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 The heterogenous ribonucleoprotein A18 (hnRNP A18) promotes tumor growth by 

coordinating the translation of selected transcripts associated with proliferation and 

survival. hnRNP A18 binds to and stabilizes the transcripts of pro-survival genes harboring 

its RNA signature motif in their 3’UTRs. Under cellular stress, hnRNP A18 binds to ATR, 

RPA, TRX, HIF-1α and several protein translation factor mRNAs on polysomes and 

increases de novo protein translation. Most importantly, down-regulation of hnRNP A18 

decreases proliferation, invasion, and migration, in addition to significantly reducing tumor 

growth in two mouse xenograft models, melanoma and breast cancer. Moreover, tissue 

microarrays performed on human melanoma, prostate, breast, and colon cancer show that 

hnRNP A18 is over-expressed in 40 to 60% of these malignant tissue as compared to 

normal adjacent tissues. Immunohistochemistry data reveal that hnRNP A18 is over-

expressed in the stroma and hypoxic areas of human tumors. These data thus indicate that 

hnRNP A18 can promote tumor growth in in vivo models by coordinating the translation 

of pro-survival transcripts which support the demands of proliferating cells and ultimately 

increase survival under cellular stress. hnRNP A18 therefore represents a new target to 

selectively inhibit protein translation in tumor cells. 
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1. INTRODUCTION 

A. Normal Skin 

1. Layers of the Skin 

The skin plays an amazing and crucial role in the human physiological system. As 

the largest organ in the body, it functions as a protective covering for internal organs against 

insult and injury. Additionally, besides serving as the first line of defense against invading 

bacteria, the skin also contains essential mechanisms that help regulate body temperature, 

prevent fluid loss, and assist in the production of vitamin D. 

 

The skin is divided into three primary layers, from superficial to deep, the skin 

consists of the epidermis, dermis, and subcutis (or hypodermis) (Figure 1-1). The principal 

cells found in the epidermis are squamous cells, basal cells, and melanocytes. Squamous 

cells line the outermost section of the epidermis and is continuously shed. Basal cells, 

which are located below the squamous cells, are constantly dividing cells that replace the 

dying squamous cells. Finally, melanocytes are cells that produce melanin, a brown 

pigment which protects the skin from harmful ultraviolet radiation. Underneath the 

epidermis lies the dermis which houses hair follicles, sweat glands, and a maze of 

vasculature and nerves that nourish and innervate the skin. Lastly, the subcutis is made up 

of collagen and fat, which works to absorb shock, prevent injury to internal organs and to 

help conserve heat. 
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Figure 1-1 Schematic of the normal skin layers and its primary components. The skin is 

divided into three major layers consisting of the epidermis, dermis, and subcutis. Melanoyctes are 

located in the basal layer of the epidermis and are responsible for producing melanin which protects 

the body from damaging ultraviolet radiation. Source: [1] 

 

 

2. Melanocyte Biology 

 Melanocytes are a heterogeneous population of cells whose primary function is to 

produce melanin and protect the skin against ultraviolet damage (Figure 1-2). Originating 

from the neural crest, melanoblasts undergo differentiation and proliferation to form 

melanocytes, which then migrate and mature at their target destinations. 
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 Melanocytes make up roughly 5-10% [2] of the cellular milieu in the epidermis. 

When added with their counterparts, the population of keratinocytes and melanocytes make 

up approximately 95% of the cellular environment. Melanocytes function by producing 

melanin in specialized organelles called melanosomes which are located in the cytoplasm. 

The synthesized melanin are then transported to neighboring keratinocytes by microtubules 

on their dendritic processes [3]. Each melanocyte is capable of distributing their melanin 

to 30-40 supporting keratinocytes in what is known as an epidermal melanin unit [4]. The 

transferred melanin then acts as a protective covering for the nucleus of actively dividing 

basal cells, thus preventing ultraviolet radiation damage [5]. 

 

 

Figure 1-2 Layers of the skin and cellular components involved in the epidermis.  A. The 

structure of the skin consists of the epidermis, dermis, and hypodermis. Stratums of each layer are 

detailed on the left. B. Heterogeneous population of cells make up the lower epidermal region. 

Cells include: keratinocytes (Kc), melanocytes (Mc) and malignant melanoma cells (mm), the latter 

is identified in both their proliferative (dark grey) or necrotic (grey) state. Fibroblasts (Fb) and 

collagen type I fibers (Coll) are also shown in the reticular dermal layer. Source: [6] 
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B. Melanoma 

1. Epidemiology, Risk Factors, and Etiology 

Epidemiology 

 Melanoma is a type of skin cancer that arises from abnormal growth of the 

melanocytes. It is the fifth most common cancer in the United States with an incidence rate 

that is annually increasing [7]. In 2016, it is estimated that 76,380 new melanoma diagnosis 

will be made (Figure 1-3) [8]. Despite high curative rates when detected early, the five year 

survival rate for metastatic melanoma to distant sites is only 14% [9]. 

 
 
Figure 1-3 Estimated number of new cases for the top ten cancers in the United States in 2016.  
The top ten types of cancers are ranked according to their estimated incidence rate. For melanoma, 

the number of cases for male and females residing in the United States in 2016 is 46,870 and 29,510, 

respectively. Source: [8] 

 

Risk Factors 

 The single most important risk factor for melanoma is exposure to excessive 

ultraviolet radiation (UVR). The UVR absorbed by DNA causes cyclobutane pyrimidine 

dimer formation and 6-4 photoproducts (Figure 1-4) resulting in short and long term 

consequences including gene mutation, inflammation, immunosuppression, and oxidative 
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stress [10]. An epidemiological review on 29 published case-control studies found a 

significant positive correlation between melanoma risk and intermittent sun exposure [11]. 

Besides environmental risk factors, individual phenotypic risk factors include fair skin, 

red/blond hair, blue/green eyes, freckles, tendency to frequent sunburns, numerous moles 

or the presence of dysplastic nevi [12, 13]. Lastly, a family history of melanoma also 

increases a person’s susceptiblity to the cancer. 

 
 
Figure 1-4 Common UV photoproducts created by UV radiation. High energy UV radiation 

induces DNA modifications resulting in several UV photoproducts. These most commonly include 

Cyclobutane Pyrimidine Dimers (CPDs) and 6-4 Pyrimidine-Pyrimide. Source: [14] 
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Etiology 

 While the mechanism underlying the transformation of melanocytes into melanona 

cells have not yet been clearly elucidated, it is generally understood to occur through the 

accumulation of genetic and molecular mutations [15]. A primary mutagenic hit that 

compromises the integrity of the melanocyte can result in survival advantages which 

eventually outpopulate normal melanocytes and lead to melanoma. One of the main drivers 

implicated in this event is the BRAF molecule which is part of the Mitogen-Activated 

Protein Kinase (MAPK) pathway, a major component in promoting and controling cell 

growth, proliferation, survival, and invasion (Figure 1-5).  

 

 Initialization of the MAPK/ERK signaling pathway is done through the activation 

of GTPase RAS by extracellular growth factors. An activated RAS turns on downstream 

RAF serine/threonine kinase which eventually phosphorylates and activates its substrate 

MEK. MEK, a tyrosine/threonine kinase, in turn becomes active and phoshorylates its 

downstream effector ERK, which then translocates to the nucleus and activates its 

downstream transcription factors which promote cell proliferation, cell survival, 

differentiation and development. While there are more than 50 different varients in the 

BRAF mutation, the most common BRAF mutation is a point mutation found on codon 

600 of exon 15 where an adenine is mutated to a thymine causing the original valine (V) 

to be substituted by glutamic acid (E) (V600E) [16]. This activating mutation in the kinase 

domain results in uninhibited protein signaling through the MAPK pathway leading to 

continuous growth and proliferation [17]. 
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Figure 1-5 Diagram depicting the normal MAPK pathway. Extracellular growth factors bind to 

receptor tyrosine kinases located at the cell surface and triggers RAS activation. Dimerization of 

RAF by RAS causes the phosphorylation of downstream MEK and subsequently MAPK/ERK, 

which leads to its translocation to the nucleus to affect transcription factors which promote the 

expression of genes involved in differentiation and growth. Source: [18] 

 

2. Clinical Presentation, Diagnostic Workup, Treatment 

Clinical Presentation 

 Most melanomas start out in the form of a benign nevus which is restricted to the 

epidermis. This is known as the Radial Growth Phase (Figure 1-6). Penetration of the nevus 

into the dermal layer brings the melanoma into the Vertical Growth Phase, a more serious 

predicament since the melanoma has achieved metastatic potential. The possibility of 

metastasis is correlated with tumor thickness as measured by the distance between the 

epidermal granular layer and the deepest malignant melanoma cell in the dermis [19]. 

Metastatic capacity of the tumor is increased by 10% for every millimeter the melanoma 

has invaded [13]. 
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Figure 1-6 Schematic depicting Radial Growth Phase and Vertical Growth Phase of 

melanomas.  Melanomas commonly present with a Radial Growth Phase where melanoma cells 

extend horizontally across the skin and localizes to the epidermis (left). Subsequent progression of 

the melanoma to the Vertical Growth Phase denotes that cells have gained metastatic potential and 

can invade deeper through the skin. Source: [20] 

 

 Invasive cutaneous melanoma can be divided into four major subtypes: superficial 

spreading, nodular melanoma, lentigo maligna, and acral lentiginous. Superficial spreading 

melanomas (SSM) are the most common subtype (~70%) and usually occurs in fair skinned 

individuals. These melanomas start off as macule with irregular borders and color 

variations. At the time of diagnosis, they are usually less than 1mm thick and have great 

curative potential [19]. Nodular melanomas (NM) are the second most common subtype 

(15-30%) and appear as dark nodules which may ulcerate and bleed. Lentigo maligna 

melanomas (LMM) comprise of 10-15% of malignant melanomas, and are most frequently 

found in older individuals who had chronic exposure to the sun. They present as tan-brown 

macule which expands and darkens. Lastly, acral lentiginous melanoma (ALM) make up 

the smallest subtype (< 5%) and are commonly found as brown or black pigmented patches 

on darker skinned individuals [21]. 

  



 

9 

 

Diagnostic Workup 

 A simple ABCDE rule was developed in 1985 and recommended by both the 

American Cancer Society and American Academy of Dermatology to assist in the 

identification of melanoma. This acronym stands for Asymmetry, Border irregulairty, 

Color changes, Diameter >6 mm, and Evolution [22]. Positive indications of one or more 

of these characterisitcs warrants a referral to a specialist for further testing and possible 

biopsy.  

 

Staging and Treatment 

 Staging of melanomas are based on the degree to which a tumor has spread. It is 

categorized by three factors using the acronym TNM, which consists of assessing the 

primary tumor itself, determining whether it has spread to the lymph nodes, and identifying 

metastases to distant sites. Depending on how deep the primary tumor has invaded, a 

melanoma can be ranked from a stage of T1 – T4, with T4 being most aggressive. Similarly, 

based on the number of lymph nodes the cancer cells have affected, the tumor could be 

assigned a value of N1 – N3, with N3 indicating four or more metastatic nodes. Lastly, a 

melanoma can be classified as not having metastasized yet (M0) or already having spread 

to distant sites (M1) [23]. Surgery remains as the standard treatment option for melanomas 

that are localized to their primary sites, often allowing for complete curability. Patients 

with unresectable Stage III-IV (tumors that have spread to distant lymph nodes and/or other 

organs of the body) and recurrrent melanomas usually undergo chemotherapy, targeted 

inhibitors, and/or immunotherapy [1]. 
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3. Melanoma Resistance and Targeted Therapies 

 Melanoma has long been acknowledged to be a highly resistant tumor to 

chemotherapies and radiation. While only 4% of skin cancers are melanoma cases, it 

disproportionately claims 80% of all dermatologic cancer deaths [9]. Adding to these 

dismal statistics, the five year survival rate for metastatic melanoma is only 14% [9]. Due 

to this poor prognosis, new therapeutic targets need to be identified and pursued. 

 

 Previously, treatment of melanoma was initially limited to cytotoxic chemotherapy 

and basic immunotherapy. Dacarbazine and Temozolomide were the primary agents of 

choice, but response rates were low and Phase III clinical trials proved them ineffective. 

Immunotherapy was administered in the form of high-dose interleukin-2 (IL-2) which saw 

improvements in 5-10% of patients, however, due to its toxicity profile, few individuals 

were able to continue their regimens. Overall, these standard treatment of care resulted in 

a less than 20% response rate [24].  

 

 With the identification of BRAF mutations in melanoma, much attention has been 

drawn to the deregulation of the MAPK pathway. It was found that over 60% of malignant 

melanomas have the V600E amino acid substitution [25]. While less common, but still 

significant, activating mutations were seen in NRAS (15-20% of cases) [26] and KIT (1-

2% of cases) [27]. Mutations in these kinases allows for unregulated signaling and 

continuous activation of the RAF-RAS-MEK-ERK cascade, promoting growth and 

proliferation.  
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 Since 2011, FDA has approved three kinase inhibitors including BRAF inhibitors 

Vemurafenib and Dabrafenib, and the MEK inhibitor Trametinib for the treatment of 

melanoma (Figure 1-7) [28]. Phase II and III trials comparing Vemurafenib with 

Dacarbazine gave response rates of 48% and 5% [29], respectively, while an updated study 

recorded median overall survival to be 13.6 months compared to 9.7 months [30]. 

