and Holcik, 2012; Gebauer and Hentze, 2004; Marissen et al., 2000; Bushell,et al., 
1999). Although altered phosphorylation or cleavage of initiation factors leads to global 
inhibition of translation during stress, it may also promote the upregulation of transcript-
specific translation. 
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1.1.2. Selective translation 
 
A number of stresses such as DNA damage, heat shock, and hypoxia can lead to the attenuation 
of global translation, yet a specific subset of mRNAs whose protein products are necessary to 
cope with stress are effectively translated. Selective translation is regulated by unique elements 

entry site (IRES), upstream open reading frames (uORFs), and hairpins (Figure 2). The IRES 
element can recruit the 40S ribosome directly and bypass the binding requirement of the 
canonical initiation factors with the m7G cap-structure, allowing translation to occur in a cap-
independent manner (Hershey et al., 2012; Holcik and Sonenberg, 2005) (Figure 1). At least 
3% of cellular mRNAs, many of which contain an IRES element, undergo cap-independent 
translation (Johannes at al., 1999). They frequently display inefficient translation during 
normal growth conditions. However, IRES-mediated translation dominates during conditions 
that result in global inhibition of cap-dependent translation (Hershey et al., 2012; Holcik and 
Sonenberg, 2005). Modification of eukaryotic initiation factors during stress may promote 
IRES-mediated translation. For example, during picarnovirus infection, viral proteases cleave 
eIF4G into two polypeptides fragments (c-terminal polypeptide and N-terminal polypeptide) 
and inhibit cap-dependent translation. However, cap-independent (IRES-mediated) viral 
mRNA translation was enhanced in this process, as the c-terminal polypeptide fragment 
maintained its binding activity towards eIF3 and eIF4A. Therefore, the picarnovirus hijacked 

-terminal fragment of the cleaved eIF4G 
to preferentially direct its IRES-mediated translation (Alvarez et al., 2003).  
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Figure 2: Regulatory elements and sequences that can affect mRNA translation. Majority of the eukaryotic mRNAs contain a cap structure (m7G
poly(A) tail found at the , which promote translation initiation.  Secondary structures 
such as hairpins, upstream open reading frame (uORFs), and internal ribosomal entry sites 
(IRES) affect translation efficiency. Hairpins decrease translation efficiency, whereas IRES 
elements increase translation efficiency. The main protein coding sequence is known as the 
open reading frame (ORF). An uORF is a secondary protein coding sequence found upstream 
of the main protein coding sequence. uORF negatively affect the translation efficiency of the 
main ORF. 
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In addition to eIFs, many IRES elements require auxiliary proteins function properly. These 
factors, termed IRES trans-acting factors (ITAFs) are mostly RNA-binding proteins that play 
a pivotal role in regulating IRES-mediated translation. They function in remolding the IRES 
structure to either facilitate or block the binding of the ribosome to the mRNA.  

 
1.2 Heat shock protein 90 (HSP90)  
Heat shock protein 90 (HSp90) is a ubiquitously expressed molecular chaperone that accounts 
for 1-2% of the total cellular protein under physiological conditions, yet 4-6% under stress 
conditions (Finka and Goloubinoff, 2013; Tankiewicz et al., 2012; Picard, 1990). HSP90 has 
several important biological functions, including folding and maturation of proteins, 
assembling steroid hormone receptors, and kinases. It plays a key role in maintaining cellular 
homeostasis by modulating cell cycle factors, ubiquitin ligases, and helping in transportation 
and translocation of proteins (McCarthy et al., 2008; Whitesell and Lindquist, 2005; Picard, 
2002; Yano et al., 1999; Zhang et al., 1999; Pratt, 1998; Bose et al, 1996). HSP90 is highly 
conserved and found among all kingdoms, except for archaea (Johnson, 2012; Chen et al., 
2005). For example, human HSP90 and yeast HSP90 share 60% similarity in the identity of 
their amino acids (Johnson, 2012; Chen et al., 2005). Human HSP90 family is divided into 
three groups based on their cellular compartments:  cytosolic HSP90, mitochondrial paralogue 
TRAP1, and an ER paralogue known as Grp94 (Chen et al., 2005).  

As a result of a gene duplication 500 million years ago, cytosolic HSP90 has two isoforms: 
 (Figure 3) (Chen et 

al, 2005; Krone et al., 1994). Despite their similarities, the two isoforms likely fulfill distinct  
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Figure 3 display functional similarity, yet differ in regulatory sequences of their mRNAs. (A) HSP90 protein is made of three main domains connected by 
a charged linker. The function of each domain is described in the figure. (B) 

 show 75.71% identity at the protein coding sequence (CDS) level and 86.74% at the 
amino acid sequence (AS) l
percentage.  
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cellular functions. , whereas 
mice are embryonically lethal (Grad et al., 2010; Voss et al., 2000).  

HSP90 protein is comprised of three structural domains with distinct functions: N-terminal 
domain (NTD), Middle domain (MD), and C-terminal domain (CTD) (Figure 3A). The 
function of HSP90 protein and its homologues is dependent on the NTD structure that contains 
an ATPase. The MD site, connected to the NTD by a charged link, is the client protein binding 
site for HSP90s clients or co-chaperones. The CTD site is responsible for the dimerization of 
HSP90 which is important for its function. Interestingly, 

However, g sequence level and 
86.7% at the amino acid sequence level, suggesting that these two proteins may be functionally 
similar, yet they are regulated under different mechanisms. 
 Several studies investigated the post-transcriptional regulation of HSP90 expression during 
stress (Silva et al, 2013; Duncan, 2008; Ahmed and Duncan, 2004). In yeast and Drosophila, 
the analysis of mRNAs associated with polysomes of stressed cells revealed an increase in 
translation efficiency of the inducible HSP90 under stress, concomitantly with a decrease in 
global translation of mRNAs (Silva et al, 2013; Duncan, 2008; Ahmed and Duncan, 2004). 
Although cap-dependent translation was inhibited, HSP90 mRNA was translated through a 
mRNA-selective mechanism which led to an increase in HSP90 protein levels with no 
correlating mRNA levels. It was postulated that this mechanism is mediated through an IRES 

Moreover, in cells lacking eIF4E and eIF4G, which are 
deemed necessary for cap-dependent translation, HSP90 mRNA was shown to be continually 
translated (Joshi-Barve et al., 1992). These experiments suggest that HSP90 mRNA has the 
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ability to recruit the ribosome to its mRNA through an IRES-mediated mechanism that may 
not necessarily be dependent on the availability eukaryotic initiation factors (Joshi-Barve et 
al., 1992). Although selective translation has been implicated to be part  
the precise mechanism is yet to be fully elucidated.  
Interestingly, an elevated expression of HSP90 has been noted in a number of aggressive 
tumours (Yano et al., 1999; Beliakoff and Whitesell, 2004; Pick et al., 2007; Wang et al., 2013; 
Lesko et al., 2007; Workman and Powers, 2007). Since HSP90 is a chaperone to many known 
oncogenes, e.g human epidermal growth factor receptor (Her2) and tumour suppressor protein 
53 (P53), and cell cycle regulators (e.g cyclin-dependent kinase 4/6 (CDK4/CDK6)), its 
deregulation can lead to detrimental effects on the fate of the cell (Sharma et al., 2012). 
 
