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B-cell chronic lymphocyte leukemia (B-CLL) accounts for approximately 30% of all 

leukemias in the Western world and has so far been treated with variable success. The 

newly characterized KCNRG gene has been mapped to chromosome 13q14.3. KCNRG is 

thought to be a tumor suppressor gene involved in the development of B-cell chronic 

lymphocytic leukemia due to its significant homology to the tetramerization (T1) domain 

of the voltage-gated potassium channels (Kv channels) and an ability to suppress growth-

stimulating Kv currents. Since point mutations of KCNRG have not been found in B-CLL 

samples, a novel approach for its study based on a haploinsufficiency model was 

suggested. The aim of this study is to determine whether the KCNRG gene functions as 

growth suppressor in tumor cell lines and to elucidate a putative role for the loss of this 

gene in the development and the progression of B-CLL. Overexpression studies of 

KCNRG were performed in an attempted to determine the involvement of KCNRG in 



apoptosis, differentiation, and invasion of cultured human tumor cells, and the effects of 

overexpression of KCNRG on gene expression and proteomics profiles were quantified. 
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CHAPTER 1: Background and Significance 

 

B-cell Chronic Lymphocytic Leukemia (B-CLL) is one of the most commonly 

diagnosed leukemias in the Western world (Byrd et al. 2004). This disease accounts for 

~30% of all human leukemias and is most commonly seen amongst the elderly; about 

two-thirds of the patients are older the age of 60 (Zwiebel et al. 1998).  The clinical 

course of CLL is subdivided into five stages: during stage O, only bone marrow and 

blood lymphocytosis is seen; during stage I, it is possible to detect lymphocytosis with 

enlarged nodes; at stage II, lymphocytosis with enlarged spleen and/or liver involvement 

can be detected; at stage III, lymphocytosis with anemia is observed; and at stage IV 

lymphocytosis with thrombocytopenia can be seen (Rai KR et al. 1975, Binet at al. 1981). 

As can be observed from the clinical staging CLL develops progressively.  

On a cellular level the disease progresses due to the prolonged survival of B-CLL 

cells arrested in the G0 stage of the cell cycle (Gale et al. 1987). This prolonged survival 

causes the accumulation of slowly proliferating CD5(+) B lymphocytes in the blood, 

bone marrow, and lymphatic tissues leading to the clinical manifestations of the disease. 

These quiescent small lymphocytes, CD5(+) B lymphocytes are frozen at an early step of 

maturation and have decreased susceptibility to apoptotic cell death. Latter features are 

commonly attributed to the imbalance in various cytoplasmic pro-survival and pro-death 

pathways, including the BCR-signaling pathway (Danilov AV et al. 2006; Ougolkov 
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2007, Iglesias-Serret 2007). In addition, a small number of "atypical", Ki-67 expressing 

lymphocytes are frequently observed in the bone marrow of CLL patients (Bueso-Ramos 

CE. et al. 2004). Proliferation rates of these lymphocytes vary among patients and even 

among subpopulations of cells within the leukemic clones of individual patients 

(Chiorazzi N, Ferrarini M 2006). A newly evolving point of view stresses that blood 

lymphocyte count in B-CLL patients represents a dynamic interplay between ongoing 

birth and death within the clones rather than a linear, monotonous accumulation of inert 

leukemic cells (Chiorazzi N, Ferrarini M 2006). 

Historically CLL has been treated with mixed success. More often than not, 

classical chemotherapy methods are only marginally effective and rarely yield complete 

responses. Typically the survival times are ~5-8 years although this is highly variable 

(Dighiero et al. 1998; Montserrat E. 2004). Therefore, understanding the genetic 

pathways involved in B-CLL is necessary to design more effective therapeutic 

approaches. 

 

Genetic aberrations seen in CLL 

From a genetic perspective, an abnormal karyotype, as detected by fluorescent in 

situ hybridization (FISH), can be observed in the tumor cells of the majority (90%) of 

patients with CLL cases (Döhner et al. 1999). The most common chromosomal 

abnormalities are deletions of the chromosomal band 13q14 which occur in ~50-70% of 

all cases of CLL (Liu Y et al. 1997). The next most common deletions are found in 

11q22-q23 region accounting for ~19% and are usually associated with extensive lymph 
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node involvement and an aggressive form of the disease (Cuneo A. et al. 2002; Dohner 

H. et al. 2000).  The deletions in 11q22-q23 region may not be a primary event, and may 

actually arise as a secondary event in cases where there is already an aberration in 13q14 

(Cuneo A. et al. 2002). 

Other aberrations include trisomy 12, which is considered to be atypical CLL and 

is usually associated with poor prognosis. Trisomy 12 in CLL coincides with the 

expression of the CD11a marker (O’Connor S.J. et al. 2000). In 1999 Caligaris-Cappio et 

al. showed that trisomy 12 is associated with the un-mutated status of the 

immunoglobulin variable heavy chain (VH) genes, and corresponds to atypical cellular 

morphology (Caligaris-Cappio et al. 1999). Another type of aberration, one that involves 

deletions in the 17p13 region, seems to be more common in the late stage of the disease 

and is believed to involve the TP53 tumor suppressor gene. This type of deletion is also 

associated with shortened survival (Shaw GR and Kronberger DL 2000 and Haslinger et 

al. 2004).  Finally, the deletions in 6q21 are found to occur in 7% of B-CLL cases. 

Deletions of 6q21 are associated with larger tumor size (lymphadenopathy), however, no 

correlation with negative prognosis has been evident (Stilgenbauer et al. 1999). 

Using FISH, deletions in 13q14.3 are detected in > 95% of the clonal population 

of malignant cells, hence giving rise to the belief that deletions in 13q14.3 may be an 

early or even initiating event in CLL. In contrast, other chromosomal abnormalities are 

less prevalent, being present in only a small proportion of the CLL cohort (Jabbar SA et 

al. 1995).  
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Fine mapping of 13q14.3 region deleted in CLL  

 

The search for a TSG involved in B-CLL was stimulated by the fact that the 

retinoblastoma gene (RB1), a well-known TSG residing in13q14.3, remains functional in 

some B-CLL patients, while a region adjacent to RB1 on the telomere side is often 

deleted (L.A. Hawthorn et al. 1993, Y. Liu et al. 1992).  This region was assumed to 

contain a TSG critical for B-CLL development. At the time, the 13q14.3 region, as well 

as most of the human genome landscape, was uncharted territory: markers suitable for 

physical mapping were several mega-bases apart from each other, which hindered precise 

localization of the chromosomal breakpoints in CLL cells. 

Through concerted efforts by a number of research teams, several STS-markers 

were mapped to the region of interest and used as anchors for yeast artificial chromosome 

(YAC) contigs (V.M. Brodyanskii et al. 1995). These markers were also used as probes 

for Southern blotting of DNA of patients in order to pinpoint the area deleted in B-CLL 

cases (Y. Liu et al. 1995; M.M Corcoran et al. 1991). Fine structural analysis of the 

13q14 region of the human genome was a necessary step in initial attempts to clone CLL 

TSG. Those attempts were supported in the frame of Chromosome 13 Mapping and 

Sequencing Project of the Human Genome Program. First, a contig overlapping the 

13q14.3 region was built using cosmid libraries constructed by the Los Alamos National 

Laboratory (LANL, United States) and the Imperial Cancer Research Foundation (ICRF, 

United Kingdom). About 30,000 individual cosmids (equivalent to approximately nine 

spans of chromosome 13) individually stored in 96-well plates were used as probes for 

cross hybridization, revealing overlapping cloned DNA fragments covering more than 
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600 kb of the chromosome 13 region frequently deleted in B-CLL (B.I. Kapanadze et al. 