Dabrafenib also demonstrated similar efficacy in a randomized Phase III trial where 

patients doubled their progressive free survival compared to those who took Dacarbazine 

(5.1 months versus 2.7 months) [31]. MEK inhibitors like Trametinib was shown to 

increase median progression free survival from 1.5 months (DTIC or paclitaxel) to 4.8 

months with a 6-month overall survival rate of 81% (compared to 67% in chemotherapy) 

[32]. While these targeted therapies were more effective in increasing response rate to 50% 

[24], majority of the patients gained resistance to the drugs primarily through reactivation 

of other members of the MAPK pathway [33]. 
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Figure 1-7 BRAF and MEK inhibitors for targeted therapies. A schematic of the MAPK 

pathway with selected therapies highlighted in red showing BRAF or MEK inhibitors. Vemurafenib 

(Zelboraf, PLX 4032, RG 7204, and RO 5185426, Roche/Daiichi Sankyo), Dabrafenib (GSK 

2118436), and LGX818 are BRAF inhibitors that obstructs the ATP-binding site on patients with 

the BRAF V600E mutations. Trametinib (GSK 1120212), Selumetinib (AZD6244 and ARRY-886), 

and MEK162 (Novartis) target MEK1 and MEK2. Source: [34] 
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 Most recently, new promising immunotherapies targeting the cytotoxic T-

lymphocyte-associated antigen-4 (CTLA-4) receptor or Programmed Death-1 (PD-1) 

receptor on T-cells are being used to block immunosuppression allowing for the activation 

of the immune system (Figure 1-8) [35]. A Phase II clinical trial using Ipilimumab (anti-

CTLA-4 Ab) documented a mean 2-year survival rate of 18% in patients receiving the 

antibody compared to only 5% in the control group [36], while a separate trial using the 

anti-PD-1 monoclonal antibody Nivolumab achieved a 43% 2-year survival rate [37].  

 

 
 

Figure 1-8 Schematic of anti-PD-1 antibody mechanism of action.  A. Neoantigens expressed 

on the cell surface of tumor cells are recognized by innate T-cells. While an immune response is 

initiated, it is short-lived as the interaction of PD-1 receptors (on T-cell) and their ligands (PD-L1, 

on tumor cell) shut down the signal. B. Development of anti-PD-1 antibodies prevent the PD-1 

receptor from binding to PD-L1, allowing for continuous T-cell activity and promotion of sustained 

anti-tumor immune response. Source: [38] 
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 The success of these immune modulators may be attributed to the unusually high 

level of mutations present in melanomas. Studies have demonstrated that melanomas 

possessed a large number of mutated peptide antigens [39]. These “neo-epitopes” were 

able to bind with much greater affinity to major histocompatibility complex (MHC) class 

I molecules leading to activation of T-cells and the translocation of CTLA-4 to the 

immunologic synapse. At these junctions, anti-CTLA-4 antibodies is then able to mediate 

anti-tumor activities and inhibit cancer growth [40]. While these results are promising, new 

therapeutics are needed in order to reach higher survival and response rates. 

 

 Efforts in cancer drug development focus on targeting specific pathways or 

mechanisms unique to cancer cells. While cell cycle and checkpoint inhibitors, metabolic 

modulators, epigenetic regulators, or topoisomerase inhibitors have been deeply explored, 

the area of protein translation targets have not been fully exploited. Deregulation of protein 

translation is associated with an increasing number of human diseases, including 

tumorigenesis. The targeting of protein translation for cancer therapy is therefore an 

attractive strategy in which to prevent cancer cell growth and progression. Current anti-

cancer drugs targeting protein translation include agents against mammalian Target of 

Rapamycin (mTOR). While these drugs have been successful to some degree in certain 

cancers like Mantle Cell Lymphoma and Renal Cell Carcinoma, its limitations include 

multiple feedback mechanisms which can compensate for the general protein translation 

pathway. 
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C. Protein Translation 

1. General Protein Translation 

 The observed variations between mRNA and protein expression levels results from 

differences in mRNA affinity, stability and translation rate. The fine-tuning and prompt 

initiation of protein synthesis is controlled by translational regulators, which observe, note 

and execute appropriate responses to increase or decrease translation rate. The translational 

machinery consists of numerous components that work simultaneously to ensure the 

smooth and continuous translation of critical mRNA transcripts. 

 

 Translation is divided into three phases: initiation, elongation, and termination. 

Because a large majority of the core machinery is involved in starting translation, most 

research concentrates on the regulation of the initiation phase, the rate-limiting step. 

Initiation begins with the convergence of the 43S pre-initiation complex, which consists of 

the 40S ribosomal subunit, eukaryotic Initiation Factor 1 (eIF1), eIF1A, the eIF2-GTP-

Met-tRNA ternary complex, eIF3, and eIF5. This multimeric unit associates with its eIF4F 

counterpart, consisting of the eIF4G scaffolding protein, the eIF4E cap-binding protein, 

and an eIF4A helicase, to form the basis of the cap-dependent translation machinery [41]. 

 

2. Cap-Dependent and Independent Translation 

 Commencement of the translation initiation stage begins by the binding of eIF4E 

from the eIF4F complex to the 5’ methylguanosine cap of its target mRNA. At the opposite 

3’ end, poly-A binding proteins (PABP) also bind to the eIF4F complex via the eIF4G 

scaffold protein, bringing the two 5’ and 3’ untranslated region (UTRs) together and 
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creating a circular segment of mRNA (Figure 1-9A). The protein assembly then scans 

along the transcript to the first AUG codon, and upon recognition of the sequence, causes 

hydrolysis of eIF2-GTP to eIF2-GDP while releasing eIF1, eIF3, and eIF5. The 60S 

ribosomal unit then associates with the remaining complex to form a complete 80S 

ribosome, beginning the elongation phase [42].  

 

 Although this method of translation initiation is the most common form of protein 

synthesis, a cap-independent mechanism also exists. While the detailed process of the cap-

independent mechanism is still under investigation, a fair amount of data indicate that an 

Internal Ribosome Entry Site (IRES) mechanism does not require eIF4E; instead, the 40S 

ribosomal unit directly binds to an IRES site in the 5’UTR to start translation (Figure 1-

9B). This process occurs predominantly when cells are under stress or cap-dependent 

translation is repressed [43]. 

 

Figure 1-9 Cap-dependent and cap-independent translation initiation schematic.  A. The cap-

dependent translation initiation begins by the binding of eIF4E from the eIF4F complex to the 5’ 

methylguanosine cap of mRNA, while poly-A binding proteins (PABP) at the 3’ end bridge the 

3’UTR to the 5’UTR by the eIF4G scaffold protein. The 43S pre-initiation complex, which consists 

of the 40S ribosomal subunit, eIF1, eIF1A, the eIF2-GTP-Met-tRNA ternary complex, eIF3 and 

eIF5, are also recruited via interactions with eIF4G and eIF3. Once the complex is assembled, it 

will scan along the transcript to the first AUG codon. B. The Internal Ribosome Entry Site (IRES) 

mechanism does not require the binding of eIF4E to the 5’ cap, instead, the 40S ribosomal unit 

directly binds to an IRES site in the 5’UTR to start translation. Source: Adapted from [44]. 
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D. RNA Binding Proteins 

1. Structure and Function 

 The stability and affinity of the translation machinery to mRNA is intimately linked 

to different factors that affect translation rate. RNA-binding proteins are one class of these 

regulatory molecules that can play multiple roles throughout the whole gamut of gene 

expression. These diverse proteins are key players in the RNA biology world, covering a 

wide array of tasks including mRNA alternative splicing, capping, export, decay, 

surveillance, transport, and most importantly, translation (Figure 1-10). Mutations or 

deregulation of RBPs can lead to either abnormal accumulation or reduction of homeostatic 

proteins, resulting in human disease. 

 

Figure 1-10 Illustration depicting the many functions of RNA binding proteins.  RNA binding 

proteins (RBPs) play multiple functions throughout the cell. Inside the nucleus, RBPs help in 

transcription, RNA splicing and maturation. They also function as chaperone proteins and assist in 

transporting molecules out of the nucleus. Within the cytoplasm, RBPs can bind mRNAs and either 

stabilize or destabilize the transcript. They also function in translation regulation. Source: [45] 
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 hnRNPs are multifunctional proteins that complex with newly synthesized RNA 

transcripts and participate in the process of mRNA biogenesis. Nascent transcripts 

produced from RNA polymerase II associate with RNA binding proteins and gets guided 

through the stages of pre-mRNA processing and nuclear-cytoplasmic shuttling. They are 

ultimately brought to the translational machinery for protein synthesis. The hnRNP protein 

family consists of approximately 20 major proteins, from hnRNP A1 to hnRNP U, and a 

handful of other lesser known proteins (Table 1) [46-48]. “Core” hnRNP proteins consist 

of hnRNP A1, A2/B1, B2, C1, and C2 and are observed to associate with all nascent 

transcripts, while the less abundant hnRNPs are more selective and prefer to bind only to 

a subset of RNAs [47-50]. Interestingly, hnRNP A1, D, E, F/H, and K can be found in both 

the nucleus and cytoplasm [48]. 

  

 hnRNPs are composed of modular structures comprising of a combination of RNA-

binding motifs and auxiliary domains. Three types of RNA-binding motifs have been 

identified. The most common motif is the RNP consensus sequence-RNA-binding domain 

(RNP-CS-RBD) [51]. These RBDs, otherwise also known as RNA-recognition motifs 

(RRMs), are modules that dictate specificity and affinity of substrate binding.  The RRMs 

are formed from anti-parallel β-sheets with two helices nestled within, creating a βαββαβ 

topology. Target RNA is recognized by the β-sheets, while physical binding is created from 

a salt bridge between an arginine or lysine amino acid to the phosphodiester backbone, as 

well as through interactions among two neighboring aromatic residues and other 

nucleotides [52]. A hallmark of the RBD motif are two highly conserved sequences, RNP1 

and RNP2, separated by 30 amino residues [53].  



 

19 

 

Table 1 Major hnRNP proteins 

Protein 
Size 

(kDa) 

Domain  

motif 

Binding 

sequence 

Reported  

function 

Shuttling 

capacity 

A1 34 2X RBD, RGG UAGGG(A/U) 
Splicing, Export, 

Telomere biogenesis 
+ 

A2/B1 36/38 2X RBD, RGG (UUAGGG)N Splicing, Localization + 

C1/C2 41/43 1X RBD U6 Splicing, Stability - 

D 44-48 2X RBD, RGG AU rich 
Telomere biogenesis, 

Stability, Recombination 
+ 

E1 /E2 /E3 /E4 38, 39 3X KH C rich Stability, Translation + 

F 53 3X RBD GGGA Splicing 
Not 

known 

G 43 1X RBD, RGG CC(A/C) Splicing - 

H/H’ 56 3X RBD GGGA 
Splicing, 

Polyadenylation 

Not 

known 

I 59 4X RBD UCUUC 
Splicing, Localization, 

Polyadenylation 
+ 

K/J 62 3X KH, RGG C rich 
Transcription, Stability, 

Translation 
+ 

L 68 4X RBD CA repeat 
Export, Stability,  

Riboswitch 

Not 

known 

M 68 4X RBD G or U rich Splicing + 

P2 72 1X RBD GGUG 
Avid binding to poly(A), 

Autoantibody target 
+ 

Q1 NSAP 55-70 3X RBD, RGG GAIT element Splicing, Translation + 

R1/R2 82 1X RBD Not known Retinal development + 

U 120 1X RGG Not known Nuclear retention - 

RBD: RNA-binding domain; RGG: arginine/glycine-rich box; KH: K-homology domain; GAIT: 

interferon-γ-activated inhibitor of translation. Source: Modified from [53] 
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 The second type of RNA-binding motif is the RGG box which can be identified by 

its characteristic Arg-Gly-Gly repeats. Methylation of the arginine residues may contribute 

to its RNA binding capability. This motif was originally discovered in hnRNP U and was 

found to be required for RNA binding [54]. Later studies have demonstrated that the RGG 

box can also be found in combination with RBDs in hnRNP A1 and G, signifying the 

possibility that this motif may also be involved in other functions [53]. Lastly, the K-

homology domain is a 70-amino acid long module with a unique βααβαα topology. It is 

found in a variety of proteins including hnRNP K/J and hnRNP E1-E4 [53]. Interaction 

with target RNAs originates from a loop found between the first two alpha helices [55-57]. 

 

 At its most basic level, RNA-binding proteins are involved in the maturation and 

production of histones. These histone RNA-binding proteins, or HBP/SLBP, associate with 

the 3’UTR region of transcripts and are critical regulators in histone synthesis, engaging in 

pre-mRNA processing, translation and degradation of histone mRNA [58]. The proposed 

mechanism of translation involves the interaction of HBP/SLBP with a histone specific 

translation factor, SLBP interacting protein 1 (SLIP1), which together binds eIF4E to 

create the circular mRNA. Additionally, SLIP1 may cooperate with eIF4G to increase 

translation efficiency [59]. Deregulation in these processes can result in genomic instability 

and altered gene expression, leading to insufficient histone production and abnormal cell 

growth. 
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 RNA-binding proteins can also play an important role in time-dependent silencing 

of genes whose function are only required at specific times. Translational silencing can be 

observed in Drosophila melanogaster oogenesis where oskar mRNA is negatively 

regulated by the RNA-binding protein Bruno. Oskar functions in the development of germ 

cell formation in a time- and space-dependent manner, where overexpression of the protein 

will lead to improper oocyte development. Binding of the RBP to Bruno response elements 

(BREs) on the 3’UTR of oskar mRNA transcripts allows for translational repression of the 

oskar protein until it is needed [60]. 

 

2. RNA Binding Proteins in Cancer 

 RNA-binding proteins have also been involved in many diseases including cancer. 

CUG-binding protein 1 (CUG-BP1) has been shown to be linked to survivin, an anti-

apoptotic protein whose degree of overexpression is correlated with an overall decrease in 

5-year survival rates and poorer prognosis in patients with esophageal cancer. CUG-BP1 

is evidenced to be significantly up-regulated in both human esophageal cancer patient 

specimens as well as human esophageal adenocarcinoma cell lines. The increased CUG-

BP1 protein was shown to directly bind to the 3’UTR of survivin, leading to increased 

survivin mRNA stability and ultimately heightened levels of protein expression and 

resistance to chemotherapy-induced apoptosis. Mechanistic studies demonstrated that 

CUG-BP1 prevented survivin from being transported into processing bodies (P-bodies) 

thereby preventing its repression [61]. 
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 Several other laboratories have demonstrated the involvement of RBPs in cancer. 