1.3 Roles of ribosomes in translation 
The ribosome is a highly conserved translation machinery that is responsible for protein 
synthesis. The human ribosome (80S) is composed of a small ribosomal subunit 40S and a 
large ribosomal subunit 60S. In mammalian cells, ribosomes consist of 4 rRNAs and 80 
ribosomal proteins. 5S, 5.8S, and 28S rRNA and 47 proteins are found in the 60S ribosomal 
subunit, whereas 18S rRNA and 33 proteins are found in the 40S ribosomal subunit (Anger et 
al., 2013; Klinge et al., 2012; Ben-Shem et al., 2011; Khatter et al., 2015). Although ribosomes 
have been proposed to possess a fixed stoichiometry, different tissue types and the 
physiological conditions may lead to heterogeneous ribosomal proteins composition in the 
ribosome (Slavov et al., 2015; Reschke et al., 2013; Xue and Barna, 2012). For instance, 
developing tissues such as the face, eyes and neural tube have shown an enrichment in RPL38 
expression (Kondrashov et al., 2011). However, RPL38 is not generally expressed in all adult 
tissues, suggesting that the translating polysome found during development is made of 
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different ribosomal composition in comparison to the translating polysome in mature tissues.  
(Kondrashov et al., 2011; Sahin et al., 2005). A quantitative gene-expression profile screen of 
72 ribosomal proteins across various tissues and cell lines presented an evidence of substantial 
heterogeneity in these ribosomal proteins across different tissues/cells (Kondrashov et al., 
2011; Xue and Barna, 2012; Bortoluzzi et al., 2001). This strongly suggests that there is 
tissue/cell-specific expression of ribosomal proteins and it is distinctively regulated. 
Furthermore, the amount of the ribosomes present on a given mRNA allows us to infer the rate 
of translation; higher ratios of ribosomes suggest a higher translation rate (Slavov et al., 2015). 
Thus, in an induced growth condition, more ribosomal proteins are needed for the assembly of 
the additional ribosomes to support the higher rate of translation.  

More research is starting to focus on the additional function of ribosomal proteins within the 
ribosome. The ribosome filter hypothesis postulated that a ribosome can preferentially alter 
the translation of a subset of mRNAs (Mauro and Edelman, 2002). In fact, some ribosomal 
proteins have already been proven to play a key role in the regulation of selective mRNA 
translation, as a part of the ribosome. For example, the mitochondrial ribosomal protein L18 
(MRPL18) plays a role in selectively translating the heat shock protein 70 (HSP70) mRNA 
under heat shock. The presence of the cytosolic form of MRPL18 alters the 80S ribosome 

shock (Zhang et al. 2014). In a different example, the vesicular stomatis virus (VSV) mRNA 
contains a long (~750- -dependent translation. 
Lowered levels of RPL40, but not other ribosomal proteins, lead to the inhibition of VSV 
infection by ~90% (Lee et al., 2013). The transcription of VSV mRNA was not affected; 
however, the polysome association with VSV mRNA and protein levels were largely reduced, 
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suggesting that the loss of VSV translation was due to the absence of RPL40 in the 80S 

mRNA through cap-dependent translation. 

Ribosomal proteins that have functional roles outside the ribosome are referred to as extra-
ribosomal proteins and they can play an important in regulating translation as free ribosomes. 
RPL13a harbours an extra-ribosomal function that allows it to modulate ceruluplasmin mRNA 
expression. Exposure of cells to interferon  for 24 hours mediates RPL13a phosphorylation, 
leading to its release from the 60S ribosomal subunit. The recruitment of free phosphorylated 
RPL13a as part of the interferon -activated inhibitor of translation (GAIT) complex to the 

. The 
recruitment of the 43S ribosome complex to the ceruloplasmin mRNA step was blocked by 
the phosphorylated extra-ribosomal RPL13A (Mazumder, 2003).  

1.3.1. Ribosomes and diseases 

Emerging research is now linking ribosomal abnormalities to developmental diseases and 
cancer (Xue and Barna, 2012; Song et al., 2011; Kim et al., 2004). A genetic screen in 2011 
identified Rpl38 as a deleted gene in mice who have deformations in their axial skeleton 
formation. Further studies confirmed that Rpl38 controls the expression of Hox mRNAs that 
are necessary for proper development (Song et al., 2011; Kondrashov et al., 2011). Mutations 
in the ribosomal genes, that code for the 40S subunit (RPS7, RPS17, RPS10, RPS24, and 
RPS24) and 60S subunit (RPL5, RPL11, and RPL35A), lead to a bone marrow disorder known 
as diamond-blackfan aneaemia (DBA) (Boria et al., 2010). People who suffer from DBA have 
physical abnormalities and are more susceptible to other diseases. Studies have also shown 
that cancerous tissues and cells display an increased expression of specific ribosomal proteins 
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(Kondrashov et al., 2011; Song et al., 2011; Sahin et al., 2005; Kim et al., 2004; Bortoluzzi et 
al., 2001). For example, RPL39 is overexpressed in breast cancer cells, RPS11 and RPL7 are 
overexpressed in colorectal cancer, whereas RPL19 is over expressed in prostate cancer (Dave 
et al., 2014; Bee et al., 2006; Kasai et al., 2003). A tissue microarray identified high expression 
of RPL36 and RP36A in hepatocellular tumours, but did not detect them in healthy non-tumour 
tissues (Song et al., 2011; Kim et al., 2004). A vast number of these ribosomal proteins are 
currently being used as prognostic markers for aggressive and malignant cancers. 

1.4 Rationale and hypothesis 

Using polysome profiling in yeast, our collaborators have identified hsp/hsc82 (yeast HSP90 
homologues) as two yeast genes that are up-regulated at the level of protein synthesis in 
response to stress while global translation was impaired, suggesting a selective translation 
mechanism (Silva et al., 2013). A follow-
laboratory at Carleton University has identified several yeast genes potentially involved in the 
translational control of hsp/hsc82 in response to stress. Two of these candidate genes, namely 
RPL36A and RPL42, have homologs in mammalian cells, also known as RPL36 and RPL36A. 
When RPL36A and RPL42 are deleted in the yeast model, 
blunted. These findings suggest that yeast HSP90 is selectively translated under stress, and 
that the selective translation is controlled by several yeast genes including RPL36A and 
RPL42. I therefore hypothesize L36 and RPL36A regulate the selective translation 
of mammalian HSP90 in response to cellular stress was to validate that 
mammalian HSP90 is regulated at the level of translation and that altering levels of RPL36 

lity to be induced by heat shock stress. Furthermore, 
physiological relevance of HSP90 is explored in rhabdomyosarcoma model.
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Chapter 2: Materials and Methods 
 