1997). Further delineation of the region was achieved by analysis of the loss of 

heterozygosity (LOH) patterns and fluorescence in situ hybridization (FISH) studies. As a 

result, the minimal region lost in B-CLL was reduced to 300 kb (M.M Corcoran et al. 

1991; M.C. Devilder et al. 1995).  

 

1500 kb

620 kb

< 130 kb

Corcoran et al., 1998

Kalachikov et al., 1997 

Devilder, 1995

Liu, 1997

DLEU1/DLEU2 

genes

Region with no obvious genes

KCNRG

RFP2

RFP2OS

C13ORF1

RB1 D13S1168 D13S319 AFM301wb5 GCT16C05 D13S25

 
Fig.1. Map of regions identified as having deletions by various independent researchers. 

 

 

 

The mimimally deleted region was localized between two STSs, D13S1149 and 

D13S25 (Fig. 1); another marker, D13S319, proved to be the one most often eliminated 

by deletion. Further minimization attempts were performed in different labs which 

examined independent groups of B-CLL patients. Surprisingly, each group succeeded in 

chopping the minimally deleted region down to less than 300 kb, but the resulting regions 
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were minimally overlapping, and in extreme cases, deleted regions were mapped 200 kb 

apart (M.C. Devilder et al. 1995; I. Bouyge-Moreau et al. 1997). Since further 

minimization of the deleted region yielded discrepant results, a physical map with a 

higher resolution was necessary. Southern hybridization of DNA probes representing 

300bp-2 kb fragments of cosmid clones with genomic DNA of B-CLL patients allowed 

precise localization of the rearrangements in individual patients. As a result, genome 

rearrangements were localized on a map of EcoRI/HindIII digestion sites with a 

resolution of 1-2 kb (Y. Liu et al. 1995). Such a resolution cannot be obtained by FISH or 

LOH analysis. Rearranged genomic DNA fragments were observed in three out of 206 B-

CLL patients examined in the Karolinska Hospital, Sweden. The minimal area of overlap 

between deletions in these three patients was only 10 kb. In 46% of cases (95 out of 206 

tumor DNA specimens), deletions of the 10-kb region affected either both chromosomes 

(28 cases) or only one (67 cases) (Y. Liu, M et al. 1997). Interestingly, the minimally 

deleted region identified in this study was located upstream of D13S319 (i.e., on its 

centromere side), whereas most other authors mapped the CLL TSG downstream of this 

marker. 

 

Tumor suppressor gene candidates located in 13q14  

Through the efforts of various labs and researchers, a more informative physical 

map of the deleted region in CLL was subsequently generated. On this map, all deletions 

found in patients with B-CLL were mapped within the 620-kb interval between 

D13S1168 and D13S25. Interestingly, in some cases the minimally deleted regions 
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mapped by different research groups were not overlapping, in fact, in some cases these 

regions were located a hundred kilo-bases apart. These findings may be interpreted in 

three different ways: either there are multiple TSGs involved in CLL and are located in 

13q14 (unlikely), either the expression of the B-CLL-associated TSG is sensitive to 

chromosome rearrangements in its vicinity, or that the B-CLL-associated gene is rather 

large, and consequently deletions in its first or last exon may similarly impair its function. 

In either case, identification of the TSG associated with B-CLL required the mapping of 

all RNA transcripts located within the 620-kb area of interest. This work started in 1996, 

when the process of mapping and initial characterization of transcripts was laborious. 

Hence, the first attempts to hunt down the CLL TSG were restricted to the analysis of the 

most probable candidates, located in the chromosome region most commonly eliminated 

by deletions. 

 

DLEU1 and DLEU2 

Researchers used various different methods of mapping in an attempt to locate 

precisely the deleted regions in 13q14. Despite initial difficulties with positional cloning 

due to the unique features of this region such as unusually high content of repeats, 

researchers were able to compose a valuable picture. Independent studies by various labs 

produced the map of non-overlapping but adjacent minimally deleted regions (MDRs) 

(Fig.1). Two candidate tumor suppressor genes, DLEU1 and DLEU2, were suggested as 

a result of the analysis of the smallest (10kb) MDR region et al. 1997).  Nucleotide 

sequencing of DLEU1 and DLEU2 did not reveal homology to any known genes. The 
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putative open reading frames of DLEU1 and DLEU2 seem to encode for hypothetical 

proteins of only 72 and 84 residues, respectively. The open reading frames of DLEU1 

and DLEU2 are associated with weak Kozak sequence context, casting doubts on their 

ability to function as translated proteins. Single-strand conformational polymorphism 

(SSCP) analysis of these ORFs and adjacent non-coding sequences did not reveal any 

point mutations in samples from B-CLL patients (Y. Liu, M et al. 1997; Migliazza, A et 

al. 2001).  In-depth analysis into DLEU1 showed it to be a fragment of a much larger 

560-kb gene thought to contain at least 50 exons and be expressed as up to 20 different 

non-coding RNAs. (S. Wolf et al. 2001). This gene was re-named BCMS (B-Cell 

Multiple Splicing) (S. Wolf et al. 2001). 

The DLEU2 gene was also extensively studied. The extended sequence of this 

gene was deposited in GenBank in 2000 under the name BCMSUN (BCMS-Upstream 

Neighbor) (D. Mertens et al. 2000). Like DLEU1, DLEU2 is expressed as multiple 

alternatively spliced RNAs lacking reading frames. Interestingly, despite the DLEU2 

ortholog being present in the mouse genome, human and mouse RNA isoforms of 

DLEU2 only have a few exons in common, (B. Kapanadze et al. 2000) thus indicating 

that the 13q14 region harboring the putative CLL TSG underwent relatively recent 

rearrangements in the course of evolution. Despite a number of interesting findings 

describing peculiar expression patterns of the first line candidates DLEU1 and DLEU2, a 

lack of open reading frames and presence of mutations in the DNA of CLL cells 

prompted the removal of these genes from the list of likely CLL TSG candidates. 
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MicroRNAs 

The obvious absence of protein coding genes within the minimal deletion in CLL 

cells initiated an exhaustive search for non-coding sequences with regulatory potential in 

CLL. A recent study examining the expression profiles of microRNAs and the ability of 

these profiles to help distinguish normal B cells from malignant B cells in CLL, found 

that there indeed was a unique microRNA change associated with 13q14.3 deletions. The 

microRNA genes miR-15a and miR-16-1 were located to the 30-kb core of the minimally 

deleted region (Calin et al. 2005; G.A. Calin et al. 2002).  MicroRNAs represent a new 

class of gene products that are typically excised from 60- to 70-nt fold-back RNA 

precursor structures by Dicer RNase III and the Argonaute family members (T.P. 

Chendrimada et al. 2005). Interstingly, miR-15a and miR-16-1 are down-regulated or 

deleted in the majority of B-CLL cases. In addition, a clearly identifiable band of 70 bp 

was seen in many CLL samples, suggesting that miR-15a might be inefficiently 

processed in some CLLs (G.A. Calin et al. 2002). On the other hand, a C->T 

homozygous substitution was detected in premiR-16-1 in 2 out of 75 screened CLL 

patients, but in none of the 160 normal subjects. In both of these CLL patients, normal 

cells from the buccal mucosa were heterozygous for this abnormality. Therefore, the C-

>T change is a germ-line mutation; the mother and sister of one of these patients had 

CLL and breast cancer, respectively, supporting the possible causal role of this mutation 

in predisposition to CLL (G.A. Calin et al. 2005) as opposed to sporadic CLL. 

MiR-16-1 is a member of the family of miRNA-16-like genes which share 

sequence identity, so it would be extremely difficult to study the trans-regulation effects 



 10 

of miR-16-1 located in 13q14 apart from the effects of its paralogues. Collectively, the 

miR-16 family down-regulates a number of targets located on various human 

chromosomes and causes an accumulation of cells in G(0)/G(1) (P.S. Linsley et al. 2007). 