In a study done by Sharma et al., human antigen R (HuR) and tristetraprolin (TTP) was 

shown to interact with the 3’UTR of claudin-1, explaining the observed increase in claudin-

1 expression in colon cancer, and notable increase in tumor severity as proved by invasion 

and metastasis [62]. HuR has also been linked to elevated expressions of eIF4E in head 

and neck squamous cell carcinoma (HNSCC) and acute myeloid leukemia (AML) [63]. 

Additionally, the epithelial-to-mesenchyme (EMT) phenomenon typical of cancer 

progression to metastasis can also be connected to RBPs. As one example, RBP hnRNP 

E1 is involved in TGF-β-mediated EMT transition by targeting the translation of Disabled-

2 (Dab2), a tumor suppressor gene, and Interleukin-like EMT Inducer (ILEI), a protein 

recognized to be up-regulated during EMT [64]. 

 

 Because RBPs are such important biological coordinators in directing proper 

cellular growth and function, if deregulated, their effects can be particularly damaging, as 

their influence extends throughout the wide spectrum of RNA biology. 

 

E. Heterogenous Ribonucleoprotein A18 (hnRNP A18) 

1. Structural Characteristics and Features 

 Heterogenous ribonucleoprotein A18 was first identified in a low ratio 

hybridization subtraction assay performed in CHO cells in response to UV irradiation [65]. 

This hnRNP shows both similar and unique characteristics as its family members. A RNA 

Binding Domain (RBD), which holds a high level of homology with other hnRNPs, is 

located at its N-terminal end (Figure 1-11). Perfect alignment can be observed in the 
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canonical RNP1 and RNP2 motifs within the RBD region of hnRNP A18 when compared 

with other RBD-containing proteins. Similarly, a βαββαβ topology is detected in the RBD, 

which contributes to the recognition and physical binding of target mRNAs [66]. 

 

Figure 1-11 Schematic representation of human hnRNP A18. Structural elements in the two 

separate domains. The consensus RNA binding motifs RNP2 and RNP1 are located in their relative 

positions within the RNA-Binding Domain (RBD) in green and orange boxes, respectively. The 

RGG boxes are shown as red vertical lines in the C-terminal auxiliary domain. 

 

 The C-terminal end contains an arginine-rich (RGG) domain consisting of five Arg-

Gly-Gly repeats. Originally discovered in hnRNP U, the RGG box has been attributed to 

specify RNA-binding and to increase binding affinity [54]. The methylation of arginine in 

this RGG box has been shown to be essential for the transport of hnRNP A18 out of the 

nucleus and into stress granules [67]. Interestingly, most hnRNPs that contain a single RBD 

do not harbor an RGG box; hence the characterization of hnRNP A18 with both domains 

makes this protein a rare and remarkable addition to the hnRNP family [66]. 

 

hnRNP A18 is up-regulated in response to cold shock and exhibits IRES-like activity  

 While sub-physiological temperatures inhibit most cell growth as a protective and 

survival mechanism, hnRNP A18, also known as Cold-Inducible RNA Binding Protein 

(CIRBP), has been found to be enhanced in the presence of mild cold stress [68]. CIRBP 

is thought to function as a chaperone protein and assist in translation events in a 

hypothermic environment [69]. Under different time and temperature conditions, hnRNP 
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A18 can be transcribed from three unique AUG start sites depending on the environment. 

Interestingly, the longest 5’UTR transcript that arises from acute cold stress (6h at 32°C) 

displays distinct IRES-like activity, indicating that CIRBP is capable of being translated in 

a cap-independent manner [69]. 

 

hnRNP A18 protects cells from genotoxic stress 

 The first in-depth characterization of hnRNP A18 function comes with the 

discovery that the RBP plays a protective role in response to genotoxic stress. Upon 

exposure to UV radiation, recombinant hnRNP A18 labeled with GFP was seen to shift 

from the nucleus into the cytoplasm, indicating cytoplasmic mRNAs could be its possible 

target. To identify these transcripts, a novel in vitro affinity-binding assay was developed 

using recombinant protein-coated immunotubes to search for RNA-protein interactions. 

Messenger RNAs extracted from colon cancer RKO cells exposed to UV radiation were 

incubated in hnRNP A18-coated tubes; bound mRNAs were then amplified, sequenced and 

fed into BLAST [70].  

 

 The results identified 46 mRNA transcripts with a majority coding for UV- or 

stress-responsive proteins. Two of these transcripts, Replication Protein A (RPA2) and 

thioredoxin, were further analyzed via a hybridization assay to demonstrate affinity of the 

3’UTR of these transcripts to hnRNP A18 protein. Additional experiments using a CAT 

reporter vector and RNAase protection assays for RPA2 confirmed that the 3’UTR was 

necessary for stabilizing its mRNA, in turn, increasing its translation rate [70]. 
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 The hnRNP A18 RNA-binding motif was discovered through computational 

analysis of primary sequences and secondary structure on an initial data set of the 46 

potential mRNA targets. Using MFOLD from the National Institutes of Health Biowulf 

computer farm, as well as other bioinformatics algorithms, a 51 nucleotide motif was 

identified (Figure 1-12). This motif was found to be 11.49 times more common in the 

3’UTR of the initial data set than the entire UniGene database, and contained 6 invariant 

nucleotides at positions 5, 13, 14, 19, 29, and 51 [71]. Validation of the motif was 

confirmed by examining the gene, Ataxia telangiectasia and Rad3 related (ATR), which 

was predicted to be a target of hnRNP A18 [71]. 

 

Figure 1-12 Computationally determined hnRNP A18 signature binding motif. A. Probability 

matrix showing the relative frequency of each residue in the 51 nucleotide long sequence motif. B. 

Sequence alignment of six possible variations of the predicted hnRNP A18 binding motif are listed 

in the top section. Motif found in the 3’UTR of RPA2, TRX, and ATR are denoted in the bottom 

section. Red boxes indicate the six invariant nucleotides, while unmatched residues are italicized. 

Position of the motif relative to the 3’UTR start site is indicated in parentheses. Source: [71] 
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 The overall effect of hnRNP A18 after genotoxic stress was also examined. A stable 

cell line with antisense hnRNP A18 was created and exposed to UV radiation, resulting in 

a lack of hnRNP A18 induction and an approximate 6-fold increase in sensitivity to UV 

radiation. These data shows that UV induction stimulates hnRNP A18 to translocate to the 

cytoplasm and bind to the 3’UTR of RPA2 and thioredoxin. This translocation is mediated 

by the phosphorylation of GSK-3β and CK2, where both sites are located in the RGG 

domain (Figure 1-11). The resulting association stabilizes both RPA2 and thioredoxin 

transcripts, promoting increased translation and protection of cells from external stress [70]. 

 

 While hnRNP A18 is rapidly overexpressed in response to stress, in times of 

extreme cellular stress, the transcript may also be translationally repressed. Under these 

conditions, hnRNP A18 has been found to migrate into stress granules until more favorable 

conditions arise [67]. Stress granules are regions scattered throughout the cytoplasm where 

untranslated mRNA transcripts are isolated due to a blockade in initiation of translation 

[72]. They do not exist in normal cells or under normal conditions, but only congregate 

under heightened stressful circumstances. 

 

 In experiments done with arsenite, a cytoplasmic stressor, cytoplasmic fractions of 

hnRNP A18 were noticeably increased. The RGG motifs located at the C-terminal region 

of hnRNP A18 mediate its translocation from the nucleus into the cytoplasm. The nuclear 

export mechanism is contingent upon methylation of arginine and then either cytoplasmic 

or ER stresses will facilitate the movement of cytoplasmic hnRNP A18 into SGs through 

RNA-binding activity of the RRM or RGG domains [67]. While direct RNA-binding may 
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cause translocation of hnRNP A18 into SGs, the RGG domain may also be involved in 

protein-protein interaction. Therefore, it remains to be elucidated whether hnRNP A18 is 

cargoed to the SGs by another protein.  Interestingly, as mentioned above, GSK-3β and 

CK2 phosphorylation sites are also located in hnRNP A18 RGG domain.  An interplay 

between all these post-translational modification sites is thus likely to dictate hnRNP A18 

cellular localization and function during cellular stress. 

 

 While not much has been known on the role of hnRNP A18 in the nucleus, a recent 

study has found that hnRNP A18 is able to co-localize with Cajal bodies and function in 

the maintenance of telomeres [73]. Cajal bodies are the site for telomerase biogenesis and 

a large subset of tumors are observed to have unusually active telomerase activity [74]. 

Zhang et al., have demonstrated by immunofluorescence that 30% of hnRNP A18 is 

contained in Cajal bodies, as observed by the co-localization hnRNP A18 with p80-coilin, 

a Cajal body marker. Furthermore, the group has discovered that the RGG domain of 

hnRNP A18 is able to bind to TERT mRNA, the catalytic subunit of the telomerase, and 

stabilize the transcript leading to the promotion of telomerase activity [73]. These data give 

indication that hnRNP A18 also plays a vital nuclear role in sustaining tumor cell growth. 

 

2. Mechanism of Action 

 Studies on thioredoxin (TRX) lead to uncovering the mechanism by which hnRNP 

A18 functions. Interaction between the two was confirmed through mobility shift assays, 

which narrowed the binding region of hnRNP A18 to the first 120 nucleotides of TRX 

3’UTR. Interestingly, deletion mutation assays showed that both the RBD and the RGG 
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domain of hnRNP A18 are able to bind RNA independently, but maximum binding 

occurred when both domains were present. Sucrose gradient analysis also demonstrated 

that hnRNP A18 and TRX transcripts could co-localize on mono-ribosomal and low 

molecular weight polysomal fractions and that both were up-regulated upon UV induction, 

implying the involvement of hnRNP A18 in translation initiation. This correlates with the 

finding that UV-stimulated hnRNP A18 translocation to the cytosol resulted in a 

concomitant increase in TRX protein, which could be abrogated in the presence of an 

hnRNP A18-specific antisense vector. Functional studies using a modified CAT reporter 

vector show that hnRNP A18 stimulated the translation of TRX 3-fold when its 3’UTR 

was present [75]. 

 

 One possible mechanism by which RBP binding to the 3’UTR can regulate 

translation is by interacting with the general translational machinery. Co-

immunoprecipitation assays showed an interaction between hnRNP A18 and eIF4G. In 

addition, phosphorylation studies were performed using an in vitro kinase assay. Although 

hnRNP A18 protein levels was not affected by UV, phosphorylation of hnRNP A18 by 

GSK-3β could substantially increase hnRNP A18 binding to TRX 3’UTR, and this binding 

was specific only to UV irradiated cells. Furthermore, as mentioned before, 

phosphorylation by GSK-3β also contributes to hnRNP A18 translocation to the cytosol in 

response to UV radiation [71]. 
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 The GSK-3β phosphorylation pattern requires initial priming of the substrate by a 

different kinase located four residues away from the intended GSK-3β phosphorylation site 

(Figure 1-13). This creates a phosphorylation cascade in which the newly phosphorylated 

site can now serve as the new priming site for subsequent GSK-3β activity. Although this 

method of phosphorylation is not a rigid requirement, it is understood to substantially 

increase substrate phosphorylation efficiency [76]. In the case of hnRNP A18, casein 

kinase 2 (CK2) serves as the priming site that allows GSK-3β to initiate its phosphorylation 

cascade, causing hnRNP A18 to translocate into the cytoplasm upon UV induction. This 

effect was annulled when CK2 or GSK-3β inhibitors were used, thereby confirming the 

importance of GSK-3β in triggering hnRNP A18 activity [71]. 

 

Figure 1-13 Amino acid sequence of hnRNP A18. Primary sequence depicting the location of 

GSK-3β and CK2 consensus phosphorylation sites. 
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2. SPECIFIC AIMS 

Specific Aim 1: hnRNP A18 is upregulated in melanoma and promotes cancer growth 

A. hnRNP A18 levels are increased in primary human melanoma specimens and melanoma 

cancer lines 

B. hnRNP A18 promotes tumor growth through proliferation, migration, and invasion 

C. hnRNP A18 confers a growth advantage to cancer cells in vivo 

 

Specific Aim 2: hnRNP A18 regulates HIF-1α 

A. hnRNP A18 is increased in response to hypoxia and contributes to cancer promotion 

B. hnRNP A18-mediated growth advantages is due partly through HIF-α regulation 

C. hnRNP A18 affects angiogenesis factors 

 

Specific Aim 3: hnRNP A18 promotes tumor growth by increasing protein translation 

of selected transcripts in cancer 

A. hnRNP A18 binding motif is found in cancer promoting genes 

B. hnRNP A18 increases mRNA stability and translation under cellular stress 

C. hnRNP A18 binds to several members of the general translational machinery 
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3. MATERIALS AND METHODS 

Cell Lines and Chemicals 

 The normal Human Epidermal Melanocytes, adult, lightly pigmented donor 

(HEMa-LP) was obtained from Life Technologies (Invitrogen) and maintained in Medium 

254 supplemented with Human Melanocyte Growth Supplement-2 (HMGS-2) (Invitrogen).  

 

 Human malignant melanoma cells Malme-3M, SK-MEL-28, SK-MEL-2, and SK-

MEL-31 were purchased from ATCC (Manassas, VA). Malme-3M was cultured in 

Iscove’s Modified Dulbecco’s Medium (IMDM) supplemented with 20% Fetal Bovine 

Serum (FBS). SK-MEL-28 and SK-MEL-2 were maintained in Eagle’s Minimum 

Essential Medium (EMEM) containing 10% FBS. SK-MEL-31 was grown in Minimum 

essential medium (MEM) supplemented with 2mM L-glutamine, Earle’s BSS, and 15% 

FBS. 