2.1 Cell Culture and Transfection 
HeLa cells were maintained at 37 C in 5% CO2 in complete DMEM (DMEM supplemented 
with 10% Fetal Bovine Serum, 1% glutamine, 100,000 U/L penicillin and 100 g/L 
streptomycin; HyClone). Human Rhabdomyosarcoma (RMS) cell lines (RH18, RH30, RH36, 
RD, and RH41) were a gift from Dr. P. Houghton (Department of Hematology-Oncology, St. 
Jude Children's Research Hospital, Memphis, TN) and were cultured in RMPI 1640 media. 
The human RMS cell line Kym-1 was purchased from the JCRB, Japan, and were cultured in 
DMEM-F12 media. Primary human skeletal muscle myoblasts (HSMM) were a gift from Dr. 
Kyle Cowan (CHEO, Ottawa). 
For transient siRNA transfections, Lipofectamine RNAiMax reagent (Invitrogen) was used. 
Double stranded siRNA targeting RPL36 (

_UCUUUCUUGGCAGCAGCUUtt ; (Santa-Cruz, sc-97541) and RPL36A 
(Sense:_ _CAGUUCUAAGUGUCAUCUUtt_ _Antisense:_AAGAUGACACUUAGAA
CUGtt ; Santa-Cruz, sc-91135) were purchased from Santa Cruz and non-targeting control 
siRNA ( -

 Qiagen, cat #102720) was used as a negative control.  HeLa cells were 
transfected for 48 or 72 hours in 6-well plates with either 5 nM of siRPL36A or 15 nM of 
RPL36 siRNA, respectively. RD cells were transfected for 48 hours with either 15 nM of 
siRPL36A or 20 nM of RPL36 siRNA. Kym-2 cells were transfected for 48 hours with either 
40 nM of siRPL36A or 40 nM of RPL36 siRNA. 
For heat shock experiments in HeLa cells, 48 to 72 hours after siRNA transfection, the media 
was removed from the wells. The wells were then replenished with complete DMEM media 
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without antibiotics which was heated to either 37 C or 42 C and then put in an incubator at 
37 C (non-heat shocked cells, Control) or 42 C (heat shocked cells, Treated). After 45 minutes, 
the media was aspirated from the wells and each well was rinsed with phosphate-buffered 
saline (PBS). The cells were harvested using RIPA Buffer.  
 
2.2 RNA Extraction and PCR 
Total RNA extraction and purification was performed using RNAzol® RT (Sigma Aldrich) as 
follows: Media was aspirated from the wells and then 1ml of RNAzol® RT was used to cover 
one well in a 6-well plate. Following, 0.4 ml of RNAse-free water was added per 1 ml 
RNAzol® RT used for homogenization. The samples were then shaken vigorously for 15 
second and then allowed to stand at RT for 15 minutes. After the incubation, the samples were 
centrifuged at 12,000 x g for 15 minutes at 4 C and then the supernatant was transferred to a 
new tube. The mix was allowed to incubate at RT for 10 minutes after the addition of equal 
amount of 100% isopropanol to the supernatant to precipitate the RNA. After the incubation, 
the mix was centrifuged at 12,000 x g for 10 minutes at RT. Supernatant was discarded and 
the pellet was washed with 0.6 ml of 75% ethanol and then centrifuged at 6,000 x g for 3 
minutes. The previous step was repeated twice. Ethanol was then aspirated and the RNA pellet 
was solubilized, without drying, in RNAse-free water. Solubilized RNA was vortexed for 5 
minutes at RT and then RNA readings were taken using the Nano-drop1000. 
R  (Quanta 
Bioscience) and the following reaction mix was prepared for a final volume of 20µL: 4 µL of 

µg of RNA template and then add H2O up to a final volume 
of 20µL.  cDNA reaction mix was then incubated in the PCR machine using following 
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conditions: 5 minutes at 25 C, 30 minutes at 42 C, and 5 minute at 85 C. 1µl of cDNA product 
was used to perform quantitative real time (qRT-) PCR using 10 µL of SYBR green Master 
Mix (Qiagen), 2µL of primers, 7µl of H2O, and 1µL of cDNA. Quantitect primers RPL36, 
RPL36A, HSPA90AA, HSP90AB, Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH) 
and -Actin were used for endogenous mRNA quantification. qRT-PCR was performed using 
the Eppendorf qPCR machine and its associated software. Cycling conditions: 95 C for 15 
min, C for min, 40 cycles. Melting curve was also obtained. 

 

HSP90  QT01848273 Qiagen (QuantiTect primers) 
HSP90  QT01002624 Qiagen (QuantiTect primers) 
RPL36 QT00219779 Qiagen (QuantiTect primers) 

RPL36A QT01668030 Qiagen (QuantiTect primers) 
GAPDH QT00079247 Qiagen (QuantiTect primers) 