To what extent this cell cycle block depends on the individual effect of miR-16-1 remains 

unknown. Both miR-15 and miR-16 were shown to negatively regulate Bcl2 at a post-

transcriptional level and induce apoptosis (G.A. Calin et al 2006). Recently, the genome 

of the CLL model animal, the New Zealand black (NZB) mouse, was shown to have a 

point mutation in the 3' flanking sequence of the orthologous microRNA, miR-16-1. This 

mutation is not present in other strains, including the nearest relative, the New Zealand 

white (NZW) mouse. A decrease in the levels of miR-16 was noted in NZB lymphoid 

tissue (E.S. Raveche et al. 2007; B.J. Scaglione et al. 2007). All these findings suggest 

that alteration of the normal expression suppressor function of miRNAs located within 

13q14 is intimately linked to CLL.  

Interestingly, the same RNA molecules that encode pre-miRNA may exert 

additional cis-regulatory effects on other genes located in 13q14, as they are located 

within the area covered by the DLEU2/miR-15a/miR-16-1 transcript described above. 

This very complex transcription unit overlaps with the RFP2/KCNRG/RFP2OS unit 

described in the following chapters. 

 

RFP2 

       RFP2 (Ret Finger Protein 2) (Kapanadze et al. 1998; Baranova et al. 2004) is situated 

10 kb away from the minimal deletion region (Fig. 1). Its open reading frame encodes a 
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protein of 407 amino acid residues and contains zinc-binding RING domains, a B-box, 

and a coiled-coil domain (A. Baranova et al. 2003). This combination of domains is 

known as the RBCC/TRIM domain and is found in a number of Rfp-like proteins which 

take part in cell differentiation, regulation of early embryo development, immune 

response, and neoplastic transformation. As a general rule, RBCC/TRIM domain-

containing proteins appear to function as parts of large protein complexes and possess 

E2-dependent E3 ubiquitin ligase activity (K.M. Short and T.C. Cox, 2006). RFP2 has 

been shown recently to encode an unstable protein with autopolyubiquitination activity. 

(M Lerner 2008). Rfp2 protein interacts with other proteins localized to the endoplasmic 

reticulum (ER) and is involved in the ER-associated degradation (ERAD) pathway, 

which serves as a primary mean of quality control within the secretory pathway and 

decreases ER stress by clearing terminally mis-folded proteins from the ER (M. Lerner et 

al. 2007).   

Despite its promising location, no mutations were found in RFP2 during 

screening of patients with CLL (A.Baranova, 2003; Migliazza, A et al. 2001; van 

Everdink WJ et al. 2003). Additionally, direct sequencing of RFP2 revealed no mutations 

in six patients and four multiple myeloma (MM) cell lines harboring 13q14 deletions 

(M.O. Elnenaei et al. 2003). These findings decrease the probability that RFP2 is actually 

a tumor suppressor gene. However, a study of RFP2 has revealed many interesting 

features of that locus which might be relevant to CLL, as they point to the unexpectedly 

high complexity of this expressed region of chromosome 13. This region proved to be 

transcribed in both directions, as RFP2 overlaps with at least two anti-sense RNAs 
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encoded by the opposite DNA strand, DLEU2 (M.M Corcoran et al. 1991) and RFP2OS 

(A. Baranova et al. 2003). Furthermore, the RFP2 promoter contains multiple quadruplex 

forming GGGGA-repeats and possesses very low nucleosome-forming potential, 

allowing for its unusual strength (M. Skoblov et al. 2006)  

The RFP2/LEU5 transcript may be alternatively spliced to yield either a 

monocistronic transcript or a theoretically predicted bicistronic transcript encoding two 

separate open-reading frames. Furthermore, the DLEU2 gene may produce a noncoding 

antisense RNA, whereby one of its exons, previously described as RFP2OS, directly 

overlaps the first exon of the RFP2/LEU5 gene in the opposite orientation (Corcoran et 

al. 2004; Baranova et al. 2004).  RFP2 may be involved in the activation of the NF-kB 

pathway, implicating this region within the chromosome in various disease pathways 

(Matsuda et al. 2003).  

 

KCNRG 

    The gene KCNRG is located adjacent to RFP2 and is thought to encode a potassium 

channel regulating protein (Ivanov et al. 2003). Due to the close proximity of these two 

genes it is not clear whether KCNRG mRNA is transcribed using a promoter in the RFP2 

3’ untranslated region, or whether RFP2 and KCNRG share a promoter. KCNRG encodes 

two protein isoforms KCNRG-L (272 aa) and KCNRG-S (229aa), corresponding to 

variant 1 and variant 2 respectively (Fig.2); Previous studies showed differential 

expression of KCNRG mRNA isoforms between tumor and normal cells (Ivanov et al. 

2003). Isoforms S and L were found in normal human lungs, in lymphocytes and in 
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prostate cells, however they were not found in the cell line LNCaP which is a prostate 

cancer cell line. In the ovarian cancer cell line SKOV-3 and osteosarcoma cell line T1-13, 

expression of KCNRG was not found at all. Interestingly, in the A431 epidermoid 

carcinoma the levels of expression of the larger mRNA isoform were decreased 

compared to other samples, and in the osteosarcoma cell line SAOS-2, larger of two 

mRNA isoforms can not be detected by amplification. 
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Fig.2. Isoforms of KCNRG and RFP2 and overlapping regions 

 

 

KCNRG exerts an inhibitory effect on Kv potassium channels (Ivanov et al. 

2003). It encodes a protein which resembles the T1 (tetramerization) domain of the 

voltage gated K+ channels, suggesting that the protein encoded by KCNRG may interfere 
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with the normal assembly of these channels and thereby suppresses Kv currents (Ivanov 

et al. 2003).  

Potassium channels are one of the most varied members of the ion channel family, 

and generally can be divided into two broad categories: the ‘delayed’ group and the 

‘transient’ group (Perney T.M et al. 1991; Luneau C et al. 1991; Stuhmer W et al. 1989). 

The diversity found in potassium channels is thought to be caused by small amino acid 

changes that affect not only the voltage-dependent gating mechanism, but that also 

modify other properties such as channel conductance and the ability of channels to 

interact with various toxins. The understanding of the regulatory processes of K+ 

channels is a constantly expanding field and includes mechanisms of plasma membrane 

depolarization, hyper-polarization, actions of intracellular kinases, and actions of GTP 

binding proteins and various other second messengers (Schwarz T.L et al. 1988). 

K+ channels can be further categorized into two classes based on their trans-

membrane topology: the six trans-membrane helix voltage gated (Kv) class, and the two 

trans-membrane helix inward rectifier (Kir) class (Papazian DM et al. 1987, Pongs O et 

al. 1988, Ho K et al. 1993). All K+ channels posses a distinct sequence (TMxTVGYG) 

between two trans-membrane helices at the carboxy-terminus (Heginbotham L. et al 

1994). The trans-membrane region of the Kv channel, containing tetrameric components 

is composed of the α-subunits which form a pore (Fig. 3). Each of these α-subunits 

contains six hydrophobic trans-membrane units: S1, S2, S3, S4, S5, S6 with a P-domain 

inserted between S5 and S6 (Sansom MS, 2000). S1, S2, S3, S5 and S6, are thought to 

function in the closing and opening of the pore whereas unit S4 is thought to be the 
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voltage sensing component in these channels, and is not exposed to the lipid bilayer 

(Miller C., 2000).  
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Fig. 3: Kv Shaker type channel with α, β and T1 domains. 