 

 Lox IMVI, UACC-2571, and UACC-62 cell lines were purchased from the 

Division of Cancer Treatment and Diagnosis, National Cancer Institute (Frederick, MD) 

and maintained in RPMI 1640 supplemented with 10% FBS. The C8146A cell line was 

obtained from Dr. Frank L. Meyskens (University of California, Irvine, CA) and grown in 

RPMI 1640 and 10% FBS. The human breast cancer cell line (MDA-MB-231) was 

purchased from ATCC (Manassas, VA) and cultured in high glucose Dulbecco’s Modified 

Eagle Medium (DMEM) supplemented with 10% FBS. 
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 Cobalt (II) chloride (Cat: 232696), Puromycin dihydrochloride from Streptomyces 

alboniger (Cat: P8833), and Hygromycin B from Streptomyces hygroscopicus (Cat: 

H3274 ) were all purchased from Sigma-Aldrich (St. Louis, MO). 

 

Plasmids and Transfections 

 Lox stable cell lines were generated using shRNA vectors from OriGene (Rockville, 

MD). Four different shRNA vectors targeting hnRNP A18 (Lox shA18) or a scrambled 

shRNA control (Lox sc.) were transfected into cells using FuGene HD (Promega) 

transfection reagent and allowed to grow for three days before selecting with Puromycin 

(0.5µg/ml) for two weeks. Where indicated, stable Lox sc. cells were re-transfected with 

hnRNP A18-GFP and selected with Hygromycin (50µg/ml) for two weeks. 

 

 Lentiviral shRNA vectors were also employed as another method to stably down-

regulate hnRNP A18. Stable cell lines were generated from a pool of four 29mer shRNA 

constructs obtained from OriGene (Rockville, MD). Briefly, lentivirus particles were 

produced by co-transfection of Mission lentiviral packaging mix (Sigma Aldrich, St. Louis, 

MO) and pGFP-C-shLenti hnRNP A18 (TL313897 A-D) or scrambled control into HEK 

293T cells according to manufacturer’s instructions. Forty-eight and 72 hours post-

transfection, viral particles were collected, concentrated, and transduced into host Lox 

IMVI or MDA-MB-231 cells. Positive cells containing the shRNA were selected with 

Puromycin (0.5µg/ml) in complete RPMI 1640 media for Lox IMVI or DMEM for MDA-

MB-231 cell lines. Infection efficiency was monitored using fluorescence microscopy and 

western blot assay. 
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Western Blots 

 For immunoblots using cell lines, protein was extracted using radioimmune 

precipitation assay (RIPA) lysis buffer [50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1% NP-

40, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM phenylmethylsulfonyl fluoride (PMSF), 

2 µg/ml leupeptin and 5 mM DTT], run on either 10% or 15% polyacrylamide gel, and 

transferred to a nitrocellulose membrane. Blots were then incubated in 5% milk at room 

temperature for one hour and hybridized with specific antibodies at 4°C overnight. After 

extensive washes with 1 x Dulbecco’s Phosphate-Buffered Saline and Tween 20, (PBS-T) 

(Mediatech, Inc., Manassas, VA), blots were incubated with their respective Horseradish 

Peroxidase-conjugated secondary antibodies and detected by autoradiography machine via 

Western Lightning Plus ECL reagent (PerkinElmer, Waltham, MA). 

 

 Antibody targeting hnRNP A18 was obtained from Sigma Aldrich (St. Louis, MO) 

and used at a dilution of 1:2000. Antibodies against eIF3H, eIF4G3, eIF5A, eEF1A1, and 

4E-BP1 were purchased from GeneTex Inc. (Irvine, CA) and used at a dilution of 1:1000. 

HIF-1α and phospho-4E-BP1 were bought from Cell Signaling Technology (Danvers, MA) 

and used at a dilution of 1:1000. Thioredoxin (TRX), Actin, and GAPDH were obtained 

from BD Biosciences (San Jose, CA), Abcam (Cambridge, MA), and Santa Cruz 

Biotechnology (Dallas, TX), respectively. 
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Conventional migration and invasion assay 

 Conventional migration assays were carried out in Corning® BioCoatTM Matrigel® 

Invasion Chambers (Corning, Durham, NC) with 8.0µm pore Polyethylene Terephthalate 

(PET) membrane cell culture inserts lined with Corning Matrigel® basement membrane 

matrix. Lox scrambled or shA18 cells (2.5 x 104) were added to the upper chamber without 

serum, while the lower chamber contained growth media supplemented with 10% FBS. 

After incubation for 24 hours at 37°C, non-migrated cells were removed by sterile cotton 

swabs, while cells that migrated to the lower surface were fixed in 100% methanol and 

stained with 0.1% (w/v) crystal violet solution. Images of cells from three different areas 

were taken and counted. Experiments were performed twice in triplicates and data was 

presented as an average number of cells that migrated. 

 

 Matrigel invasion assay was performed similar to the migration assay except that 

Corning® BioCoatTM Matrigel® Invasion Chambers (Corning, Durham, NC) with 8.0µm 

PET membranes were used. 

 

Real-time proliferation, invasion, and migration assay 

 Real-time monitoring of proliferation, invasion, and migration were performed on 

the xCELLigence RTCA MP Instrument from ACEA Biosciences, Inc. (ACEA) according 

to manufacturer’s instructions. For the proliferation assay, MDA-MB-231 sc. and MDA-

MB-231 shA18 cells (5,000 cells/well) were plated in triplicates in 96X microplates (E-

Plate) and monitored every 15 minutes for a total of 120 hours. Migration and invasion 

were assessed using CIM-16 Plates, a specialized Boyden chamber. MDA-MB-231 sc. or 
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shA18 cells were seeded in the upper chamber of CIM-16 Plates with serum-free growth 

medium, while complete growth medium supplemented with 10% FBS (or no FBS as 

negative control) was added to the lower chamber as a chemoattractant. In invasion 

experiments, a layer of matrigel was coated onto the basement membrane matrix to provide 

an environment where cells’ invasive properties could be observed. CIM-Plate 16 was 

loaded into the xCELLigence RTCA MP Instrument for real-time monitoring at 15-minute 

intervals for 48 hours.  

 

 For all assays, events were measured by cell-sensor impedance, expressed as 

arbitrary unit Cell Index (CI), defined as (Rn-Rb)/15, where Rn is the cell-electrode 

impedance of a cell-containing well and Rb is background impedance in wells containing 

only media. 

 

De novo protein synthesis 

 De novo protein synthesis was assessed with the Click-iT® Metabolic Labeling 

Reagents for Proteins (Invitrogen) kit. This bioorthogonal chemical protocol utilizes a 2-

step process where an alkyne-linked methionine gets incorporated by the cell’s translation 

machinery into new proteins. A complementary biotin-labelled azide is then “clicked” into 

place next to its partner alkyne by a copper catalyst via a cycloaddition reaction.  

 

 In brief, Lox sc. and shA18 cells, in the presence or absence of CoCl2, were cultured 

in RPMI methionine-free media for 1 hour, then incubated in the same media with Click-

iT® HPG (L-homopropargylglycine), a modified alkyne-linked methionine, for an 
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additional 4 hours. Proteins were extracted and the Click-iT® Protein Reaction Buffer Kit 

(Invitrogen) was used to label alkyne-tagged proteins with azide-biotin via the CuSO4 

catalytic reaction. TRX antibody was incubated with the newly biotinylated protein lysate 

overnight, then protein A beads were added to the mix and rotated end-over-end for 2 hours. 

Beads were washed 3 times with lysis buffer and protein was collected by heat inactivation 

with protein loading buffer and ran on a SDS-PAGE gel. Newly synthesized proteins was 

detected by chemiluminescent with anti-Streptavidin-HRP antibody. Actin was used as 

loading control to ensure even amounts of input protein in the IP reactions. 

 

Messenger RNA stability assay 

 Lox sc. and Lox shA18 cells were plated in 60 mm plates and allowed to adhere 

overnight. Cells were pre-treated with CoCl2 for 4 hours, then Actinomycin D (10 µg/ml) 

was added to inhibit transcription. RNA was collected at predetermined time points of 0h, 

2h, 4h, 6h, and 8h by RNeasy Mini Kit (Qiagen), then reverse transcribed with the Reverse 

Transcription System (Promega). Resulting complementary DNA (cDNA) was combined 

with Real-Time TaqMan Gene Expression Assays primers for HIF-1α and GAPDH and 

then run on the Applied Biosystems 7300 Real-Time PCR System. Data was normalized 

relative to the zero time point of each respective sample group and nonlinear regression 

analysis was used to determine half-life. 

 

  



 

37 

 

Ribonucleoprotein immunoprecipitation 

 Ribonucleoprotein immunoprecipitation (RNP IP) was performed with hnRNP A18 

under conditions which will preserve its association with target mRNAs in RNP 

(ribonucleoprotein) complexes. Briefly, Protein A-Sepharose from Staphylococcus aureus 

beads (Sigma, P-3391) were coated with anti-hnRNP A18 antibody (Sigma, Cat: 121-135) 

or Normal rabbit anti-IgG1 control antibody (Calbiochem, Cat: NI01) overnight, washed 

with NT2 buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1 mM MgCl2, 0.05% NP40), then 

incubated with 1,000 µg of pre-extracted Lox IMVI protein lysate for 2 hours. Following 

incubation and another NT2 wash, Proteinase K was added to dissociate and remove any 

remaining proteins, leaving only mRNAs behind. The mRNAs was then cleaned with 

RNeasy Mini kit (Qiagen) and RT-PCR was performed with the purified RNA. Primers for 

specific target mRNAs were used to detect levels of their expression. GAPDH was used as 

an internal loading control. Products were subjected to electrophoresis and run on a 1.2% 

agarose gel. 

 

Mice xenografts 

 Subcutaneous injection of either 3 x 106 Lox shA18 cells (left flank) or Lox sc. cells 

(right flank) into six nude mice was performed and tumor growth recorded daily. Tumor 

diameter was by digital caliber and tumor volume calculated by formula: Volume = (width2 

x length)/2. After two weeks, mice were euthanized by carbon dioxide inhalation followed 

by cervical dislocation and their tumors were weighed and harvested for subsequent protein 

and immunohistochemical studies. Half of the tumor from mouse xenografts was processed 

for protein analysis and hnRNP A18 and HIF-1α, expression levels will be determined via 
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western blot. Immunohistochemical staining was performed on the remaining tumor. 

Samples were sliced, fixed, and stained with antibodies against hnRNP A18 to confirm 

down-regulation. Same experiments were done with MDA-MB-231 sc. or MDA-MB-231 

shA18 cell lines. 

 

Colony survival assay 

 Colony survival assay was performed with increasing amounts of CoCl2. Lox 

shA18 and Lox sc. cells were plated in triplicates in 6-well plates (300 cells/well). Cells 

were allowed to settle overnight and the hypoxia-mimetic agent CoCl2 was given at the 

indicated doses (0, 50, 100, 150, and 200µM) for 48 hours. Cells were grown for another 

two weeks to allow for colony formation at which point they were fixed and stained with 

crystal violent. Individual colonies greater than fifty cells were quantified. Plating 

efficiency is calculated as a percentage where the number of colonies formed is divided by 

the number of cells plated, times 100, before treatment. Surviving fraction was calculated 

by the equation: (# of colonies counted after treatment / # of colonies before treatment) x 

100. 

 

Tissue microarray 

 Immunohistochemistry was performed on 295 primary human tumors with built-in 

adjacent normal tissues. The slides were prepared with an immunohistochemistry kit 

(Pantomics Mini IHC Kit) according to manufacturer’s recommendation. Briefly, tissue 

slides were baked at 60°C for 60 min and deparrafinized with xylene for 5 min, two times. 

The sections were then rehydrated through a series of washes with decreasing ethanol 
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concentrations (100% - 70%) and soaked in water. Endogenous peroxidase activity was 

inactivated and heat-induced antigen retrieval was performed. The slides were then heated 

for 5 min in a conventional pressure cooker at moderate power. After incubating the slides 

in pre-blocking solution, the slides were then probed with hnRNP A18/CIRP rabbit 

polyclonal antibody (Abcam) at 1:1000 and 1:2000 dilutions for 1 hour. Secondary 

antibodies conjugated to horseradish peroxidase was then used and slides were reacted with 

DAB substrate. The sections were counterstained with Mayer’s Hematoxylin and mounted 

on coverslips. Rabbit antibody to cytokeratin and normal rabbit serum were used as 

positive and negative controls, respectively. 

 

 Immunohistological staining of tissue microarrays for hnRNP A18 was scored 

blindly by a pathologist at Pantomics, Inc. (Richmond, CA) using the following criteria: 

“0” = negative; “0.5” = negative with some weak by suspicious staining; “1” = weak 

staining; “2” = moderate staining; “3” = strong staining. Scores for hnRNP A18 were then 

tabulated and expressed as a percentage of the respective cases analyzed. 

 

Angiogenesis Proteome Profiler Array 

 Human Angiogenesis Proteome Profiler Array was performed as described by the 

manufacturer (R&D Systems Inc., Minneapolis, MN). Briefly, 300μg of proteins extracted 

from Lox scrambled and Lox shA18 mice xenograft tumors were incubated with multiple 

array buffers (detailed composition of buffers are proprietary information but these 

reagents are described as a buffered protein base with preservatives) and Detection 

Antibody Cocktail at room temperature for 1 hour. Simultaneously, nitrocellulose 
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membranes spotted in duplicate with capture antibodies to 55 specific angiogenesis-related 

human proteins were blocked in another array buffer. After 1 hour, buffer was removed 

and sample/antibody mixtures were added to the membranes for overnight incubation. 

Membranes were washed with 1x Wash Buffer the following morning, incubated with 

Streptavidin-HRP, then detected with Chemi Reagent Mix on autoradiographic film. 