-Actin 123172H11 
123172H12 

Invitrogen 
 
Table 1: List of qRT-PCR primers used in this study 
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2.3 Western Blotting 
Cells were harvested in radioimmunoprecipitation assay RIPA buffer (50mM Tris-CL pH 7.4, 
1mM EDTA, 150 mM NaCl, 1%np40, 0.5% Deoxycholic acid, 0.05% SDS) with the addition 
of protease inhibitors (1µM PMSF, 1µM Leupeptin, 1µM Aprotonin, 1µM Pepstatin) and then 
kept on ice for 30 minute, followed by centrifugation at 14,000 rpm in a 4 C bench top 
centrifuge. The supernatant was then collected, and bichoninic acid assay (BCA, 
Thermofisher) was used to determine protein concentration.  
Equal protein amounts (10-20 µg) were diluted in Laemlli Buffer supplemented with 5% (v/v) 
Dithiothreitol (DTT) (Bio-Rad) and resolved on 10% SDS-PAGE, transferred to PVDF 
membrane using wet transfer (1 hr at 100V). The levels of the following proteins were 
investigated: HSP90 (Anti-mouse, 1:2500 in 1% milk PBST, Calbiochem-386040), RPL36 
(Anti-rabbit, 1:500 in 1% milk TBST, Abcam- ab138032),  , RPL36A (Anti-mouse, 1:700 in 
1% milk PBST, Santa Cruz- sc-100831), RPL5 (Anti-rabbit, 1:1000 in 1% milk PBST, 
Abcam-ab74744), CDK4 (Anti-mouse, 1:5000 in 1% milk PBST, Cell Signalling- #2906), -
Actin (Anti-mouse, 1:10,000 in 1%milk PBST, Abcam- ab6276), -Tubulin (Anti-mouse, 
1:10,000 in 1% milk PBST, Abcam- ab7291). Secondary antibodies used were -mouse (Cell 
Signalling) and -rabbit (Bio-rad) and were developed using ECL (GE Healthcare), or West 
PICO substrate (Pierce) to visualize protein on film (GE Healthcare). Alternatively, Alexa 
680-, or Alexa 780-conjugated (LI-COR Biosciences) secondary antibodies were used 
followed by detection using LI-COR Odyssey infrared scanner (LI-COR Biosciences). 
Densometry analyses were performed using the LI-COR Odyssey software. 
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2.4 Polsyome_Profiling 
HeLa cells from three to four 10cm plates per condition were plated for 24 hours prior to 
harvesting. Following day, cells were incubated with 0.1 mg/ml CHX for 3 minutes, washed 
with cold CHX-PBS and then collected in tubes to be pelleted by centrifugation at 300 xg. The 
supernatant was discarded and the pellet was lysed in polysome lysis buffer (100 mM KCL, 5 
mM MgCl2, 10 mM HEPES pH 7.4, 2% Triton X-100, 140U/ml, 0.1 mg/ml Cyclohexamide 
(CHX) for 15 min. Supernatant was spun at 12,000rpm to remove cellular debris. Equal 
OD254 units were loaded on top of a 15-45% sucrose gradient column. The columns were 
centrifuged for 90 minutes at 38,000 rpm at 4 C in SW41Ti rotor in Optima L-100 Xp 
Ultracentrifuge (Beckman Coulter). Gradients were fractioned into 1 ml/fractions using an 
ISCO gradient fractionation system (Teledyne ISCO Inc) and RNA/protein was monitored at 
254 nm. Fractions were flash frozen in liquid nitrogen and stored at -80 C. Total RNA was 
isolated from individual fractions by TRIzol LS® (Roche) according to the following protocol: 
A ratio of 1:3 was maintained between the volume of sucrose fraction used and the TRIzol 
LS®reagent added. Samples were homogenized by pipetting and down several time after the 
addition of TRIzol LS® and then incubated at RT for 5 minutes. O.2 mL of Chloroform was 
added per 0.75 mL of TRIzol LS®reagent used for homogenization. Mixture was then shaken 
vigorously for 15 seconds, incubated for 15 minutes at RT, and then centrifuged at 12,000 x g 
for 15 minutes at 4 C. Aqueous phase of sample was placed into a new tube along with equal 
volume of 100% isopropanol. After 10 minute RT incubation, the mixture was centrifuged at 
12,000 x g for 10 minutes at 4 C. Supernatant was removed and the remaining RNA pellet was 
washed with 1 mL of 75% ethanol and vortexed. Sample was then centrifuged at 7,500 x g for 
5 minutes at 4 C and the supernatant was discarded. The RNA pellet was allowed to partially 
air dry, then was re-suspended in RNase-free water and incubated in a heat block at 55 C for 
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15 minutes. Equal volumes of RNA were used in cDNA synthesis. PCR and RT-PCR were 
performed as described in RNA Extraction and PCR.  

2.5 Cell cytotoxicity and YOYO-1 activity assay 
For cyctotoxicity assays, 1x104 RD cells and  8x 103 Kym-1 cells were seeded a day before the 
treatment. The day of the treatment, cells were treated with increasing concentrations of 17-
(Allylamino)-17-demethoxygeldanamycin (17-AAG) (Sigma Aldrich) or 0.1% DMSO and 
were incubated with 100nM of YOYO-1 dye (Molecular probes). Uptake of the YOYO-1 
fluorescent dye was monitored over 48 hour using the INCUCYTETM ZOOM Live-Cell 
Imaging System (Essen Bioscience). Cell death activity, normalized yoyo-1 positive cells, was 
calculated as the number of green fluorescent cells divided by the confluence. Fold cytotoxicity 
was calculated as Log 2 of normalized yoyo-1 positive cells. 
 
2.6 Statistical Analysis 
Data are expressed as a mean +/- standard error of the mean (s.e.m). Unless otherwise stated, 
all results were obtained through a minimum of three independent experimental replications. 
t-tests and one way-ANOVA were used to determine data significance using GraphPad Prism 
version 5.00 for Windows. 
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Chapter 3: Results 
 
3.1 HSP90 mRNA is selectively translated under heat shock condition. 
The heat shock protein 90, HSP90, has been extensively studied as it regulates numerous 
cellular processes (Mayer and Le Breton, 2015; Silva et al., 2013; Kozeko, 2010; Csermely et 
al., 1998; Bose et al., 1996). The HSP90 mRNA has a unique secondary structure in its 
allowing it to undergo selective translation under stress (Silva et al., 2013; Ahmed and Duncan, 
2004). The precise molecular mechanism responsible for HSP90 upregulation during heat 
shock is not fully understood.    
Western blotting technique was used to analyse the expression of HSP90 protein in HeLa cells 
under basal temperature (37 (non-heat shock, NHS), and under heat shock (HS) temperature 
(42 4A). It was found that there was ~3.5 fold increase in HSP90 
protein under HS. In attempt to dissect whether the upregulation of HSP90 protein expression 
is due to enhanced transcription, I investigated the levels of HSP90 an inducible 
isoform of HSP90,  of HSP90, under basal and heat shock 
temperatures (Figure 4B). It was found that there were no significant changes and 

 mRNA levels at HS in comparison to NHS. To investigate the role of translation in 
HSP90 induction, I examined the association of HSP90 mRNA with the translating ribosomes 
in heat shocked cells by polysome profiling (Faye et al., 2014). Following the incubation of 
HeLa cells in either basal or heat shock conditions, polysomes were prepared by sucrose 
gradient centrifugation and analysed. Polysome profiles of heat shocked HeLa cells show an 
increase in the abundance of monosomes and a collapse in their polysome profile, indicative 
of inhibition of global protein synthesis (Figure 4C). To examine the association of HSP90 
with translating ribosomes, polysome distribution of HSP90 ,   
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Figure 4: HSP90 undergoes selective translation during heat shock. (A) Left panel: 
western blot analysis indicating an increase in HSP90 expression when HeLa cells are heat 
sho  quantification of HSP90 protein levels relative 
to tubulin (**, P<0.025). (B) Heat shock does not significantly affect HSP90
mRNA levels. Total RNA was isolated followed by cDNA synthesis by reverse transcription. 
Quantitative PCR (qPCR) was used to determine the levels of HSP90  and Actin mRNAs; 
values are expressed as HSP90  relative to Actin (ns, non-significant). (C) HeLa cells were 
cell lysates were harvested and subjected to polysome analysis. HeLa cells which were heat 

increase in monosomes and collapsed polysomes profile when 
compared to ) The distribution of HSP90 , HSP90 Actin, 
and GAPDH mRNAs w 
method (Chiluiza et al., 2011) (N=2). 
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mRNAs was determined in each fraction using qRT-PCR (Figure 1D). Importantly, HSP90  
mRNA association with polysomes did not decrease during heat shock. In contrast, polysome 
association of , and GAPDH mRNAs was repressed during heat shock. This 
data suggests the inhibition 
of global translation. 