 

 

The Kv type of potassium channel can be further subdivided based on sequence 

similarity and function into four classical subfamilies: Kv1 (Shaker), Kv2 (Shab), Kv3 

(Shaw) and Kv4 (Shal) (Miller C., 2000). All Kv channels, however, have a highly 

conserved T1 domain whose function is still being elucidated but is thought to be 

involved in determining the subfamily specific assembly of the alpha-subunits and shares 

homology with proteins that contain a BTB/POZ domain (Bixby K.A. et al. 1999). 

The T1 domains in eukaryotic Kv channels seem to serve as a link, via the S1 

subunit, between the pore forming units and the B subunit (Gulbis JM et al. 2000; Sewing 

S et al. 1996; Yu W et al. 1996). Although emerging research seems to not only indicate 
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an additional regulatory function in terms of channel gating but also seems to suggest that 

the conformation of the T1 domain influences the operation of the channel itself (Wang G 

et al. 2006; Cushman SJ et al. 2000; Minor DL. et al. 2000). The B subunit is a tetrameric 

arrangement of proteins that are thought to be related to aldo-keto reductase enzymes 

(Rehm H. et all 1988; Parcej DN et al. 1992; Scott VE et al. 1994; McCormack T. et al 

1994; Chouinard SW. et al 1995; Gulbis JM et al. 1999). Although more and more 

features of the B subunit structure and composition are being elucidated, its exact 

function remains elusive (Long SB et al. 2005). 

In addition to the classical roles of K+ channels such as their involvement in 

neural signaling, generation of cardiac rhythm, signal transduction pathways via G 

protein coupled receptors; K+ channels are now thought to play a crucial role in cell 

cycle processes, apoptosis and cancer (Attali B et al. 1992; Felipe A et al. 2006). In fact, 

Kv channels are being implicated in a diverse range of diseases and metabolic pathways. 

In a recent study Kv channels were proposed to play a role in pulmonary arterial 

hypertension (PAH), which is an antiapoptotic, proliferative, and inflammatory disease 

(Bonnet S et al. 2007). A recent study on breast cancer proposed a definite connection 

between Kv channels and deregulation in apoptosis in certain types of breast tumors 

(Brevet M et al. 2008). Additional regulatory roles for Kv channels have been proposed 

where the Kv channels play a role in proliferation by maintaining the driving force for 

calcium influx (Cahalan MD and Lewis RS, 1990).  

These new roles for Kv channels open up a vista of possible mechanisms by 

which KCNRG can play a role in B-CLL formation.  Primary among these is KCNRG 
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dependent suppression of Kv currents that affect calcium-dependent cell cycle control. 

For example, Kv channels were previously implicated in metastasis and proliferation of 

hepatocarcinoma cells. In these cells the blockage of Kv channels prevents both adhesion 

and proliferation (Zhou Q et al. 2003).  

Despite the promising advances on the characterization of KCNRG, there has yet 

been no evidence of KCNRG mutations in B-CLL cases sampled. This suggests that 

perhaps a new approach needs to be adopted when attempting to determine the 

characteristics and effects of KCNRG.  

 

Haploinsufficiency 

Finding a somatic point mutation in the majority of a tumor of a given type is 

commonly considered a final proof of the involvement of a candidate gene in tumor 

suppression. However, in some cases, point mutations of a gene clearly capable of tumor 

suppression in both in vitro and in vivo experimental settings are never or almost never 

found in tumor DNA samples. During the last five years the haploinsufficiency 

mechanism of tumor suppressor gene inactivation has come to be the focus of many 

cancer-related studies (M. Santarosa and A. Ashworth, 2004). According to this model, 

inactivation of one copy of the tumor suppressor gene via deletion or methylation is 

enough to provide selective advantage or prevent apoptosis in progenitor cells of the 

tumor. Often in such cases tumor cells contain a large chromosomal of one copy of the 

gene while the second copy remains intact with no point mutations. This might indeed be 

the case with CLL, since non-imprinting type of the monoallelic silencing of genes 
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localized in the critical region has been observed (D. Mertens et al. 2000). Therefore, 

deletion of the single active copy of 13q14.3 may result in significant down-regulation of 

the candidate genes and loss of their function (D. Mertens et al. 2000; D.V. Ivanov et al. 

2003).  The involvement of the haploinsufficient genes in the process of tumorigenesis 

cannot be proven by mutation screenings showing that both copies of TSG are inactivated 

by one or another mechanism, but requires thorough functional studies.   

There are several examples of diseases in particular, cancers that arise due to 

haploinsufficiency. An example of such a case is acute myeloid leukemia where the 

haploinsufficiency of the gene AML1 instigates the genetic cause of the disease (Barton 

K and Nucifora G., 2000). Another piece of information which supports the 

haploinsuficiency approach is the observation that in cases of haploinsufficiency often 

the gene in question is dramatically down-regulated in disease samples. Although 

mutations were not shown in RFP2, several genes including RFP2 were shown to be 

consistently downregulated in B-CLL patients, and furthermore RFP2 was the most 

significantly downregulated gene (Mertens et al. 2000). Unfortunately KCNRG was not 

examined at this time as this gene was not known, however the adjacent location of these 

two genes, and the detection of their fusion mRNA isoforms suggest that RFP2 and 

KCNRG may be co-regulated. Downregulation of KCNRG was mentioned during the 

study of its expression in cancer cell lines (Ivanov et al. 2003). 

A recent study on hepatocellular carcinoma (HCC) was conducted by analyzing 

the mutation, allelic loss and expression pattern of the KCNRG gene as well as 

performing in vitro assays.  Interestingly, the outcome of the study did indeed indicate an 
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allelic loss of KCNRG in HCC, but more importantly, the results seem to indicate a 

correlation between allelic loss and severity of disease. Moreover, one somatic missense 

mutation c.275G>A (p.R92H) and a lower frequency (26.5%) of allelic losses were found 

in the Korean population of informative HCC cases. As the corresponding normal sample 

showed no evidence of mutations by repeated SSCP analysis, the mutation was likely a 

somatic event. Interestingly, the HCC case with a KCNRG mutation showed a LOH at 

D13S272 and only aberrant bands of the mutant allele as determined by SSCP, 

suggesting a mutation in one allele and loss of the other. The authors concluded that loss 

or alteration of the KCNRG gene may play a previously unforeseen role in the 

development and/or progression of some cases of HCCs (Cho YG et al. 2006). 

 

13q14 deletions in other malignancies 

Many previously described human tumor suppressor genes play a role in the 

development of more than one type of human malignancy. The list of such polyfunctional 

TSGs includes TP53 (M. Olivier et al. 2004), PTEN (I. Sansal and W.R. Sellers, 2004), 

CDKN2A (N.E. Sharpless, 2005) and others. If the putative tumor suppressor for CLL is 

indeed located in 13q14.3, it might play a role in the development of other tumors 

harboring a deletion in this segment of the human genome.  

Rearrangements and/or deletions in the region of 13q14.3 are found in many types 

of hematopoietic malignancies. These deletions account for 38% in mantle cell 

lymphoma (MCL) (Rosenwald et al. 1999; A. Cuneo et al. 1999), and approximately 

54% in multiple myeloma cases (MM), as detected by FISH (Harrison C.J. et al. 2003; 
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Fiserova A. et al. 2002; M.O. Elnenaei et al. 2003; L. Chen et al. 2007). In the majority of 

these cases 13q14 deletions are associated with a poor chemotherapy response profile. 

Deletions of 13q14.3 could contribute to the development of overt leukemia in T-cell 

prolymphocytic leukemia (T-PLL) (V. Brito-Babapulle et al. 2001).  