Positive signals were analyzed by densitometry and expressed as mean pixels density after 

subtracting background. 

 

Statistics 

 All experiments were performed in triplicate. Results were expressed as a mean ± 

SEM (colony survival, proliferation, invasion, migration, and mRNA stability assays). 

Significance was determined by Student’s t-test. P-values less than 0.05 were considered 

significant. 
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4. SPECIFIC AIM 1: HNRNP A18 IS UPREGULATED IN MELANOMA AND 

PROMOTES CANCER GROWTH 

Introduction 

 Heterogeneous ribonucleoprotein A18 (hnRNP A18) has been found to be a novel 

regulator of protein translation. While its primary residence is within the nucleus, hnRNP 

A18 can be induced by UV or hypoxia to translocate out to the cytosol and increase 

translation of stress-responsive genes [70, 71]. Most importantly, this RNA binding protein 

has been found to be differentially expressed with higher cytoplasmic levels in neoplastic 

tumors compared to normal tissues [77]. This aspect of hnRNP A18 is especially intriguing 

and warrants further investigation into its role and function in cancer as it would be a 

strategic therapeutic target.  

  

 Given that hnRNP A18 was originally cloned and identified on the basis of UV 

induction [65] and that it can protect cells from UV-induced cellular death [70], we wanted 

to investigate whether hnRNP A18 could also be involved in UV-induced skin cancer 

melanoma. 

A. hnRNP A18 levels are increased in human melanoma specimens and cell lines 

 Tissue microarray samples from melanoma patients containing both normal and 

malignant tissue were examined for hnRNP A18 expression using immunohistochemical 

(IHC) staining. Figure 4-1A depicts high hnRNP A18 staining of a representative primary 

melanoma tumor (T) adjacent to low staining normal dermal papilla (DP). Similarly, Figure 

4-1B reveals strong, diffuse hnRNP A18 staining in the tumor (T) and dermal tumor (DT) 

regions, while surrounding dermal tissue (D) exhibits low or weak staining. 
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 Tumor biopsies of primary melanoma patient samples were also examined for 

hnRNP A18 expression. Proteins were extracted from normal skin and melanoma tissues, 

then run on Western blot and probed with anti-hnRNP A18 antibody. Results reveal that 

hnRNP A18 level is significantly elevated in the melanoma sample in comparison to 

normal tissue (Figure 4-1C). Expression of hnRNP A18 was also evaluated in melanomas 

which had metastasized to the lymph nodes and adrenal glands. Densitometry analysis 

shows an approximate 1.7- and 1.2-fold increase of hnRNP A18 in the lymph nodes and 

adrenal glands, respectively (Figure 4-1D). 

 

Figure 4-1 Expression of hnRNP A18 in human melanoma patient samples and melanoma 

that metastasized to the lymph nodes and adrenal glands. Representative primary human 

melanoma patient specimens with built-in adjacent normal tissue was examined after 

immunohistochemistry staining for hnRNP A18. A. Stained tumor cells (T) near negative dermal 

papillae (DP). B. Tumor cells (T), including tumor cells in the derma (DT) were strongly positive 

for hnRNP A18 while adjacent normal skin (D) showed no or very weak staining. C. Proteins were 

extracted from normal skin or melanoma skin tumors and analyzed by Western blots with the 

indicated antibodies. D. Same as C except that the proteins were extracted from normal lymph 

nodes (Norm L N) or metastatic melanoma tumors to the lymph nodes (Met. L N) or the adrenals 

(Met. Adren). Fold induction was calculated by densitometry and normalized to Actin. Source: 

Modified from [78] 
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 For experimental purposes, several melanoma cell lines were investigated for their 

hnRNP A18 levels. Since 50-60% of melanomas have a mutation in their BRAF gene, a 

panel of BRAF mutant/NRAS WT cell lines was screened for baseline expression of 

hnRNP A18 and compared to normal human melanocytes (HEMa-LP). Western blot 

analysis reveals that hnRNP A18 protein is significantly increased in Malme-3M (19-fold), 

SK-MEL-28 (17-fold), Lox IMVI (8-fold), and UACC2571 (5-fold) cell lines in contrast 

to HEMa-LP, where it was virtually undetectable (Figure 4-2A). The wide range of hnRNP 

A18 levels observed across all melanoma cell lines gives indication that hnRNP A18 does 

not appear to depend on the BRAF-mutation. To be certain, SK-MEL cell lines harboring 

differing BRAF/NRAS mutational combinations were brought in to confirm this 

observation. Immunoblots performed on SK-MEL-28 (BRAF MT/NRAS WT), SK-MEL-

2 (BRAF WT/NRAS MT), and SK-MEL-31 (BRAF WT/NRAS WT) show that hnRNP 

A18 is expressed in BRAF WT cells regardless of their NRAS genotype (Figure 4-2B). 

 

 These findings indicate the hnRNP A18 is up-regulated in a number of melanoma 

tissue samples and cancer cell lines. This primary observation leads us to speculate that the 

increased levels of hnRNP A18 in melanoma may play an important role in promoting 

tumor growth and progression. 
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Figure 4-2 Differential expression of hnRNP A18 in normal human melanocytes and 

melanoma cancer cells. A. Baseline levels of hnRNP A18 protein in a normal human melanocyte 

cell line (HEMa-LP), and six melanoma cell lines, Malme-3M, SK-MEL-28, Lox IMVI, 

UACC2571, UACC62, and C8146A. Twenty-five micrograms of total protein were loaded into 

each lane and immnoblots were probed with an hnRNP A18-specific antibody. Actin hybridization 

was performed as an internal control to ensure equal loading. B. Western blot analysis on SK-MEL 

melanoma cell lines harboring different BRAF/NRAS genotypes. Extracted proteins were 

hybridized with the hnRNP A18 antibody, quantified by densitometry, and then normalized to 

GAPDH. Source: [78] 

 

B. hnRNP A18 promotes tumor growth through proliferation, migration, and 

invasion 

 We first determined the effect of hnRNP A18 on tumor growth by performing 

conventional invasion and migration assays. Because basal levels of hnRNP A18 in Lox 

IMVI cells are high, transfection of shRNA against hnRNP A18 using lentiviral vectors 

was used to stably reduce hnRNP A18. As shown in Figure 4-3A (left panel), down-

regulation of hnRNP A18 (shA18) decreases the number of invading cells by 

approximately 3-fold compared to scrambled shRNA (sc.) cells. In reciprocal experiments, 

transfection of GFP-tagged hnRNP A18 cDNA into Lox IMVI cells was performed in order 

to stably elevate hnRNP A18 levels. Invasion assay of these overexpressing hnRNP A18 

cells (A18-GFP) reveal their increased capacity to invade when compared to control vector 

(EGFP) cells (Figure 4-3A, right panel). 
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 Similar assays using these modified stable Lox IMVI cell lines was performed to 

determine the effect of hnRNP A18 on migration properties. Figure 4-3B (left panel) shows 

that down-regulation of hnRNP A18 (shA18) significantly decreased the ability of Lox 

IMVI cells to migrate when compared to scrambled control (sc.) cells. Correlatively, 

overexpressing hnRNP A18 led to increased migratory properties by approximately 2-fold 

(Figure 4-3B, right panel). 

 

Figure 4-3 Changes in invasion and migration properties following modulation of hnRNP 

A18. A. Invasion assay was performed in Corning Matrigel Invasion chambers on Lox IMVI cell 

lines that were either stably down-regulated with shRNA against hnRNP A18 (shA18 – red bars) 

or its scrambled control (sc. – black bars) in the left panel, or stably overexpressed with a GFP-

tagged hnRNP A18 overexpression vector (A18-GFP – blue bars) or its empty vector control 

(EGFP – black bars) in the right panel. B. Migration assays using the same Lox IMVI-manipulated 

cell lines described in (A) were similarly conducted with Transwell Boyden chambers. *p < 0.05, 

**p < 0.005. Source: Modified from [78] 
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 To assess whether these effects were restricted to only melanoma cell lines, MDA-

MB-231 breast cancer cells were also used to observe the effect of hnRNP A18 on 

proliferation, migration, and invasion. Stable cell lines with hnRNP A18 down-regulated 

(shA18) were successfully created in MDA-MB-231 as shown in Figure 4-4A. Real-time 

monitoring of the aforementioned parameters were performed on the xCELLigence RTCA 

MP instrument. 

  

Figure 4-4 Silencing hnRNP A18 in breast cancer cells leads to decreased proliferative, 

migratory, and invasive characteristics. A. Representative immunoblot of hnRNP A18 in MDA-

MB-231 cell lines after stable down-regulation of hnRNP A18 by shRNA lentiviral vector. Whole 

cell lysates from scrambled control (sc.) or hnRNP A18 down-regulated MDA-MB-231 cell lines 

(shA18) were analyzed by Western blot. GAPDH served as an internal loading control. B-D. Real-

time monitoring of proliferation (B), migration (C), and invasion (D) was performed on the 

xCELLigence platform using the previously established MDA-MB-231 sc. (black lines) and shA18 

(red lines) cell lines. Cell activity was monitored and recorded every 15 minutes for a total of either 

120 hours for proliferation, or 48 hours for migration and invasion. Cell contact upon electrodes 

were recorded as impedance readings and are expressed as a unit of Cell Index. Source: Modified 

from [78] 
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 For monitoring proliferation, MDA-MB-231 sc. and shA18 cells were seeded in 

96X E-Plates and electrodes lining the bottom of the wells detected the proliferation of 

cells at 15-minute intervals for a total of 120 hours. As shown in Figure 4-4B, MDA-MB-

231 shA18 cells have a significantly slower rate of proliferation when compared to 

scrambled control (sc.) cells. Migration and invasion were assessed using CIM-16 Plates, 

a specialized Boyden chamber. Cell migration or invasion toward the lower chamber was 

monitored and quantified at 15-minute intervals for a total of 48 hours. Results show that 

down-regulation of hnRNP A18 (shA18) significantly inhibited both migration (Figure 4-

4C) and invasion (Figure 4-4D) rates when compared to scrambled control (sc.) cells. 

 

C. hnRNP A18 confers a growth advantage to cancer cells in vivo 

 In an effort to determine whether the previous studies were functionally significant, 

we examined the role of hnRNP A18 on tumor growth in vivo. Xenograft studies were 

performed on athymic (nu/nu) mice where Lox sc. and shA18 cell lines were 

subcutaneously injected into the right and left flanks, respectively (Figure 4-5A). Tumors 

were allowed to grow for a period of 13 days and tumor volume was collected by manual 

caliper measurements at the indicated times after implantation. At the end of the growth 

period, mice were euthanized and the tumors were excised. As shown in Figure 4-5B, 

shA18 tumors (ii) had an overall reduction in tumor growth by approximately 50% 

compared to scrambled tumors (i). Furthermore, tumors with hnRNP A18 down-regulated 

had a 60% decrease in their weights when compared to scrambled tumors (Figure 4-5C).  
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 Differences in tumor growth rate was apparent when tumor volume was charted 

against number of days post cancer cell implantation. As displayed in Figure 4-5D, Lox 

shA18 (red line) tumors had a growth rate comparatively slower than those of sc. (black 

line) tumors, particularly after the first week of growth. Proteins harvested from the excised 

tumors were analyzed to confirm for the down-regulation of hnRNP A18. As shown in 

Figure 4-5E, representative immunoblots of two Lox shA18 xenograft tumors (lanes 3 and 

4) exhibit significantly lower levels of hnRNP A18 protein compared to scrambled tumors 

(lanes 1 and 2).  

 

 Based on these positive findings, we sought to determine if hnRNP A18 affects 

tumor growth the same way in breast cancer. Using the previously established MDA-MB-

231 sc. and shA18 cell lines, we performed the same mice xenograft studies and found 

similar results. MDA-MB-231 shA18 (red line) tumors were significantly smaller and had 

slower rates of growth compared to scrambled (black line) tumors (Figure 4-6A). Western 

blot analysis on harvested tumor proteins also demonstrate near complete down-regulation 

of hnRNP A18 (Figure 4-6B).  
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Figure 4-5 hnRNP A18 contributes to promoting melanoma tumor growth in vivo.  A. Mice 

xenograft model showing reduced melanoma tumor growth after down-regulation of hnRNP A18. 

Lox IMVI cells stably transfected with either scrambled control shRNA (sc.) or shRNA directed 

against hnRNP A18 (shA18) were injected subcutaneously into the flanks of athymic (nu/nu/) mice. 

B. Representative image of mice xenograft tumors excised two weeks after initial tumor cell 

implantation. Upper tumor (i) shows the resulting sc. tumor while lower picture (ii) depicts the 

shA18 tumor. C. Average tumor weights from seven animals. D. Graph tracking the progression of 

sc. and shA18 tumors after cancer cell injection. Tumor volume was recorded by caliper 

measurements on specified dates after implantation. E. Western blots confirming the successful 

down-regulation of hnRNP A18 in excised mice tumors. Proteins were harvested from xenograft 

tissues and hnRNP A18 levels were detected. Fold induction was calculated by densitometry and 

normalized to GAPDH. Source: Modified from [78] 
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Figure 4-6 Down-regulation of hnRNP A18 reduces tumor volume in a breast cancer 

xenotransplantation model. A. Subcutaneous xenograft tumors derived from MDA-MB-231 cells 

previously down-regulated with either scrambled shRNA (sc.) or shRNA directed against hnRNP 

A18 (shA18), were generated in athymic nude mice. The volume of xenograft tumors were 

collected by manual caliper measurements on the indicated days after injection. B. Representative 

immunoblots of MDA-MB-231 sc. and shA18 tumor proteins. Protein lysates extracted from 

xenograft tumors were subjected to Western blot analysis and probed with hnRNP A18 antibody. 

Source: Modified from [78] 

 

 This series of experiments indicates that hnRNP A18 significantly contributes to 

tumor promotion in two in vivo mice xenograft models and that targeting this protein may 

lead to decreased tumor growth. 