3.2 RPL36 and RPL36A regulate HSP90 expression at different levels. 
 
Silva et al. (2013) examined mRNA translation efficiency of yeast cells during acetic acid 
treatment, a condition mimicking amino acid starvation. They observed that treated cells 
exhibited inhibition of global translation, but a small number of mRNAs, including HSP90 
remained efficiently translated supporting the notion of selective translation of HSP90 under 
stress.  Based on these observations, a genetic regulator screen was performed by Dr. 

to identify yeast genes that are potentially involved in 
the translational control of yeast HSP90. Two of the hits, ribosomal protein L36A (RPL36) 
and ribosomal protein L42 (RPL42), have well conserved mammalian homologs known as 
ribosomal protein L36 (RPL36) and ribosomal protein L36A (RPL36A), respectively. Both of 
these ribosomal proteins are a part of the 60S ribosome subunit (Khatter et al., 2015; Anger et 
al., 2013; Klinge et al., 2012; Wilson et al., 2012). To determine whether RPL36 and RPL36A 
are regulators of HSP90 expression in mammalian cells, HeLa cells were transfected with non-
targeting (Ctrl) siRNA, RPL36 siRNA, and RPL36A siRNAs for 48 hours and 72 hours, 
respectively, and were then put under either NHS temperature or HS temperature for 45 
minutes. The effect of each siRNA on the HSP90 protein and mRNA levels was then assessed 
using western blotting and qRT-PCR (Figure 5-6).  
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Figure 5: RPL36 regulates HSP90 expression under heat shock. (A, C) Left panel: western 
blot of HeLa cells treated with non-targeting siRNA (siCtrl), or RPL36 siRNA (siL36) treated 
Quantification of western (*, P<0.05. ns, non-significant). (B, D) Steady-state mRNA levels 
were measured by qRT-PCR in control, non-targeting siRNA (siCtrl), or RPL36 siRNA 
(siL36) treated cells under basal temperature   (D) (**, 
P<0.01).  
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Figure 6: RPL36A regulates HSP90 expression under basal level and heat shock stress.  
(A, C) Left panel: western blot of HeLa cells treated with non-targeting siRNA (siCtrl), or 
RPL36A siRNA (siL36A  heat shock at 

 (C). Right panel: Quantification of western (*, P<0.05. ns, non-significant). (B, D) 
Steady-state mRNA levels were measured by qRT-PCR in control, non-targeting siRNA 
(siCtrl), or RPL36A siRNA (siL36A or under heat 
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When HeLa cells were transfected with RPL36 siRNA (siL36) under basal temperature (Figure 
5A-B), there was no significant change in HSP90 protein levels. However, there was a 
significant increase in HSP90  mRNA level. When HeLa cells were transfected with siL36 
under heat shock temperature, HSP90 protein level significantly dropped, whereas HSP90  
mRNA level remained unchanged. In contrast, when HeLa cells were transfected with 
RPL36A siRNA (siL36A) under basal temperature (Figure 6A-B), there was a significant 
decrease in HSP90 protein level. However, there was no change in HSP90  mRNA level. 
When HeLa cells were transfected with siL36A under heat shock temperature, HSP90 protein 
level decreased, whereas HSP90  mRNA level did not change. This data shows that RPL36 
and RPL36A regulate HSP90 expression under both heat shock and basal temperature. 
 

3.3 High RPL36 and RPL36A expression correlates with high HSP90 
expression in cancer cells. 
 
Previous studies have noted that HSP90 expression is elevated in various cancer cell lines and 
primary tumours (Wang, 2013 ; Zagouri, 2012; Simpson, 2010; Annamalai, 2009; Okamoto, 
2008; Milicevic, 2008; McCarthy, 2008; Workman, 2007; Pick et al, 2007; Whitesell, 2005; 
Beliakoff, 2004).  I confirmed this by examining the western blot expression profile of HSP90 
in various cancer cell lines (Cervical Cancer (HeLa), Osteosarcoma (U2OS), Breast Cancer 
(MB231, MCF-7), Rhabdomyosarcoma (RH36, RH41, Kym-1), Colon Cancer (HT29), 
Glioma (SNB75, MOS9J), and Lung Carcinoma (LLC)) compared to normal fibroblast 
(Normal fibroblast (CKB, GM8680)) (Figure 7A).  

My previous data suggests that RPL36 and RPL36A drive HSP90 expression, so I was curious 
to investigate whether these ribosomal proteins were the reason behind elevated expression of  
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Figure 7: High RPL36 and RPL36A expression correlates with high HSP90 expression 
in cancer cells. (A) Western blot expression profile of HSP90, RPL36, and RPL36A in various 
cancer cell lines compared to normal fibroblast (Normal fibroblast (CKB, GM8680), Cervical 
Cancer (HeLa), Osteosarcoma (U2OS), Breast Cancer (MB231, MCF-7), Rhabdomyosarcoma 
(RH36, RH41, Kym-1), Colon Cancer (HT29), Glioma (SNB75, MOS9J), and Lung 
Carcinoma (LLC)). (B) Western blot expression profile of HSP90, RPL5, RPL36, and 
RPL36A in Rhabdomyosarcoma (RMS) cell lines in comparison to normal Human Skeletal 
Muscle Myoblast (HSMM). (aRMS (RH18, RH28, RH30, and RH41), eRMS (RH36, RD, and 
KYM-1)). (C-D) RD cells treated with (C) RPL36 or (D) RPL36A siRNA and control, non-
targeting siRNA (siCtrl). Cell lysates were harvested and subjected to western blot analysis. 
(E-F) KYM-1 cells treated with (E) RPL36 or (F) RPL36A siRNA and control, non-targeting 
siRNA (siCtrl). Cell lysates were harvested and subjected to western blot analysis.  
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HSP90 in cancer. To investigate whether elevated levels of HSP90 correlate with elevated 
levels of RPL36 and/or RPL36A, the same samples were used to examine expression of RPL36 
and RPL36A. It was interesting to note that various cancer cells with high HSP90 expression 
correlated with high RPL36 and RPL36A expression. In particular, Rhabdomyosarcoma 
(RMS) cell lines, (RH36, RH41, Kym-1) seemed to show high HSP90 level correlating with 
high RPL36 and RPL36A (Figure 7A). Therefore, RMS cell lines were chosen to be the focus 
of my further experiments. A western blot expression profile of HSP90, RPL5, RPL36, and 
RPL36A in a panel of RMS cell lines in comparison to normal Human Skeletal Muscle 
Myoblast (HSMM) was examined (Figure 7B). RMS, a malignant skeletal muscle tumour, is 
divided into two subtypes: alveolar RMS (aRMS), which includes RH18, RH28, RH30, And 
RH41, and embryonal RMS (eRMS), which includes RH36, RD, and Kym-1 (Egas-Bejar and 
Huh, 2014; Hinson et al., 2013). All RMS examined showed high HSP90 levels when 
compared to HSMM and this correlated with high levels of RPL36 and/or RPL36A. In 
contrast, levels of RPL5 (ribosomal protein L5) remained unchanged. 