Allelic imbalance at 13q14.3 is an important event in the progression of localized 

prostate cancer (N. Brookman-Amissah et al. 2007) and in high-grade high-stage 

carcinoma originating from prostatic tissue (J.T. Dong et al. 2001). Interestingly, some 

studies indicate that 13q14 loss is also associated with the initiation of prostate tumors 

(W. Lu et al. 2006). The region within 13q14, distal to the RB1-locus, is of importance to 

the development of low-malignant lipomatous tumors (A. Dahlen et al. 2003).  

A study of the KCNRG allelic loss in 13q14 revealed deletions in 13 (25.5%) out 

of the 51 HBV-positive HCCs of grade II and in 4 (66.7%) out of 6 HCCs of grade III. 

There was a significant correlation between an allelic loss and the histology grades (P = 

0.0078) and stages (P = 0.0071).  Furthermore, the number of allelic losses was higher in 

those cases with an intrahepatic metastasis than in the cases without metastasis (P = 

0.0247) (Y.G. Cho et al. 2006). Taken together, these observations indicate that the 

elusive TSG located in 13q14.3 may have an importance not limited to CLL. Therefore, 

all CLL TSG candidates discussed above should be subjected to both mutational 

screening and functional studies in the malignant cells of non-lymphatic origin. 
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Chapter 2:  Materials and Methods 

 

 

Cloning and sequencing of human KCNRG  

The basic molecular biology and microbiology procedures such as plasmid 

isolation, cloning, E. coli transformation and cultivation, were performed according to 

standard protocols (Sambrook et al., 1989). Human KCNRG variant 1 and KCNRG 

variant 2 were cloned into a pcDNA3.1/myc-His vector (Invitrogen, San Diego, CA). The 

cloning of KCNRG variant 1 was performed by OriGene (Rockville, MD, USA). The 

cDNA used was a full-length archived cDNA clone which corresponds to the mRNA 

isoform NM_173605. The cloning of KCNRG variant 2 was performed by our 

collaborators Andre Marakhonov and Dr. Mikhail Skoblov (Russian Center for Medical 

Genetics, Moscow, Russia) by amplifying its full length ORF from the coding sequence  

of human brain  cDNA. This product was cloned into a pGemT-Easy vector (Promega, 

Madison, WI), and then transferred into a pcDNA3.1/myc-His plasmid. According to the 

manufacturer’s protocol, bidirectional sequencing of the plasmids and PCR clones with 

vector or gene-specific primers were performed by fluorescence-tagged chain termination 

(Big Dye Terminator, Applied Biosystems) and the fragments detected using a ABI 310 

automated DNA sequencer (Applied Biosystems).  

The recombinant plasmids containing KCNRG V1 and KCNRG V2 were stored 

at -80 until transformation. The E. coli strain used for transformation was JM109, 

standard K-12 non-pathogenic recA–, endA– E. coli appropriate for routine cloning 
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applications. JM109 cells contain the LacI
q
Z∆M15 gene on the F´ episome, allowing 

blue-white screening for recombinant plasmids. 

Following transformation the E. coli cells were grown on imMedia™ Amp Agar 

for selection and imMedia™ Amp Liquid for propagation (Invitrogen, CA). The plasmids 

were extracted using EndoFree Plasmid Maxi Kit (QIAGEN). 

 

HL-60, RPMI-8226 and LNCaP cells stably expressing KCNRG V1 and KCNRG 

V2 

Cell lines LNCaP, HL-60 and RPMI-8226 were obtained from the American Type 

Culture Collection (Manassas, VA). LNCaP cells are androgen-sensitive human prostate 

adenocarcinoma derived from the lymph node metastasis. They are adherent epithelial 

cells growing in aggregates and as single cells. Functional differentiation of LNCaP cells 

is preserved. HL-60 (human promyelocytic leukemia) cell line proliferates continuously 

in suspension culture with the doubling time of about 36-48 hours. HL-60 cells are 

predominantly a neutrophilic promyelocyte (precursor). RPMI-8226 is a multiple 

myeloma cell line with lymphoblast-like appearance. 

All of the cells were grown and maintained in RPMI1640 media containing 2 mM 

glutamine, 10 mM HEPES and 10% fetal calf serum (Invitrogen, CA). Transfections of 

the cell lines were initially attempted using a liposome-mediated transfection system, 

Lipofectamine™ Reagent (Invitrogen) according to the manufacturer’s protocols. 

Optimization of transfection conditions was performed with positive control lacZ-

containing vector provided with the pcDNA.3.1/myc-His/ system. Despite the 
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manufacturer’s claims of low toxicity, transfection reactions with Lipofectamine 

(Invitrogen) yielded stable transfectants only with RPMI-8226 cells. A very high rate of 

cell death was observed for mock-Lipofectamine transfected cells (designated: EV for 

empty vector pcDNA.3.1/myc-His) for the first days following transfection, indicating 

high levels of reagent toxicity. This was most evident in HL60 cells, in which none of the 

transfectants survived the first week of transfection regardless of the minimal 

concentrations of the transfectant.  

Following this discovery, a less toxic system was deemed necessary, and 

consequently the cDNA-containing or empty control plasmids were transfected into 

LNCaP, HL-60 and RPMI-8226 cells with Transfectol reagent (Gene Choice, Frederick, 

MD). This transfection system was optimized to yield the highest number of transfectants 

and the lowest number of cell deaths due to toxicity. After the cells were transfected, they 

were incubated in growth media containing RPMI1640 media with 15% fetal calf serum 

for 24 hours to aid their recovery. Following the recovery period cells were centrifuged 

and re-suspended in RPMI1640 media with 10% fetal calf and a selection specific 

antibiotic. Stably transfected cells were selected using 500 ug/mL of Geneticin (Sigma) 

and were subsequently maintained in 75 cm
2
 flasks in medium with antibiotic in 

incubators with 5% CO2 and humidity for the duration of the experiments. The continual 

growth of cells in selective antibiotic assured the maintenance of selective pressure and 

prevented the loss of the transfected plasmid.  
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HL-60, RPMI-8226 and LNCaP cells transiently expressing KCNRG V1 and 

KCNRG V2 

The same transfection reagents were used for the preparation of the transiently 

transfected cells. The transfection was carried out in a 96 well plate as per the 

manufacturer’s instructions. In addition to the empty vector plasmid, KCNRG V1 

plasmid and KCNRG V2 plasmid, cells were mock transfected using only the Transfectol 

reagents to determine toxicity effects of the reagents. The transiently transfected cells 

were immediately used for experiments 48 hours after transfection and were not selected 

with Geneticin. 

 

Generation of Clonal Populations 

 Following stable transfection, a serial dilution of the mixed cell populations was 

performed on a 96-well cell culture plate in an attempt to isolate and generate a clonal 

population. RPMI-8226 was the only cell line in which this was successfully achieved, as 

LNCaP and HL60 cells did not survive being isolated into single cell units. Forty three 

clones were generated for the RPMI-8226 cell line; out of these three clones were 

selected based on their rate of proliferation as compared to the mixed population: fast 

growing (S1B9), same as mixed population (S2A11), and slow growing (S3A10). 

 

Cell proliferation and apoptosis assays 

Cell proliferation assays were performed using the Chemiluminescence-based 

Cell Proliferation ELISA, BrdU kit (Roche). The chemiluminescence-based assay was 
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chosen as it is has been found to be more sensitive than its colorimetric version 

(Unteregger G, Profit S., 2001).  

Proliferation rates of the cells transfected with empty vector and stable KCNRG 

variant 1 and 2 overexperessing cells were determined by quantifying the BrdU 

incorporated into the newly synthesized DNA of replicating cells. The experiment was 

conducted according the manufacturers protocol. The cells were seeded into 96-well 

black plates with clear bottoms (Thermo Electron) at a density of 2 x 10
4
 per well.  Cells 

or blanks (100 µL) and 10 µL of the BrdU labeling solution were added to the wells. The 

incubation time was determined experimentally. Due to the longer replication periods of 

the transfected cells, the optimum time for BrdU incorporation in HL60 and RPMI-8662 

was 48 hours and the optimal time for LNCaP was 72 hours. Each cell type was tested in 

replicates of eight. Chemoluminescence was quantified using a Fluoroskan Ascent 

microplate fluorometer (Thermo Scientific). 