 

Discussion 

 The purpose of this aim was to determine the expression level of hnRNP A18 in 

skin cancer melanoma and its potential role in promoting tumor growth. Heterogenous 

ribonucleoprotein A18 is a new regulator of protein translation that was initially discovered 

on the basis of UV induction in CHO cells. More recently, this protein has been identified 

by immunohistochemistry to be expressed in 30% of cancer patients [77], and that it 

protects cells against UV-induced cellular death [70]. From these observations, we wanted 
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to see if hnRNP A18 contributes to UV-induced skin cancer melanoma and the role it plays 

in tumor growth and promotion. 

 

 The data presented here show that hnRNP A18 protein expression is up-regulated 

in patient melanoma specimens compared to normal skin tissue, and that melanoma cell 

lines also have heightened levels of hnRNP A18 in contrast to normal human melanocytes. 

The differential expression of hnRNP A18 seen between normal and cancerous tissues and 

cell lines allows for this protein to be an ideal candidate for targeted therapies as it would 

only affect the cancer regions rather than compromise the normal tissue. Many adverse side 

effects experienced during anti-cancer regimens are a result of indiscriminate drug 

interactions with normal tissue that severely weaken or kill off healthy cells. Damage to 

the overall body can bring down an individual’s immune system and natural defenses 

which can impede the repair and recuperation process. When a drug target is only present 

in the cancerous areas of an individual, targeted therapies will spare normal tissues and be 

considerably more effective. 

 

 In this aim, we also observed that neither the BRAF nor NRAS mutational status 

of the melanoma affects hnRNP A18 levels. Regardless of whether BRAF or NRAS is 

wild-type or mutant, hnRNP A18 expression is still highly elevated compared to normal 

melanocytes. This is an important finding because while BRAF mutations accounts for the 

majority of genetic aberrations found in melanoma (45%), NRAS comes in second place 

at 15-20% [26]. Although NRAS accounts for a smaller subset of patients, several studies 

have suggested that NRAS-mutant melanomas were more aggressive and associated with 
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overall decreased survival [79, 80]. Unfortunately, the development of therapeutic agents 

against NRAS has not been as productive as BRAF inhibitors. Based on our results, it is 

possible to use hnRNP A18 as a drug target as it would affect both BRAF and NRAS-

mutant or wild-type melanomas. This provides additional advantages over current targeted 

therapies as it can cover a wide range of mutational genotypes found in melanoma. 

  

 Our studies also show that hnRNP A18 promotes tumor growth by increasing 

proliferation, migration, and invasion. Experiments performed in both melanoma and 

breast cancer cells demonstrate that down-regulation of hnRNP A18 significantly 

decreases proliferative, migratory, and invasive properties of these cells. While all three 

parameters are affected, real-time monitoring of MDA-MB-231 sc. and shA18 cells give 

indication that hnRNP A18 most greatly compromises the ability of a cancer cell to 

proliferate (Figure 4-4B). Starting at the 8-hour time-point, shA18 cells saw significantly 

reduced proliferative rates compared to sc. cells, which eventually culminated in 

approximately half the amount of sc. cells at the end-point of 120 hours. It may be pointed 

out that whereas the growth pattern in shA18 cells continue to rise, a slight decrease can 

be observed between the 96-120 hour time intervals in sc. cells. This is most possibly 

attributed to the robust nature of cells outgrowing their respective chamber wells and 

depleting their food supply, resulting in an artificial representation of decreased growth. If 

cells were allowed to proliferate in an unobstructed manner, their growth rate would most 

likely return to a more linear pattern. Irrespective of this observation, it is clear that down-

regulation of hnRNP A18 results in decreased proliferative rate, possibly through the 

down-regulation of downstream growth-promoting genes. 
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 In vivo xenograft studies corroborate the above in vitro results and demonstrate that 

tumors with down-regulated hnRNP A18 were 50% smaller than tumors with endogenous 

hnRNP A18 levels and were 60% lighter in weight. Of particular note is the observation 

that the differences in tumor volume is seen to be markedly different after the first week of 

tumor progression, thus giving indication that hnRNP A18 may not be an oncogenic 

initiator, but rather a promoter of cancer growth after an initial tumor has already been 

established. To our knowledge, this finding is the first piece of evidence showing the 

contribution of hnRNP A18 to tumor promotion in vivo. Shortly after our findings were 

published, Jian et al. similarly validated our observations by demonstrating that 

overexpression of hnRNP A18 in corticotroph tumor xenografts significantly increased 

average tumor volume and weight [81]. Likewise, these results were consistent with data 

from another group which showed that patients with invasive pituitary adenomas expressed 

much higher levels of hnRNP A18 mRNA and protein compared to those with non-invasive 

adenomas [82]. These studies are in good agreement with our invasion data (Figure 4-4). 

 

 All these results point out that hnRNP A18 is heavily involved in tumor growth and 

lends greater credence for hnRNP A18 to becoming a potential therapeutic target. 

Therefore, from these findings, we conclude that targeting hnRNP A18 for melanoma 

cancer therapy will help inhibit tumor growth while sparing deleterious effects on normal 

surrounding tissue. 
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5. SPECIFIC AIM 2: HNRNP A18 REGULATES HIF-1α 

Introduction 

 A fundamental characteristic of solid tumors is the level of hypoxia associated with 

the central core of the neoplasm. As a tumor develops, the inner mass of cells grow further 

apart from blood vessels and lose contact with their vital supply of oxygen and nutrients. 

This creates a hypoxic intratumoral region which has been known to promote resistance to 

chemo- and radiotherapy [83]. 

 

 Interestingly, although hnRNP A18 predominantly localizes in the nucleus, 

previous studies have also shown that hnRNP A18 can translocate to the cytoplasm under 

hypoxic conditions [71]. Furthermore, a previous search through the UniGene database has 

shown that HIF-1α possesses the hnRNP A18 signature binding motif in its 3’UTR. The 

combination of these information led us to investigate whether hnRNP A18 is able to 

regulate HIF-1α under hypoxic conditions and determine if this observation can give 

tumors a growth advantage. 

 

A. hnRNP A18 is increased in response to hypoxia and contributes to cancer 

promotion 

 Given our previous findings that hnRNP A18 is able to translocate from the nucleus 

to the cytoplasm upon induction by hypoxia [71], we investigated whether hypoxic 

conditions could affect hnRNP A18 levels in melanoma. Because Lox IMVI cells had high 

levels of hnRNP A18, we compared them to normal human melanocytes (HEMa-LP). 

Using cobalt chloride (CoCl2) as an experimental method to induce hypoxia, HEMa-LP 
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and Lox sc. cells were treated at a dose of 100µM for four hours and then subjected to 

Western blot analysis (Figure 5-1A). Consistent with our previous observations, high basal 

levels of hnRNP A18 can be seen in Lox sc. cells (lane 3) compared to HEMa-LP (lane 1). 

Interestingly, when cells were exposed to the hypoxia mimetic agent CoCl2, hnRNP A18 

expression increased approximately 2.4-fold (lane 4) compared to un-induced Lox sc. cells 

(lane 3). This up-regulation of hnRNP A18 was not seen in HEMa-LP. Similarly, Lox 

shA18 cells which have hnRNP A18 stably down-regulated did not experience any increase 

in hnRNP A18 levels after treatment with CoCl2 (lane 6) when compared to non-exposed 

cells (lane 5). 

 

 To test whether the increased levels of hnRNP A18 by CoCl2 had any direct effect 

on survival capability, a colony survival experiment was performed. Parent Lox IMVI, as 

well as Lox sc. and shA18 cells were seeded in triplicates in 6-well plates, treated with 

CoCl2 at increasing doses and then allowed to grow for two weeks. Colonies greater than 

fifty cells were stained, counted, and the relative survival was calculated with respect to 

each cell line’s vehicle control. As shown in Figure 5-1B (left panel), survival capacity was 

significantly compromised in cells that lost hnRNP A18 expression (shA18; red line) when 

compared to parent Lox IMVI (orange line) or Lox sc. (black line) cells. Rescue 

experiments re-expressing hnRNP A18 in hnRNP A18-depleted cell lines reversed this 

trend. Lox shA18 cells were re-transfected with an hnRNP A18 overexpression vector 

(Figure 5-1B; right panel) and subjected to the same experimental conditions. Results show 

that Lox shA18 + hnRNP A18 (blue line) rescued cell survival at all CoCl2 concentrations. 
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 These studies suggests that hnRNP A18 is elevated upon exposure to a hypoxic 

environment and gives melanoma cells a robust survival advantage. 

 

 

 

Figure 5-1 hnRNP A18 is increased in response to hypoxia and contributes to cancer survival. 
A. Normal human melanocytes (HEMa-LP) and Lox IMVI melanoma cell lines (both sc. and 

shA18) were treated with either vehicle (water) (-) or 100µM CoCl2 (+) for four hours and levels 

of hnRNP A18 were assessed by Western blot. B. Effect of colony survival after manipulation of 

hnRNP A18 in Lox IMVI cells. Parent Lox IMVI (orange line), Lox sc. (black line), Lox shA18 

(red line), and hnRNP A18-rescued Lox shA18 (Lox shA18 + hnRNP A18; blue line) cells were 

exposed to increasing concentrations of CoCl2 and allowed to grow for ten days. Relative survival 

of colonies were expressed as a percentage when compared to un-treated cells. Inset: Immunoblot 

of Lox shA18 + hnRNP A18 cells. Lox shA18 cells were stably transfected with an hnRNP A18 

overexpression vector and Western blot analysis confirms the successful rescue of hnRNP A18 

(lane 2). Source: Modified from [78] 
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B. hnRNP A18-mediated growth advantages is due partly through HIF-1α 

regulation 

 Our previous data demonstrating the contribution of hnRNP A18 to tumor growth 

under hypoxic conditions leads us to speculate the involvement of Hypoxia Inducible 

Factor-1α (HIF-1α) in this phenomenon. 

 

 We first examined the interaction of endogenous HIF-1α mRNA with hnRNP A18 

by immunoprecipitating hnRNP A18 under conditions which preserve its association with 

target mRNAs in ribonucleoprotein (RNP) complexes using an anti-hnRNP A18 antibody. 

Following isolation of RNA, the presence of HIF-1α mRNA in these RNP complexes was 

confirmed by reversed transcription followed by PCR analysis (Figure 5-2A). Results show 

that hnRNP A18 does bind to HIF-1α mRNA (lane 3) and that this association was specific 

because HIF-1α mRNA was almost undetectable in complexes isolated with control non-

specific IgG antibodies (lane 1). RNP-IP was simultaneously performed on Lox IMVI cells 

that were exposed to CoCl2 in order to assess whether hypoxia had an effect on hnRNP 

A18 binding. Interestingly, the amount of hnRNP A18 bound to HIF-1α mRNA was not 

significantly altered (lanes 3 and 4). Quantitative analysis from three different experiments 

were represented in a bar graph and expressed as fold induction relative to IgG negative 

control (Figure 5-2B). Analysis performed on quantitative values did not show statistical 

significance. Although the binding of HIF-1α mRNA by hnRNP A18 was not affected by 

hypoxia, hnRNP A18 could potentially regulate HIF-1α by modulating the transcript’s 

stability. 
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 To this end, we performed mRNA stability assays using Lox sc. and shA18 cell 

lines under normal and stress conditions. Cells were pre-treated with either water (for 

normal condition) or CoCl2 (for stress condition) for 4 hours and then incubated with 

Actinomycin D for the indicated time points. Total RNA was extracted, reverse transcribed, 

and subjected to real-time PCR analysis using Real-Time TaqMan Gene Expression Assay 

primers for HIF-1α and GAPDH. As shown in Figure 5-2C, down-regulation of hnRNP 

A18 marginally reduced HIF-1α mRNA half-life under normal conditions (2.06 hours to 

1.72 hours). Of greater significance, CoCl2 exposure increased basal HIF-1α mRNA half-

life to 3.26 hours, while down-regulation of hnRNP A18 destabilized the transcript and 

reduced half-life to 1.43 hours (Figure 5-2D). A subsequent decrease in HIF-1α protein 

was observed with Western blot analysis (Figure 5-2E and F). 
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Figure 5-2 Regulation of HIF-1α by hnRNP A18 under stress conditions. A. Association of 

hnRNP A18 with intracellular HIF-1α mRNA. Whole cell lysates from Lox IMVI cells pre-treated 

with water (-) or CoCl2 (+) were used for IP in the presence of an anti-hnRNP A18 antibody or 

non-specific IgG. RNA in the material following IP was used in RT-PCRs to detect the presence 

of HIF-1α mRNA, and the resulting PCR products were visualized in agarose gels. B. Densitometry 

analysis of three independent RNP-IP experiments from (A). C. Changes in HIF-1α mRNA stability 

following down-regulation of hnRNP A18. Total cellular RNA from Lox IMVI sc. and shA18 cells 

were isolated at the indicated times after administration of Actinomycin D (10µg/µl), and the 

remaining levels of HIF-1α and GAPDH mRNA were measured by real-time PCR. Relative levels 

of HIF-1α mRNA were normalized to the amount of GAPDH mRNA. D. Half-life of HIF-1α 

mRNA in Lox sc. and shA18 cells as described in (C) except that cells were pre-treated with CoCl2 

for four hours. E. Representative immunoblots of HIF-1α in parent Lox IMVI, Lox sc. and shA18 

cells after exposure to either water (-) or 100µM CoCl2 (+) for four hours. Actin was used as an 

internal loading control. F. Densitometry analysis of HIF-1α protein from (E). Levels of HIF-1α 

are expressed as a percentage relative to CoCl2-treated sc. cells. *p < 0.05, **p < 0.005, ***p < 

0.0005. Source: Modified from [78] 



 

60 

 

 To further demonstrate the regulation of HIF-1α by hnRNP A18, we analyzed 

several mice xenograft tumors from our previous experiments. Representative 

immunoblots reveal that HIF-1α levels are substantially reduced in Lox shA18 tumors 

compared to proteins extracted from scrambled tumors (Figure 5-3A). IHC staining of 

MDA-MB-231 scrambled tumors for HIF-1α and hnRNP A18 show similar staining 

patterns denoting their presence in the same regions (Figure 5-3B).  