To examine whether RPL36 and/or RPL36A are the drivers of HSP90 expression in RMS, two 
cell lines, RD and Kym-1, were chosen to study the effect of siL36 and siL36A on HSP90 
protein levels. Although RD and Kym-1 are both eRMS, Kym-1 cells display higher HSP90 
protein level than RD cell. Reducing the levels of RPL36 and RPL36A using siRNA in RD 
(Figure 7C-D) and Kym-1 cell lines (Figure 7E-F) resulted in a marked decrease in HSP90 
protein levels in both cell lines, suggesting that it may be a common mechanism in these cell 
lines. 
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3.4 Higher HSP90 levels in RMS correlate with resistance to HSP inhibitor 
17-AAG.    

 
HSP90 inhibitors have been used, alone and in combination with other drugs, to treat various 
cancers that have high HSP90 expression (Mori et al., 2015; Brennan et al., 2014; Hirshfield 
and Ganesan, 2014; Zagouri et al., 2013; Usmani et al., 2009; Shimamura and Shapiro, 2008). 
I was interested into examining the sensitivity of different cell lines, with variable HSP90 
expression, towards a known HSP90 inhibitor, 17-demethoxygeldanamycin (17-AAG). I 
hypothesized that Kym-1 cells would be less sensitive to 17-AAG in comparison to RD cells, 
which has a relatively lower HSP90 protein level. A live-cell imaging approach was used to 
monitor cell death using a fluorescent probe, YOYO-1. 17-AAG was used to treat RD and 
Kym-1 cells with increasing doses over the course of 48 hours. Kym-1 cells were less 
sensitive to 17-AAG (Figure 8A) in comparison to RD cells (Figure 8B). Fold cytotoxicity 
of YOYO-1 at 48 hour revealed that RD cells showed a ~20 fold induction in cytotoxicity at 
10µM, whereas Kym-1 showed ~8 fold induction at the same dose (P<0.0001). 

To confirm HSP90 inhibitor activity of 17-AAG, cyclin-dependent kinase 4 (CDK4), a client 
of HSP90 chaperone, was used as a marker (Figure 8E-F). CDK4 was decreased in both cell 
lines confirming the activity of the inhibitor. This data indicates that different levels of 
HSP90 expression leads to variable sensitivity to HS90 inhibitor and that high RPL36 and 
RPL36A levels drive the elevated HSP90 expression in RMS cells. In conclusion, RPL36 
and RPL36A can be potentially used as prognostic markers for HSP90 inhibitor drug 
resistance in RMS. 
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Figure 8: HSP90 levels in RMS correlate with resistance to HSP inhibitor 17-AAG.   
(A-B) Measurement of cytotoxicity in real time using YOYO-1 fluorescence in (A) RD and 
(B) KYM-1 cells, which were treated with increasing doses of 17-(Allylamino)-17-
demethoxygeldanamycin (17-AAG), a known HSP90 inhibitor. YOYO-1 Positive cells were 
normalized to confluency. (***, P< 0.0001 (C) Fold cytotoxicity of YOYO-1 at 48h from (A-
B). RD cells are shown in black and Kym-1 cells are shown in white. (D-E) A client of HSP90 
chaperone, Cyclin-dependent kinase 4 (CDK4), was used as a marker of HSP90 inhibitor 
activity.  
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Chapter 4: Discussion 
 
Heat shock protein 90 (HSP90) is a highly conserved and ubiquitously expressed molecular 
chaperone which comprises up to 4-6% in stressed cells (Csermely et al., 1998; Borkovich et 
al., 1989; Finka and Goloubinoff, 2013). HSP90 plays a critical role in regulating key 
signalling factors such as cell cycle markers, kinases, and steroid receptors ( Sharma et al., 
2012; Wegele et al., 2004; Freeman and Yamamoto, 2002; Pratt, 1998; Picard et al., 1990). It 
is also involved in activation, maturation, translocation and transportation of its client proteins 
(Kim et al., 2006; Lindquist, 2009; Wayne et al., 2011; Lachowiec et al., 2015). There are two 

(Chen et 
al., 2005; Zuehlke et al., 2015). the inducible form, is found at a higher level when 
cells are under stress (Zuehlke et al., 2015; Zhang et al., 1999; Krone et al., 1994). Previous 
studies suggested that the stress-inducible HSP90 is preferentially translated due to unique 

Silva et al., 2013; Duncan, 2008; Ahmed and Duncan, 2004; Zhang et 
al. Joshi-Barve et al., 1992). Yet, the complete molecular understanding of HSP90 regulation 
during heat shock is missing.  

yeast proteins, RPL36A and RPL42A, as being involved in the translational control of yeast 
HSP90. This research focuses on testing the hypothesis that the mammalian homologues of 
RPL36A and RPL42A (RPL36 and RPL36A) regulate the translation of mammalian HSP90. 
This will be done by dissecting the translational regulation of HSP90 under stress and 
characterizing RPL36 and RPL36A as regulators of HSP90 in HeLa and rhabdomyosarcoma 



39 

cell lines. The physiological relevance of this finding was further examined in the context of 
drug resistance. 

I have shown that ergoes selective translation under heat shock. Although a 
marked 3-fold increase in the protein level was seen under heat shock, there was no significant 
increase in steady-state  mRNA under heat shock (Figure 4A-B). Consistent 
with published studies, my data suggests that the induction of HSP90 expression is largely due 
to post-transcriptional control. In fact, a previous study has also shown that there is a lack of 
correlation between HSP90 protein levels and mRNA expression in stressed cells (Tang et al., 
2005). Moreover, cells treated with Actinomycin D (Act D), a transcriptional inhibitor, under 
heat shock affected the transcription of HSP90 mRNA. However, this treatment did not affect 
the translation of HSP90 protein under heat shock and has resulted in an increase in HSP90 
protein levels (Ahmed and Duncan, 2004; Jacquier-Sarlin et al., 1995). My data is consistent 
with these studies in suggesting that post-transcriptional, more specifically translational, 
control plays a key role in HSP90 protein synthesis under heat shock.  

largely regulated by translational control under stress, I 
performed polysome profiling to examine the association of HSP90 mRNA isoforms with the 
translating ribosome under heat shock. I have demonstrated that heat shock impaired the global 
translation as reflected in the polysome profile (Figure 4C), showing a collapse in polysome 
fractions and an increase in the monosomal fractions. T

 profile suggested  translation is 
enhanced under heat shock (Figure 4D). However,  translation is reduced 
along with other constitutively translated mRNA such as, actin and GAPDH. A global 
inhibition in translation is met with an increase in HSP90  mRNA association with translating 
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ribosomes and higher HSP90 protein levels, suggesting that HSP90  mRNA is selectively 
translated under heat shock. My data is consistent with previously published studies, and 
further confirms that regulation of HSP90 expression during heat shock occurs primarily at the 
levels of protein synthesis. Of note, this mechanism is likely universally conserved between 
different organisms, including yeast, drosophila, and humans  (Joshi-Barve et al., 1992; 
Ahmed and Duncan, 2004; Duncan et al., 2008; Silva et al., 2013). 