To determine apoptosis in KCNRG V1, V2 and empty vector transfected cells, the 

Caspase-Glo® 3/7 Assay was used (Promega, Madison, WI). This assay focuses on the 

caspase-3 and -7 activities and the level of caspase activity in the sample is proportional 

to the luminescence produced by caspase cleavage of the substrate For the apoptosis 

assays, cells were seeded in 96-well black plates with clear bottoms (Thermo Electron) at 

a density of 3.5 x 10
4
 per well in 50 µL of RPMI1640 media with 10% fetal calf serum. 

As per the manufacturers protocol, the Caspase-Glo reagent was added in a 1:1 ratio.  All 

of the cell lines were incubated for 2 hours at room temperature and chemoluminescence 

was quantified using a Fluoroskan Ascent microplate fluorometer (Thermo Scientific). 
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In experiments where the cells were transiently transfected, immediately 

following transfection proliferation and apoptosis assays were performed using 

conditions identical to those of the stable transfection experiments. The only exception to 

this protocol was the addition of an extra set of 16 wells with mock-transfected cells. 

Chemoluminescence was quantified as described above.   

 

FACS / flow cytometry 

Cell cycle distribution was analyzed by flow cytometry (Kim Y. et al 1992). All 

of the cell lines were grown to optimum densities. Cells were brought to concentrations 

of 1.5x 10
6
 cells/mL and were transferred to 15 mL conical tubes. Cells were washed 

twice with cold PBS, centrifuged at 1000g for 5 min and resuspended in 1 mL of PI 

staining solution (PBS + 50ug/mL PI + 100ug/mL RNAse A). Cells were incubated at 4C 

in the dark for 20 minutes and were analyzed on FACSCalibur (Becton Dickinson) within 

15-30 minutes of staining.  All of the cells were kept on ice and away from light during 

the entire experiment. 

Quantification of cell death was determined by staining with Annexin V/7-AAD 

kit (BD Pharmingen, San Jose, CA). Annexin V aids in the detection of one of the 

primary events in apoptosis, namely, the translocation of the membrane phospholipid 

phosphatidylserine (PS) from the inner surface to the outer surface of the plasma 

membrane. This allows for Annexin V, a 35-36 kDa, Ca 2+-dependent, phospholipid 

binding protein to bind to PS. However, since translocation of PS also occurs during 

necrosis, 7-amino-actinomysin (7-AAD), which binds to nucleic acids only in the case of 
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a failure in the membrane integrity was used in conjunction with Annexin V. The dual 

use of Annexin V and 7-AAD aided in clearly establishing the population of cells going 

through apoptosis versus those going through necrosis. Cells were once again counted 

and prepared in densities of 1.5 x 10
6
 cells/mL. All of the cells were washed and the 

centrifuged pellets were re-suspended in 0.1mL of 1x binding buffer, 10 µL of annexin V 

and 5 µL of 7-AAD were added to each sample. Cells and reagents were gently mixed 

and incubated at room temperature for 15 minutes in the dark. Following incubation 0.9 

mL of 1x binding buffer were added to the cells. The samples were analyzed within 1 

hour of staining. Controls stained with Annexin V only and 7-AAD only were performed 

for calibration purposes. During the experiments cells were kept on ice and away from 

light sources. 

 

Cell Imaging  

Cells were stained with fluorescent dyes in an attempt to visualize any 

morphological changes that may have been caused by transfection with KCNRG V1 and 

KCNRG V2. With this goal in mind, three regions of interest on the cell were observed. 

DAPI, a blue-fluorescent nucleic acid stain was selected to stain the nucleus (Invitrogen). 

DAPI preferentially stains dsDNA and is believed to associate with the AT clusters in the 

minor groove (Kubista M et al. 1987). When DAPI binds to dsDNA it produces a ~20-

fold fluorescence enhancement, which is thought to be due to the displacement of water 

molecules from DAPI and the minor groove (Tanious FA et al. 1992). DAPI has also 

been successfully used in conjunction with other dyes, and when used according the 
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manufacturers protocols, stains nuclei specifically. The plasma membranes were stained 

with 3-dioctadecyloxacarbocyanine perchlorate (DiOC18) (Invitrogen). DIOC 18 is 

highly lipophilic and can diffuse laterally through out the membrane and most 

importantly does not influence the viability of the cells (Zhang W et al 2005).  Hence it 

was deemed optimal for observing minute morphological changes in the membrane 

structures of the cell, be it plasma membrane or inter cellular membranes. The third goal 

of the fluorescent imaging of the cells was to determine the overall changes in the 

structure of the cells. As such, Rhodamine phalloidin was used to visualize the F-actin 

content of the cells. Rhodamine phalloidin is a phallotoxin, a bicyclic peptide which is 

isolated from the deadly Amanita phalloides mushroom and has a very high affinity to F-

actin filaments (Wieland T., 1977). Phallotoxins stabilize F-actin filaments, thereby 

preventing depolymerization while retaining functionality and overall structural integrity 

of the cell (Mahaffy RE et al. 2008; Oda T et al. 2005).   

RPMI-8662 and HL60 cells were centrifuged and the cell pellets rinsed with PBS 

to remove media components. The cells were fixed in freshly prepared 4% 

paraformaldehyde/PBS solution for 15 min at room temperature. Cells were 

permeabilized by adding 0.1% Triton-X100 in PBS for 1 min. A PBS diluted solution of 

Rhodamine-phalloidin (1:100 in PBS), 5 µL of 300 nM DAPI and 4 µL of diluted DIOC 

18 solution were added to the permeabilized cells. The mixture was incubated for 15 min 

at room temperature. Following staining the cells were rinsed in PBS three times and 

mounted onto slides with coverslips. LNCaP cells were grown directly on cell culture 

treated slides and were washed and consequently treated in the same manner as the other 
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two cell lines. Slides were kept in the dark and in the freezer until imaging. Images were 

taken on a Nikon Eclipse 90i microscope equipped with a Nikon C1 confocal scan head 

and laser lines at 406nm, 488nm and 568nm. 

 

Invasion and migration assays 

To evaluate the migratory and invasive properties of the cells over-expressing 

KCNRG, fluorimetric CytoSelect 96well Cell Migration and Invasion, CytoSelect 24-

wells Anoikis and CytoSelect Leukocyte Transmigration Assays (Cell Biolabs, Inc, San 

Diego, CA) were used according to the manufacturer’s protocols. The CytoSelect™ 96-

well Cell Migration Assay Kit uses a polycarbonate membrane chamber (8 µM pores) as 

a barrier to separate cells with the ability to migrate from cells that are non-migratory. 

This platform is based on the ability of migratory cells to extend protrusions towards 

chemo-attractants via cellular processes such as microfilament reorganization thereby 

passing through the pores of the membrane. Once through the membrane, these migratory 

cells are dissociated from the membrane and detected with CyQuant® GR Dye. A similar 

theory underlies the platform for the invasion assay where an insert membrane, coated 

with a layer of dried basement membrane matrix solution is used to separate cells that 

have the ability to degrade matrix proteins and therefore the ability to pass through the 

membrane from those that do not have these abilities. Due to the larger pore size of these 

assays HL60 cells were not tested with this assay, but instead were tested using the 

CytoSelect Leukocyte Transmigration Assays (Cell Biolabs, Inc, San Diego, CA) which 
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not only has a smaller pore size, but also has an endothelial monolayer of cells which 

provides additional information on the cells ability for extravasation.  