 

 This series of experiments reveal that hnRNP A18 binds to and stabilizes HIF-1α 

mRNA under hypoxic conditions, resulting in elevated HIF-1α protein expression. This 

concept is reinforced in our in vivo model where the presence of hnRNP A18 is found in 

the same hypoxic areas as HIF-1α in the tumor, giving indication that once a hypoxic 

environment is established in a tumor, hnRNP A18 could sustain the tumor growth by 

regulating HIF-1α. 
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Figure 5-3 Changes in HIF-1α following down-regulation of hnRNP A18 in xenograft models. 
A. Western blot analysis of HIF-1α protein levels in Lox sc. and shA18 xenograft tumors that were 

processed as described in Figure 4-5E. B. Representative IHC staining of hnRNP A18 and HIF-1α 

from MDA-MB-231 sc. xenograft tumors. Two consecutive microtome sections of the same tumor 

were stained with the indicated antibodies and counterstained with Mayer’s Hematoxylin. 

Magnification: i, ii (4X) and iii, iv (10X). Source: Modified from [78] 

 

 

C. hnRNP A18 affects angiogenesis factors 

 Based on previous studies that HIF-1α promotes tumor development, and that 

hnRNP A18 down-regulates HIF-1α protein under hypoxic conditions, we hypothesized 

that down-regulation of HIF-1α protein by hnRNP A18 reduces the amount of angiogenic 

growth factors which nourish the oxygen-deprived regions of a hypoxic tumor. A proteome 

profiler array was conducted using mice melanoma xenograft tumors as previously 

described. Proteins harvested from Lox sc. and shA18 tumors underwent a series of washes 

with multiple array buffers and then were hybridized onto specialized nitrocellulose 

membranes pre-spotted with different angiogenesis-related capture antibodies. 

Visualization of proteins by Streptavidin-HRP antibody on autoradiographic film allowed 

for densitometry analysis. As shown in the bottom section of Figure 5-4, Lox sc. tumors 
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(left panel) gave stronger signals for several proteins (boxed) when compared to Lox shA18 

tumors (right panel). Graphical representation of protein levels are shown in the top section 

where Lox shA18 tumors (red bars) are reduced in many proteins when compared to Lox 

sc. tumors (black bars). Of significant note is the approximate 9-fold decrease in VEGF 

(Box #10) after down-regulation of hnRNP A18. 

 

 These findings give indication that hnRNP A18 contributes to tumor growth, in part, 

through the regulation of HIF-1α and its associated angiogenic growth factors. 

 

Figure 5-4 Reduction of angiogenesis-related proteins in hnRNP A18-silenced xenograft 

tumors. Angiogenesis Proteome Profiler Array was performed on Lox sc. and shA18 melanoma 

mice xenografts. Proteins from mice tumors previously described in Figure 4-5 were harvested, 

mixed with a series of buffers and then incubated on nitrocellulose membranes previously spotted 

with specific angiogenesis-related protein antibodies. Positive signals were analyzed by 

densitometry and expressed as Means Pixel Density after background subtraction. Source: [78] 
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Discussion 

 The tumor microenvironment is frequently found to have lower than average levels 

of oxygen. Typical oxygen concentration in normal tissues ranges between 3-7%, whereas 

hypoxic tumors hover at less than 1% [84]. While normal tissues respond to hypoxia by 

promoting apoptosis or necrosis, cancer cells can rewire their circuitry and adapt to new 

surroundings. It is a well-known fact that hypoxic neoplasms offer a poorer prognosis due 

to their multivariate resistance against conventional radio- and chemotherapy [85, 86]. This 

is predominately due to the up-regulation of hypoxia inducible factors which play a major 

role in oxygen-deprived tissues. Transcription factor HIF-1α is observed to be stabilized in 

low-oxygen environments and activate a diverse set of genes that promote cancer cell 

growth. For example, genes involved in metabolic reprogramming [87], genomic 

instability [88], promotion of epithelial-to-mesenchymal transition [89], and invasion [90] 

have all been observed to be targets of HIF-1α and are up-regulated in tumors. 

 

 Given the fact that hnRNP A18 shuttles to the cytoplasm upon induction by hypoxia, 

the purpose of this aim was to understand the relationship between hnRNP A18 and HIF-

1α. Because solid tumors have decreased levels of oxygen in their central core, and that 

HIF-1α is a major factor in hypoxia, it is probable that hnRNP A18 may play a regulatory 

role in facilitating HIF-1α expression. In addition, it has also been found that HIF-1α 

possesses the hnRNP A18 binding motif on its 3’UTR, leading us to speculate in their 

combined role of promoting tumor growth. 
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 The data presented here show that hnRNP A18 is up-regulated in response to 

hypoxia in melanoma cells (Lox sc.), but not in normal human melanocytes (HEMa-LP) 

(Figure 5-1A). It is interesting to observe that the small amount of baseline hnRNP A18 

protein present in melanoma cells can be more than doubled when exposed to hypoxic 

conditions, whereas no effect on melanocytes could be seen since they do not express 

hnRNP A18. This suggests that once a cell transforms and gains just a bit of hnRNP A18 

protein, the effects could become manifold under hypoxia. This preliminary result also 

demonstrates the specificity of hnRNP A18 expression and offers a therapeutic advantage 

where targeting hnRNP A18 would only affect cancer cells while sparing normal tissue. 

Results also show that down-regulation of hnRNP A18 in a hypoxic environment decreases 

cell survival capability, confirming the importance of hnRNP A18 in sustaining tumor 

development. It may be important to note that while basal levels of hnRNP A18 vary in 

normal tissues, it is always observed to be higher in the corresponding tumors. 

 

 The promotion of tumor growth by hnRNP A18 can be due, in part, to the regulation 

of HIF-1α, a major player and proliferative factor in the hypoxic tumor. Evidence of direct 

binding between hnRNP A18 protein and HIF-1α mRNA was observed by 

ribonucleoprotein IP. While our initial hypothesis predicted that binding between the two 

molecules would be increased under hypoxic conditions, this interestingly was not the case. 

Instead, we saw regulation at the post-transcriptional stage where HIF-1α mRNA half-life 

was destabilized by 0.34 hours subsequent to down-regulation of hnRNP A18. Furthermore, 

this stability regulation was approximately 5-fold more pronounced under hypoxic 

conditions where the difference in half-life was decreased by 1.83 hours (Figure 5-2D). 



 

65 

 

This finding reinforces the concept that cancer cells are able to change and adjust to their 

hypoxic environments by modifying certain gene networks in order to gain a survival 

advantage. 

 

 In support of the previous results where hnRNP A18 post-transcriptionally 

regulates HIF-1α, protein analysis from mice xenografts showed significant reduction of 

HIF-1α levels (nearly 75-85%) in tumors when hnRNP A18 was down-regulated (Figure 

5-3A). This experiment validates the idea that hnRNP A18 does play a functionally 

significant role in HIF-1α. Furthermore, immunohistochemistry staining of in vivo mice 

xenograft tissue indicates that the location of hnRNP A18 correlates with the hypoxic 

regions of the tumor (Figure 5-3B). As a cell is exposed to a hypoxic environment, hnRNP 

A18 is translocated to the cytoplasm and binds to its target transcripts. In this case, the fact 

that we see hnRNP A18 in the same areas as HIF-1α ascertains that they are within the 

same space and most conceivably interact with each other. Given the numerous cell 

survival pathways that HIF-1α is able to regulate in a hypoxic tumor, targeting hnRNP A18 

as an anti-cancer therapy is further supported since it could potentially shut down a large 

array of pro-survival genes downstream of HIF-1α.  

 

 Besides the aforementioned survival pathways, another vital characteristic that 

allows tumors to sustain their unregulated growth is their ability to promote angiogenesis. 

When oxygen levels become depleted, HIF-1α directs tumor cells to circumnavigate this 

obstacle by stimulating growth factors and building new blood vessels [91]. To examine 

whether hnRNP A18 had an effect on HIF-1α function, evaluation of in vivo melanoma 
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tumor proteins was performed. Proteome profiling of a panel of angiogenesis-related 

growth factors reveal that many key genes are significantly down-regulated in the absence 

of hnRNP A18. One of the most prominent targets is Vascular Endothelial Growth Factor 

(VEGF) which was shown to be reduced by approximately 9-fold (Figure 5-4A). VEGF 

has been known to be directly involved in stimulating the growth and proliferation of 

endothelial cells which line blood vessels [92]. Decreased expression of VEGF observed 

when hnRNP A18 is down-regulated may indicate that these tumors have restricted access 

to new blood vessels, and therefore oxygen, supporting our previous findings that these 

tumors have inhibited growths. 

 

 Other important angiogenic factors including FGF basic, a protease which degrades 

the basement membrane and facilitates endothelial cell migration [93], as well as 

Angiogenin, an endothelial cell proliferation and invasion mitogen [94], are also observed 

to be down-regulated in the absence of hnRNP A18. Of interest is the 2-fold reduction in 

Endoglin, a known receptor for Transforming Growth Factor Beta (TGF-β). Endoglin has 

been shown to be highly expressed in actively proliferating endothelial cells where it can 

support re-oxygenation [95]. Given the fact that it is significantly reduced in our studies 

reinforces the concept that tumors without hnRNP A18 have lower proliferative (Figure 4-

4B) and angiogenic activities. Taken together, these four angiogenic-related growth factors 

are just a sampling of some of the genes that are affected when hnRNP A18 is down-

regulated in a hypoxic tumor microenvironment. It goes to show that hnRNP A18 is able 

to interfere with HIF-1α functions in an in vivo tumor environment and inhibit cancer 

angiogenesis. 
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 These findings give indication that the generation of hypoxia in a growing tumor 

induces the translocation of hnRNP A18 from the nucleus into the cytoplasm where it can 

bind and stabilize HIF-1α mRNA. Elevated HIF-1α protein levels are subsequently able to 

activate their downstream target genes and promote a series of biological activities, 

including angiogenesis, and thus promote tumor growth and progression. While several 

angiogenic growth factors were also implicated in these results, it remains to be determined 

whether these factors could also be directly regulated by hnRNP A18. Future experiments 

looking into this possibility will need to be performed. 



 

68 

 

6. SPECIFIC AIM 3: HNRNP A18 PROMOTES TUMOR GROWTH BY 

INCREASING PROTEIN TRANSLATION OF SELECTED TRANSCRIPTS IN 

CANCER 

Introduction 

 RNA binding proteins are able to function and regulate their target genes in multiple 

stages of RNA biogenesis. Most commonly, RBPs bind to predefined sequences on the 

3’UTR of their targets which stabilizes the transcript and modulates half-life. Sequence 

motifs are specific and allow only certain RBPs to mediate their regulation. Previous 

studies have shown that the hnRNP A18 binding motif is 51 nucleotides long and consists 

of 6 invariant residues spread throughout the sequence. Experimental data also have shown 

that hnRNP A18 can bind and regulate ATR, RPA2, and TRX mRNAs [70, 71, 75] all of 

which contain the special binding motif and are able to promote tumor growth. Given these 

results, we were interested in determining whether there were other genes hnRNP A18 can 

target and whether the regulation of target genes by hnRNP A18 is affected under hypoxic 

conditions. 

 

A. hnRNP A18 binding motif is found in cancer promoting genes 

 Given that previous studies have identified a 51 nucleotide motif that hnRNP A18 

preferentially binds, we wanted to further investigate if other genes harboring this specific 

sequence can also associate with hnRNP A18. A search through the UniGene database 

reveals a selection of transcripts possessing the signature motif in their 3’UTR. A subset 

of these genes are listed in Figure 6-1A and can be categorically grouped as being 
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associated with proliferation, survival, and general translation. The six invariant residues 

are highlighted displaying high sequence alignment between each of these genes. 

  

 Because TRX, ATR, and RPA2 have already been validated as hnRNP A18 targets 

in RKO colon cancer cells, they were used as positive controls in this study. Lox IMVI 

melanoma cells were used in RNP-IP experiments as previously described. Following 

RNA isolation, the presence of TRX, ATR, and RPA2 mRNA were analyzed by PCR. As 

shown in Figure 6-1B, all target mRNAs were able to associate specifically with hnRNP 

A18 whereas they were almost undetectable in RNA/protein complexes 

immunoprecipitated with non-specific IgG control antibodies. 

`

 

Figure 6-1 hnRNP A18 binding motif is found in cancer promoting genes. A. Selected mRNA 

targets which possess the hnRNP A18 signature motif are sequence aligned with the six invariant 

residues highlighted. B. Association of endogenous hnRNP A18 with endogenous TRX, ATR, or 

RPA2 mRNA in Lox IMVI cells as measured by RNP IP analysis. After IP of RNA-protein 

complexes from cell lysates using anti-hnRNP A18 antibody or control IgG, RNA was isolated and 

used in RT reactions. Amplification of non-target housekeeping GAPDH mRNA served as a 

loading control. Source: Modified from [78] 
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B. hnRNP A18 increases mRNA stability and translation under cellular stress 

 Based on the fact that hnRNP A18 associates with low molecular weight polysomes, 

we wanted to further delineate its role and effect on newly synthesized proteins. As shown 

in Figure 6-2A, decreasing the level of hnRNP A18 by shRNA reduced TRX expression 

by approximately 60%. To determine whether down-regulation of hnRNP A18 inhibited 

TRX expression by repressing its translation, we examined the changes in TRX protein 

synthesis under both normal and hypoxic conditions. Results show that levels of newly 

synthesized TRX protein decreased significantly in Lox shA18 cells pre-treated with CoCl2 

(lane 4) compared to Lox sc. cells (lane 3), whereas un-induced cells (lanes 1 and 2) had 

no TRX expression (Figure 6-2B). Inhibition of TRX protein synthesis by CoCl2 induction 

was specific since there was no change in nascent Actin synthesis. 