Silva et al. investigated altered translation of HSP90 mRNA under (acetic acid) stress. Using 
polysome profiling, they found that treating yeast cells with acetic acid led to a global 
inhibition of cap-dependent translation marked by a phosphorylation of  (Silva et al., 
2013). They used a microarray analysis of polysome-associated mRNAs to investigate whether 
there were alternatively translated mRNAs under this condition. Interestingly, HSP90 mRNA 
was highly associated with polysomes under stress, although cap-dependent translation was 
inhibited. They concluded that HSP90 mRNA is controlled by selective translation under stress 
due to the increase of HSP90 mRNA association with polysomes and the lack of changes in 
mRNA levels  

To identify the genetic determinants of yeast HSP90 translational control, 
(Carleton University -galactosidase reporter system screen (Samanfar and 
Golshani, unpublished) -
galactosidase and then introduced it into yeast cells with non-essential gene deletions. Two of 
the several yeast hits, RPL36A and RPL42, have conserved mammalian homologues, RPL36 
and RPL36A, found in the large ribosomal subunit 60S (Khatter et al., 2015; Klinge et al. l., 
2012; Wilson and Doudna, 2012; Ben-Shem et al., 2011). I hypothesized that like in yeast, 
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RPL36 and RPL36A are regulators of HSP90 expression and altering levels of RPL36 and 
translationally induced by stress. 

Reducing the levels of RPL36 using siRNA treatment under basal temperature had no effect 
on HSP90 protein level; however, it led to a significant increase in steady-state level of 
HSP90  mRNA (P<0.025) (Figure 5A-B). The lack of correlation between the mRNA and 
protein level here suggests that it may be to be due to a decrease in translation efficiency of 

. Under heat shock temperature, lower levels of RPL36 affect HSP90 protein 
levels considerably (P<0.025), whereas steady-state HSP90  mRNA level was not affected 
(Figure 5C-D). This data suggests that RPL36 is not necessary for the expression of HSP90 
under basal temperature. However, lack of RPL36 under heat shock leads to a negative 
translational regulation of HSP90  mRNA, suggesting that RPL36 is essential for HSP90
mRNA translation and induced protein levels under heat shock. 

On the other hand, reducing the levels of RPL36A using siRNA treatment under both basal 
temperature and heat shock temperature led to a robust decrease in HSP90 protein levels, yet 
no change in HSP90  mRNA level. These finding suggest that RPL36A is necessary, under 
basal temperature, for the HSP90 mRNA translation and that lowered levels of RPL36A lead 
to a decrease in the translation efficiency under both basal and heat shock temperature. 

My data suggests that RPL36 and RPL36A are novel regulators of HSP90 mRNA translation; 
nothing has been published about their translational regulation of either HSP90 mRNA or other 
mRNAs. However, other ribosomal proteins have been previously shown to affect the 
translation of specific mRNAs, as a part of the ribosome and extra-ribosomal function; their 
function is not limited to catalyzing protein synthesis (Zhang et al., 2015; Volta et al., 2013; 
Warner and McIntosh, 2009; Mauro, 2002). For example, RPL27 is known to control the 
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induction and translation of p53 after DNA damage by selectively binding to the secondary 
structure found in  and increasing p53 mRNA translation efficiency (Takagi, 2005; 
Chen et al., 2012). Similarly, RPL38 is known to regulate Hox mRNA translation by 
facilitating the binding of the 80S subunit to the IRES of a specific subset of Hox mRNAs 
(Xue et al., 2015; Kondrashov et al., 2011). Reduced levels of RPL27 and RPL38 did not affect 
global translation of mRNAs; however, it affected the selective translation of specific mRNAs. 
Reintroducing their expression was shown to rescue the translation of their respective target 
mRNA and not a global set of mRNAs.  

In the light of this data, the concept of RPL36 and RPL36A harbouring a specialized function 
affecting HSP90 mRNA translation under heat shock is very intriguing. There are several 
proposed mechanisms by which RPL36 and RPL36A, as a part of the ribosome, may exert 
control over HSP90 mRNA. The interaction of ribosomal proteins with regulatory elements 
found in the UTRs of the mRNA may pose as one of the mechanisms by which they can exert 
transcript-specific translational control. In addition, it has been suggested that ribosomes do 
not have a fixed stoichiometry as previously thought and that different growth conditions affect 
the stoichiometry of the ribosome; thus, possibly affecting translation efficiency of some 
mRNAs (Slavov et al., 2015; Ben-Shem et al., 2011; Gilbert, 2011). In fact, RPL36 and 
RPL36A play a role in stabilizing both the highly mobile L1 stalk protein and rRNA in the 
80S ribosomal subunit, suggesting that they are needed for optimum translation efficiency 
(Khatter et al., 2015; Bulygin et al., 2013; Klinge et al., 2012). 18S and 28S rRNA are anchored 
to the L1 stalk, which is stabilized by RPL36 and RP36A, and bridge communication between 
the 60S ribosomal subunit and the 40S ribosomal subunit. Therefore, heat shock (a different 
growth condition) may affect the stoichiometry of the ribosome, allosterically altering the 
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ribosome  affinity through protein and rRNA interactions with RPL36 and RPL36A to 
selectively translate  

Another possible explanation of how RPL36 and RPL36A exert transcript-specific 
translational control would be the activity of the ribosome separate from the polysome, also 
identified as extra-ribosomal function (Warner and McIntosh, 2009). Studies uncovered a 
selective translational control of ceruloplasmin mRNA mediated by an extra-ribosomal 
function of RPL13a. Once free phosphorylated RPL13a binds to the GAIT complex, they are 
recruited UTR of ceruluplasmin mRNA resulting in the inhibition of ceruluplasmin 
translation. This may present a different mechanism by which RPL36 and RPL36A as extra-
ribosomes  Free RPL36 and RPL36A may potentially 
interact with the UTRs of -ribosomal function and block 
its translation under physiological temperature while promoting cap-independent translation 
under heat shock temperature. Lack of either RPL36 or RPL36A leads to the silencing of 

 

Do RPL36 and RPL36A selectively affect HSP90 translation as a part of the ribosome or as a 
part of an extra-ribosomal function? 
this interaction? Future experiments may help further elucidate the exact mechanism behind 
RPL36 and RPL36A. Ribosome sucrose cushion experiment, which allows to discern free 
cytosolic ribosomes from complex-associated ribosomes, can be used to investigate whether 
these RPL36 and RPL36A act on HSP90 mRNA as a part of the 80S-mRNA complex or as a 
free extra-ribosome. To show the effect of RPL36 and RPL36A is dependent on the unique 

irefly luciferase reporter, used in a construct system with various 
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deletions in the , can be transfected into cells under heat shock to confirm 
  

Although I tried to examine the polysome profile of cells treated with siRNA against RPL36 
and RPL36A under non-heat shock and heat shock temperature, the siRNA treatment affected 
the growth of cells, which prevented me from conducting polysome profiling. My data has 
excluded the transcriptional regulation of HSP90 mRNA, suggesting that the effect we are 
seeing is due to translational regulation or protein stability. Follow up experiments to further 
strengthen my data would include: (1) ruling out off-target effect, a second siRNA targeting a 
different seed should be used. Different siRNAs targeting the same gene should have 
comparable gene silencing efficacy and should induce similar changes in the gene expression. 
(2) Rescuing the endogenous levels of RPL36 and RPL36A by introducing a siRNA-resistant 
replacement plasmid. (3) Investigating the contribution of protein stability in the loss of HSP90 
protein expression by looking at the rate of protein decay using pulse-chase technique. Cells 

, 
non-radioactive amino acids. 