An anoikis assay was performed on the LNCaP cells to observe any changes in 

apoptosis resulting from the loss of cell adhesion to the extracellular matrix (ECM). The 

CytoSelect™ 24-Well Anoikis Assay uses a poly-Hema coated plate in conjunction with 

a cell culture control plate and allows the measurement of cell viability using either MTT 

or Calcein AM. MTT (3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide) is 

a yellow tetrazolium salt that is reduced by metabolically active cells and is used in 

determining cell proliferation. Calcein AM is an acetomethoxy derivate of calcein and is 

transported through cellular membranes of live cells, upon binding to calcium within the 

cell it emits a strong green fluorescence signal thereby “labeling” only live cells. Levels 

of anoikis related cell death is measured by ethidium homodimer (EthD-1), a red 

fluorescent dye that can penetrate only damaged cell membranes. Upon binding to 

ssDNA, dsDNA, RNA, oligonucleotides, and triplex DNA, EthD-1 fluoresces with a 40-

fold increase.  This property also causes a fairly low background as the dye has almost no 

fluorescence in its non-bound state.  

A cell suspension of 2x10
6
 cell/mL in culture media was prepared. Cell 

suspension (0.5 mL) was added to each well of the anchorage resistant plate and the 24 

well control plate. The cells were cultured for 72 hours at 37ºC and 5% CO2. As per the 

manufacturers protocol, 50 µL of the MTT Reagent was added to each well of the 

anchorage resistant plate and control plate. The plates were incubated for 2 hours at 37ºC. 

Following incubation 500 µL of detergent solution was added to each well and mixed. 
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The plates were covered and incubated for an additional 2 hours at room temperature.  An 

aliquot (200 µL) of each sample was transferred to a 96-well plate and the absorbance 

was determined at 570 nm (Fluoroskan Ascent, Thermo Scientific). 

For the Calcein AM / EthD-1 Fluorometric Detection, 1 µL of Calcein AM/EthD-

1 solution was added to each well of the 24-well anchorage resistant plate and the control 

plate. These plates were incubated for 30 minutes at 37ºC. The cells were microscopically 

observed for the presence of the green Calcein AM (Ex: 485 nm and Em: 515 nm) or red 

EthD-1 (Ex: 525 nm and Em: 590 nm) for fluorescence. The fluorescence was also read 

quantitatively with a fluorescence microplate reader (Fluoroskan Ascent, Thermo 

Scientific). 

 

Proteome analysis 

The protein analysis was performed by our collaborators at the Center for Applied 

Proteomics & Molecular Medicine.  Amy J. VanMeter prepared the samples. For reverse-

phase protein microarrays the protein lysates were loaded into 384-well plates and each 

lysate was serially diluted in lysis buffer to a 5-point dilution curve (neat, 1/2, 1/4, 1/8, 

and 1/16). Each dilution series was printed in duplicate onto nitrocellulose-coated glass 

slides (Whatman, Inc., Sanford, ME) with a 2470 Arrayer (Aushon BioSystems, 

Burlington, MA). Slides were dessicated and stored at -20°C. Before antibody staining, 

the lysate arrays were treated with mild Reblot Antibody Stripping Solution (Chemicon, 

Temecula, CA) for 15 minutes at room temperature, washed twice for 5 minutes in 

phosphate buffered saline, and then incubated for at least 5 hours in blocking solution [1g 
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I-block (Tropix, Bedford, MA), 0.1% Tween-20 in 500 ml phosphate-buffered saline] at 

room temperature with constant rocking.  

Blocked arrays were stained with antibodies on an automated slide stainer (Dako 

Cytomation, Carpinteria, CA) using the Catalyzed Signal Amplification System kit 

according to the manufacturer’s recommendation (CSA; Dako Cytomation). The 

endogenous biotin was blocked for 10 minutes with the biotin blocking kit (Dako 

Cytomation).  This was followed by application of protein block for 5 minutes. The 

primary antibodies were diluted in antibody diluent and incubated on slides for 30 

minutes, and the biotinylated secondary antibodies were incubated for 15 minutes. Signal 

amplification was achieved by incubation with a streptavidin-biotin-peroxidase complex 

provided in the CSA kit for 15 minutes, and amplification reagent, (biotinyl-

tyramide/hydrogen peroxide, streptavidin-peroxidase) for 15 minutes each. Development 

was completed using diaminobenzadine/ hydrogen peroxide as the chromogen/substrate. 

Slides were then allowed to air dry.  Primary antibodies (n = 38) were specifically chosen 

to be analyzed to cover the broad signaling pathways thought to be involved in the 

proliferation and apoptosis-related signaling. Secondary antibodies and dilutions 

included: biotinlyated goat antirabbit IgG (H_L) 1:5,000 (Vector Laboratories, 

Burlingame, CA); and biotinylated rabbit anti-mouse IgG 1:10 (Dako Cytomation).  

Stained slides were scanned individually on a UMAX PowerLook III scanner 

(UMAX, Dallas, TX) at 600 dpi and saved as TIF files in Photoshop 6.0 (Adobe, San 

Jose, CA). The TIF images for antibody stained slides and SYPRO-stained slide images 

were analyzed using MicroVigene image analysis software, version 2.200 (Vigenetech, 



 33 

North Billerica, MA), and Microsoft Excel 2000 software. The images were imported 

into Microvigene, which was used for spot finding, local background subtractions, 

replicate averaging, and total protein normalization.  This analysis produced a single 

value for each sample at each endpoint.  

 

Pathway -Specific Microarray Gene Expression Profiling 

 Two separate experiments with pathway specific microarrays were performed, the 

Oligo GEArray® Human Cancer Microarray (OHS-802) and the Oligo GEArray Human 

Hematopoietic Stem Cells and Hematopoiesis Microarray (OHS-054). The general 

protocol for both of these arrays was the same and proceeded as follows.  

 Cells were grown to confluency and 1x10
6
 cells were counted and separated. 

RNA was extracted using RNAeasy RNA extraction kits (Qiagen) according to the 

manufacturer’s protocol. The RNA concentration and purity were determined by UV 

spectrophotometry (GeneQuant). RNA extractions were verified to have a A260:A280 ratio 

greater than 2.0 and a A260:A230 ratio greater than 1.7. In addition, aliquots of the 

extracted RNA samples were run on an agarose gel to visually determine a clear 

distinction between the 18S and 28S ribosomal RNA (rRNA) bands and that the sample 

did not have any smearing indicating sample degradation.   

 According to the manufacturer’s protocol an annealing mixture was prepared 

using 3.0 µg RNA and 1.0 µL Component G1.  The volume was brought to 10 uL by the 

addition of RNase-free water. The mixture was mixed and briefly centrifuged and 

incubated at 70°C for 10 min. Following the incubation, the mixture was again 
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centrifuged briefly (~2 sec) and was immediately placed on ice. A cDNA synthesis 

master mix was prepared by combining 4 µL of RNase-free water, 4 µL of 5X cDNA 

Synthesis Buffer (G3), 1 µL of RNase Inhibitor (RI) and 1 µL of cDNA Synthesis 

Enzyme Mix (G2) to a final volume of 10 µL. The master mix solution was mixed, 

briefly centrifuged and placed on ice.  A cDNA synthesis reaction was made by adding 

10 µL of cDNA synthesis master mix solution to each tube which also contained 10 µL of 

annealing mixture. The tubes were mixed gently by pipetting several times and were 

briefly centrifuged. Each sample was incubated at 42 °C for 50 minutes followed by 75 

ºC for 5 minutes and then cooled to 37 ºC. The amplification master mix was prepared on 

ice by adding 16 µL of 2.5X RNA Polymerase Buffer (G24), 2 µL of Biotinylated-UTP 