 

Figure 6-2 hnRNP A18 affects TRX translation under hypoxic conditions. A. Baseline levels 

of total TRX protein in Lox sc. and shA18 cell lines. B. De novo protein synthesis assay 

was performed on Lox sc. and shA18 cells pre-treated with either DMSO or CoCl2 (100µM, 

4h). Whole cells were labeled with L-homopropargylgylcine and extracted proteins were 

reacted with azide-biotin. Anti-TRX antibody was incubated with the newly biotinylated 

protein lysate and streptavidin-coated beads were used to IP the material. TRX protein 

synthesis was detected using an anti-Streptavidin-HRP antibody. Actin was used as loading 

control to ensure even amounts of input protein in the IP reactions. Source: [78] 
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 This experiment, along with previous HIF-1α mRNA stability data, indicates that 

hnRNP A18 regulates its target proteins through modulating mRNA stability and 

translation under cellular stress conditions. 

 

C. hnRNP A18 binds to several members of the general translational machinery 

 A large subset of genes identified from the UniGene database search result points 

to general translation machinery mRNAs as potential hnRNP A18 targets. To validate this 

in silico prediction, we performed RNP-IP assays and found that hnRNP A18 is able to 

bind to and associate with eIF3H, eEF1A1, 4E-BP1, eIF5A, and eIF4G3 mRNAs (Figure 

6-3A). Representative immunoblots further demonstrate that down-regulation of hnRNP 

A18 was able to reduce each target’s protein levels by at least 30-60% under non-stressed 

(lanes 1-8; 13-16) or stressed (lanes 9-12) conditions (Figure 6-3B). This further supports 

the notion that hnRNP A18 promotes tumor growth by increasing the protein translation 

machinery of selected transcripts in cancer. 
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Figure 6-3 hnRNP A18 binds to general protein translation machinery genes and affects their 

protein levels. A. Association of endogenous of hnRNP A18 with endogenous eIF3H, eEF1A1, 

4E-BP1, eIF5A, and eIF4G3 mRNAs in Lox IMVI cell lines. RNP IP assay was performed as 

previously described in Figure 6-1. B. Representative immunoblots of general protein translation 

machinery targets listed in (A). Proteins from Lox sc. and shA18 cells were probed with specific 

antibodies as indicated under normal conditions (lanes 1-8) or after CoCl2 treatment (lanes 9-12). 

Western blot analysis of p-4E-BP1 and eIF4G3 proteins in MDA-MB-231 sc. and shA18 cells 

(lanes 13-16). Source: [78] 

 

Discussion 

 The purpose of this aim was to identify target genes within the UniGene database 

which possess the hnRNP A18 binding motif and determine whether there was any direct 

interaction between the two molecules. We also sought to understand the regulatory role 

that hnRNP A18 plays under hypoxic conditions. 

 

 Results identified a number of target mRNAs which harbor the hnRNP A18 motif 

and could be classified as being associated with proliferation (RPA2), survival (ATR and 

TRX), and general translation (eIF4G3, eIF5A, eEF1A1, eIF3H, and eIF4E-BP1). The 

interplay between these genes support the fact that hnRNP A18 is able to facilitate survival 

of tumors through HIF-1α and TRX regulation, and that the up-regulation of general 
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protein translation factors help sustain the activities of proliferating cells. Translational 

regulation of TRX was further seen in de novo protein synthesis assay where TRX protein 

synthesis was inhibited in hnRNP A18-depleted cells, ascertaining the regulatory role of 

hnRNP A18 over TRX under hypoxic conditions. This example, along with previous data 

showing hnRNP A18 regulation of HIF-1α mRNA (Figure 5-2), gives indication that the 

regulatory role hnRNP A18 exerts on its target genes are predominately seen under cellular 

stress conditions. Future experiments will need to be performed on the other target genes 

to confirm this observation. 

 

 Given these findings, we can see that the coordinate translation of functionally 

related transcripts in what is known as the RNA regulon or operon by a ribonucleoprotein-

driven mechanism reinforce the importance that hnRNP A18 plays in promoting tumor 

growth. Drugs targeting hnRNP A18 as the master regulator will conceivably shut down a 

large network of downstream effector genes which would otherwise sustain and support 

neoplastic growth. 
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7. CONCLUSION AND FUTURE DIRECTIONS 

 With the advancement of medicine and technology, people now are living longer 

and fuller lives compared with those who lived in the past century. As a result, we are 

seeing a rise in the number of cancer cases simply from the effects of old age.  

 

 A large proportion of cancer is associated with aberrant regulation of protein 

translation, prompting the need to develop new therapies that could target this regulating 

pathway. While inhibitors to mammalian Target Of Rapamycin (mTOR) have been hailed 

as a success in some cancers, they still lack the ability to counter most major cancer types 

due to compensational feedback mechanisms [96, 97]. However, since targeting protein 

translation can be seen as a means of restricting cancer cell growth and proliferation, new 

approaches to this strategy would be beneficial. 

 

 Heterogenous ribonucleoprotein A18 has been identified for its role in increasing 

translation of stress-responsive proteins under stressful situations, like UV radiation or 

hypoxia, through the association of a specific hnRNP A18 recognition motif in the 3’UTR 

of targeted transcripts and eIF4G. Likewise, the hypoxic tumor microenvironment can be 

viewed as a perfect breeding ground for driving cancer progression and growth. Therefore, 

targeting of hnRNP A18 as an anti-cancer therapeutic would be most logical. 

 

 Data presented here have revealed that hnRNP A18 is highly expressed in 

melanoma patient samples and cell lines, while it is low or undetectable in normal skin 

tissues and melanocytes (Figure 4-1 and Figure 4-2). We have shown that hnRNP A18 
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contributes to tumor progression through their enhanced ability to proliferate, migrate, and 

invade (Figure 4-3 and Figure 4-4), and that these findings were functionally significant, 

as demonstrated by in vivo experiments (Figure 4-5 and Figure 4-6). Furthermore, we have 

proven that hnRNP A18 provides a growth advantage to hypoxic tumors, increasing their 

ability to survive under cellular stressed environments (Figure 5-1). The regulation of HIF-

1α by hnRNP A18 was observed to lead to increased levels of angiogenesis (Figure 5-4), 

further aiding in the promotion and growth of hypoxic neoplasms. Lastly, we have shown 

that hnRNP A18 is able to bind and regulate a large diverse set of genes associated with 

proliferation, survival, and general translation (Figure 6-1 and Figure 6-3). 

 

 Based on our previous published data and the findings presented here, we propose 

the model depicted in Figure 7-1. In response to cellular stress, hnRNP A18 is 

phosphorylated by hypoxia inducible GSK-3β and/or CK2 which causes the translocation 

of hnRNP A18 from the nucleus into the cytoplasm. In the cytoplasm, hnRNP A18 binds 

to the 3’UTR of mRNA targets possessing the hnRNP A18 binding motif, thereby 

stabilizing the transcript and increasing translation. hnRNP A18 may mediate formation of 

the 5’UTR and 3’UTR loop by binding to both the 3’UTR of the transcript as well as to 

eIF4G in the translation initiation complex. Coordinate up-regulation of hnRNP A18 

targets lead to increased survival and proliferative capability resulting in tumor growth and 

promotion. 
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Figure 7-1 Proposed model of hnRNP A18 translational control. In response to cellular stress, 

the predominantly nuclear hnRNP A18 is phosphorylated by the hypoxia inducible GSK-3β and/or 

CK2 and gets translocated to the cytosol. In the cytosol, hnRNP A18 recognizes and interacts with 

its targeted transcripts which possess the special signature binding motif. Binding of hnRNP A18 

to its targets stabilizes the transcripts and increases their translation. PABP: PolyA Binding Protein. 

The arrows depict direction of ribosome scanning and translation. Source: Modified from [78] 

 

 While our studies focused mainly on the role hnRNP A18 plays in promoting tumor 

growth in melanoma and breast cancer, these findings could be expanded to include other 

cancers which also exhibit high levels of hnRNP A18 expression. Tissue microarray 

analysis performed on 295 primary human tumors with built-in adjacent normal tissues 

corroborate our previous observations. Immunohistochemistry staining confirms that 

higher levels of hnRNP A18 expression was seen in the cancerous regions while normal 

adjacent tissue exhibited no or weak staining (Figure 7-2). Additional analysis looking at 

the correlation of hnRNP A18 intensity with tumor grade was also considered. Although 

no apparent correlation with tumor grade was observed in colon cancer, stronger hnRNP 

A18 staining was observed in more advanced prostate and breast cancers as compared to 

non-cancerous prostate (prostate hyperplasia) and non-invasive breast cancer tissues 

(ductal carcinoma in situ) (Figure 7-3). 
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Figure 7-2 Immunohistochemistry staining of hnRNP A18 in several primary human cancer 

sections. A-B. Prostate adenocarcinoma shows strong nuclear staining in the tumor cells (T) while 

adjacent normal prostate (NP) exhibits low or weak staining. C-D. Ductal carcinoma in situ and 

invasive ductal carcinoma of the breast shows strong hnRNP A18 nuclear staining in the tumor 

cells (T) while adjacent normal breast (NB) tissue showed low or weak staining. E. Colon 

adenocarcinoma tissue section shows high levels of hnRNP A18 staining in the tumor cells (T) but 

only weak staining in the normal adjacent colon (NC) where well-defined lobular patterns of the 

colonic crypts divided by smooth muscle bundles can be observed. Source: Modified from [78] 
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Figure 7-3 Expression of hnRNP A18 in human cancer samples separated by tumor type and 

stage. Representative primary human cancer patient specimens with built-in adjacent normal tissue 

was examined after immunohistochemistry staining for hnRNP A18. Intensity of hnRNP A18 

staining was scored blindly, given a categorical rating of “negative” (light gray), “weak” (gray), 

“moderate” (light color), or “strong” (dark color), and graphed as a percentage of total patients 

within each tumor type and stage. Source: Adapted from [78] 
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 While hnRNP A18 is highly elevated in several cancers, its expression is low or 

non-existent in normal cells. Such dramatic differential expression of this protein is 

advantageous in the development of an anti-cancer drug as normal healthy cells will not be 

targeted when treatment is given. In addition, the specific motif hnRNP A18 binds to is 

only characteristic to a subpopulation of cytoplasmic messenger transcripts dedicated to 

confer growth advantages. Consequently, only those particular mRNA will be affected by 

therapies targeting hnRNP A18, leaving other non-motif carrying transcripts unaffected. 

This is another major advantageous point to targeting hnRNP A18, as concerns on non-

specific target effects and toxicities will be minimalized. 

 

Future Directions 

 The development of a high-throughput drug screen is currently underway. High-

throughput drug screening is a valuable tool in which thousands of compounds can be 

simultaneously and precisely tested by robots using miniscule amounts of reagents. It is an 

efficient way to determine which drugs may target hnRNP A18 in our system and see if 

they are efficacious. The experimental set-up consists of binding biotin-labeled hnRNP 

A18 signature motif onto Streptavidin-coated 96- or 384-well plates and allowing for the 

incubation of recombinant hnRNP A18-GST protein onto these complexes (Figure 7-4). 

Drug compounds will be added simultaneously in hopes that it would either disrupt or 

inhibit the interaction of hnRNP A18 to its RNA sequence. Intact hnRNP A18-GST:RNA 

complexes will be probed by anti-GST-HRP antibody and 3,3',5,5'-tetramethylbenzidine 

(TMB) ELISA substrate will be used to detect HRP signals.  
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 Signals will be measured with an ELISA plate reader. Positive HRP signals will 

mean that hnRNP A18-GST has bound to its biotin-RNA sequence. The absence of a signal 

indicates that the test drug compound prevented the association of hnRNP A18 with its 

RNA motif. When a compound interferes with the binding of hnRNP A18 to its target RNA 

sequence, the recombinant protein is unable to remain in the Streptavidin-coated plates and 

gets discarded following a series of washes. Large drug libraries will be utilized in these 

studies and positive potential compounds will be further tested. 

 

Figure 7-4 Diagram for high-throughput drug screen assay. The hnRNP A18 RNA binding 

motif is labeled with biotin and incubated on Streptavidin-coated plates in the presence of a 

potential drug. In theory, recombinant hnRNP A18-GST protein will bind to its target signature 

RNA sequence, allowing anti-GST-HRP antibody to complex. Detection of HRP by TMB ELISA 

substrate will result in a positive signal. Drugs will be screened by their ability to prevent the 

association of hnRNP A18-GST with its RNA motif, thus resulting in reduced or null signals. 
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 Another approach for turning hnRNP A18 into a therapeutic could be through the 

use of hnRNP A18 NMR structures, drug databases and Computer-Aided Drug Design 

(CADD). By constructing a 3D model of hnRNP A18 in its mRNA-free and bound form, 

we could visualize the structure and search drug databases to find a molecule whose 

configuration would prevent hnRNP A18 binding to its targeted RNA motif. The molecule 

could thus interfere with the translation of stress-responsive mRNAs targeted by hnRNP 

A18 and decrease tumor growth. If a search of currently available databases are unfruitful, 

one could use CADD to model an existing molecule to determine its potential binding. The 

assistance of medicinal chemists would then be required to synthesis the compound which 

would then be evaluated in vitro for binding affinity and specificity. 

 

 In light of the protein translation function of this RNA-binding protein and the 

current understanding of its mechanism of action, hnRNP A18 appears to be a probable 

and likely target for therapeutics that could yield favorable results in patients with solid 

tumors. Although its role in hematopoietic cancer has not been explored yet, it seems 

possible that it could function in a similar manner in these types of neoplasms. 
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