 Ribosomal proteins constituting the translating ribosome have been known to be altered in 
cancer cells compared to normal cells (de Las Heras-Rubio et al., 2014 Reschke et al., 2013; 
Warner and McInotosh, 2009). Further studies have also shown different ribosomal proteins 
may be necessary in a tissue-specific and developmental-state manner and that altered 
expression in these ribosomal proteins can lead to various diseases such DBA and cancer 
(Reschke et al, 2013; Gilbert, 2011; Song et al., 2011 Boria et al., 2010; Kim et al., 2004).  

While my data suggests that RPL36 and RPL36A regulate HSP90 expression in HeLa cells, I 
was curious to find out whether it was also true for other cancer cell lines. Various cancer cell 
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lines have been identified with elevated level of HSP90 expression (Slavov et al., 2009; 
Milicevic et al., 2008; Okamoto et al., 2008; Workman et al., 2007 ; Tang et al., 2005; Bagatell 
et al., 2004). To examine whether there is a correlation between elevated HSP90 levels and 
the expression of RPL36 and RPL36A, I examined the expression profile of HSP90, RPL36, 
and RPL36A proteins in various cancer cell lines (cervical cancer, osteosarcoma, breast 
cancer, rhabdomyosarcoma, colon cancer, glioma, and lung cancer) compared to normal 
fibroblast (Figure 7A). Consistent with the literature, I observed elevated HSP90 expression 
in the majority of the cancer cell lines tested. Interestingly, elevated HSP90 expression 
correlated with an elevated expression of RPL36 and RPL36A, particularly in 
Rhabdomyosarcoma (RMS) cells (RH36, RH41, and Kym-1). Therefore, I chose to examine 
this relationship in RMS cells in greater detail.  

To further confirm whether there is a correlation between HSP90, RPL36 and RPL36A 
expression in RMS cell lines, I examined the expression profile of HSP90, RPL5, RPL36, and 
RPL36A proteins in RMS cells compared to normal human skeletal muscle myoblast 
(HSMM). Interestingly, majority (5 out of 7) of the RMS cell lines which exhibited elevated 
levels of HSP90 correlated with elevated levels of RPL36 and RPL36A. In addition, RPL5 did 

-actin 
protein. My data suggests that: (1) these two ribosomal proteins may be the drivers behind 
HSP90 expression in RMS cells, and potentially other cancerous cell lines. (2) There are 
common and unique differences in the ribosomal stoichiometric levels of different ribosomes 
between normal cells and cancerous cells as suggested previously in literature (Ben-Shem et 
al., 2011; Gilbert, 2011). That being said, it does not exclude a secondary and different function 
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for these ribosomal proteins as they could have -ribosomal functions  separate from the 
ribosome itself (Gilbert et al., 2011; Warner and McIntosh, 2009).  

To explore the notion that RPL36 and/or RPL36A play a role in the elevated HSP90 expression 
in RMS cells, I knocked down RPL36 or RPL36A and monitored HSP90 protein levels in RD 
and Kym-1 cells, two RMS cells expressing different levels of HSP90. Knocking down RPL36 
and RPL36A using siRNA treatment in both cell lines resulted in a decrease in HSP90 
expression. This data suggests that HSP90 regulation through RPL36 and RPL36A may be a 
common mechanism shared by different cancer cells. 

Next, I was interested to examine the drug sensitivity of RMS cells with different levels of 
HSP90 expression. I postulated that cells with higher HSP90 expression, such as Kym-1, 
would be less sensitive to HSP90 inhibitor compared to cells with relatively lower HSP90 
expression, such as RD cells. Using increasing doses of HSP90 inhibitor 17-AAG, Kym-1 
cells indeed did show less sensitivity to HSP90 inhibitor exhibiting lower YOYO-1 positive 
cells in comparison to RD cells (Figure 8 A-B). Furthermore, I have shown that RD displayed 
a 20-fold increase in cytotoxicity, whereas Kym-1 displayed 8-fold increase in cytotoxicity 
(Figure 8C). To confirm HSP90 drug activity, Cyclin Dependent Kinase 4 (CDK4), a client 
target of HSP90, was investigated in the same cells which were treated with increasing doses 
of HSP90 inhibitor. A dose-dependent decrease in CDK4 was noted in RD cells starting 0.1 
µM and in Kym-1 cells seemed to start at 1 µM. The results not only support my hypothesis 
in which cells shown to have higher level of HSP90 expression will be most likely be less 
sensitive to HSP90 inhibitor but also suggest that RPL36 and RPL36A may be used as 
predictors of 17-AAG resistance. In fact, elevated levels of RPL36 and RPL36A have been 
previously noted in hepatocellular carcinoma and were used as prognostic markers in 
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multidrug resistance (Song et al., 2011; Kim et al., 2004). Hepatocellular tumours displayed 
elevated expression of RPL36 and RPL36A, whereas these ribosomal proteins were not 
detected in healthy non-tumours. In the case of RMS, HSP90 inhibitor drug resistance may be 
rooted in the elevated levels of RPL36 and RPL36A, which further drive higher HSP90 
expression. Thus, RPL36 and RPL36A can be potential prognostic markers and may present 
as future targets for cancer therapy.  
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Conclusion 
 

selectively translated under heat shock. I have characterized RPL36 and RPL36A as regulators 
of  conditions. These novel targets 
support the overlooked regulatory control of the ribosomal proteins on cap-independent 
translation of a selective subset of mRNAs. Furthermore, I explored the importance of these 
ribosomal proteins in driving the elevated expression of HSP90 in rhabdomyosarcoma cell 
lines. I found a correlation between the expression of RPL36 and RPL36A and the levels of 
HSP90 expression, suggesting that these ribosomal proteins can be driving HSP90-inhibitor 
resistance in rhabdomyosarcoma. Overall, my findings contribute to our current knowledge 
about the functions of ribosomal proteins in selectively regulating a specific mRNA, which 
plays an essential role in protecting cells from stress. 
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