(10 mM) and 2 µL RNA Polymerase Enzyme (G25) into a final volume of 20 µL.  The 

cRNA Synthesis Reaction was prepared by add 20 µL Amplification Master Mix to each 

tube containing 20 µL of cDNA Synthesis Reaction.  The solutions were mixed, 

centrifuged and were incubated overnight at 37 °C.  Purification of the samples was 

performed using spin columns.  The cRNA was bound to the spin column by adding 60 

µL of RNase-free water to each cRNA synthesis reaction tube to bring the volume to 100 

µL. Contents of the tubes were transferred to a 1.5 mL RNase-free tube. Lysis & Binding 

Buffer (G6; 350 µL) was added to each reaction mixture followed by 350 µL of room 

temperature ACS-Grade 100% ethanol. Contents were mixed and loaded to the spin 

columns. Spin columns were centrifuged for ~ 30 sec at 8,000 x g and the flow through 

solution was discarded. The columns were washed in several consecutive steps by adding 

600 µL Washing Buffer (G17 with ethanol), centrifuging for ~ 30 sec at 8,000 x g and 
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adding another 200 µL Washing Buffer (G17 with ethanol) and centrifuging for 1 min at 

11,000 x g.  The cRNA was eluted into a fresh RNase-free tube by adding 50 µL of room 

temperature RNase-free 10 mM Tris buffer pH 8.0 (G26). The filter was allowed to soak 

completely by incubating at room temperature for 2 min. This was followed by 

centrifugation for 1 min at 8000 x g. The resultant samples were stored on ice.  The 

cRNA concentration was determined by UV Spectrophotometry (GeneQuant). 

 A pre-hybridization step was performed by adding 2 mL of pre-warmed GEAhyb 

Hybridization Solution to each filter array and incubating for 30 minutes at 60 ºC with 

shaking at 500 rpm on the GEArray® Express Thermoshaker.  A target hybridization mix 

was prepared by adding 4 µg cRNA target to a 2.0 mL aliquot of warm GEAhyb 

Hybridization Solution. Each sample target was added to a separate hybridization 

chamber containing a GEArray®  and was sealed with a GEArray® Multi-Chamber Seal.  

The arrays were incubated for 24 hours at 60 ºC with shaking at 500 rpm.  Arrays were 

rinsed with 4 mL of pre-warmed Wash Solution, followed by 2 mL of pre-warmed Wash 

Solution 2 and  incubated for 5 min at 60 ºC with shaking at 1000 rpm. The wash buffer 

was removed and the arrays were allowed to reach room temperature. Dilute AP-

Streptavidin (2 mL) was added to each GEArray® and incubated for exactly 10 min on 

the bench top. This solution was removed and 2 mLs of room temperature 1X Buffer F 

was added and arrays were incubated for 5 min at 37 ºC with shaking at 700 rpm; this 

step was repeated three times.  

To perform the buffer equilibration 2 mL of room temperature Buffer G was 

added and the arrays incubated for ~ 1 minute at 37 ºC with shaking at 700 rpm. Buffer G 
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was removed and 1.0 mL of CDP-Star®, was added and the arrays incubated with 

shaking at 37 ºC for 1 min. Upon the removal CDP-Star® the arrays were incubated in 

the HybPlate without shaking at 37 ºC for 4 minutes. Immediately following this 

incubation the GEArray® chemiluminescent images were acquired using a cooled CCD 

camera system (Kodak).  The images were saved in TIFF format, and the array filters 

were allowed to dry and were stored in sealed plastic packets. Spot finding and spot 

intensity measurements were performed with the integrated GEArray Expression 

Analysis Suite (SuperArray). 

 

Real-time PCR profiling of KCNRG in human lymphoma samples and cell lines 

Total RNA was isolated by Qiagen RNeasy Mini Kit (Valencia, CA) from wild-

type cell lines LNCaP, HL-60 and RPMI-8226 (ATTC, Manassas, VA) as well as from 

their derivatives stably expressing KCNRG V1, KCNRG V2 and the pcDNA3.1 empty 

vector control. Reverse transcription reactions were performed using 2 µg of total RNA. 

Reactions were heated at 70 C for 5 min in a total volume of 12.5 µL in the presence of 

100 ng of random hexamers (Invitrogen) and cooled at room temperature for 1 min. After 

a mini-centrifuge spin, 4 µL of 5X first strand buffer (Invitrogen), 2 µL of 0.1 M DTT 

and 0.5 µL of 25 mM dNTP mix (Fisher Scientific) were added to the reaction. The 

mixture was then incubated at 42 C for 1 h. The resulting cDNA was stored frozen (-80 

C) until assayed by real-time PCR. 

In addition to KCNRG primers, primers for genes selected from the analysis of 

the microarray data were used to perform real-time PCR reactions in a 96-well format in 
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the BioRad iCycler iQ RealTime Detection System (BioRad Laboratories, Hercules, 

CA)(Table 1). The real-time PCR mixtures contained 1 µL of the reverse transcribed 

RNA sample, 400 nM each of forward and reverse primers and 1X iQ SYBR Green 

Super Mix and were carried out in a total volume of 15 µL. Amplification of 18S RNA in 

parallel with the genes of interest was performed as an internal control as described 

(Grace et al., 2003). For each gene of interest and 18S RNA, three-to-four independent 

PCR experiments from the same RT sample were performed.  

 

Table 1: Primer sequences with calculated and validated Tm. 
 

Primer Name   Primer Sequence Calculated Validated 

       Tm  ْC  Tm  ْC 

KCNRG V1 F TTT TCC CTC CTC AGA TGA CC 59.07 60 

  R TCC AGT TTG GTT ATC AGT AGT GC 58.33 60 

KCNRG V2 F CCT GGT TTT CCA GTG TGG TT 59.86 60 

  R GCT GAG GCA GGA GAA TCA CT 59.56 60 

18S F GCC TCA CTA AAC CAT CCA A 54.53 55-60 

  R AGG AAT TCC CAG TAA GTG CG 57.72 55-60 

etv6 F CCA CCA TTG AAC TGT TGC AC 60 58 

  R CTG GTG GTT GTT CTC CTG GT     

notch1 F GGA GGC ATC CTA CCC TTT TC 60 58 

  R TGT GTT GCT GGA GCA TCT TC     

cdkn1b F CAG GTA GTT TGG GGC AAA AA 60 58 

  R ACA GCC CGA AGT GAA AAG AA     

TK1 F ACC TTC CAG AGG AAG CCA TT 60 58 

  R CCT CGA CCT CCT TCT CTG TG     

TNFRSF10A F AGA GAG AAG TCC CTG CAC CA 60 58 

  R GTC ACT CCA GGG CGT ACA AT     

P53 F CTC TCC CCA GAA GCT CAC AC 60 58 

  R GAA ACC AAA CTG GGA CAG GA     

BAX 225 F GCC CTT TTG CTT CAG GGT TT 60 58 

  R TCC AAT GTC CAG CCC ATG AT     

BAX 430 F GCT GGA CAT TGG ACT TCC TC 60 58 
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  R CTC AGC CCA TCT TCT TCC AG     

KITLG F TGC CAT CTC CAA CTA CAT CCT  60 58 

  R AAA AAT GGT GGC AAG TGG AC     

TNF F TCC TTC AGA CAC CCT CAA CC 60 58 

  R AGG CCC CAG TTT GAA TTC TT     

TNFRSF1A F CTC AGG AGC ATG GGG ATA AA 60 58 

  R AGC CAG CCA GTC TGA CAT CT     

STAT2 F TTC AGC CCT TTT CCC AGG AT 55 55 

  R TGT TCC AAC CCG TGG TCA AT     

JUN F CTA CGC AAA CCT CAG CAA C 58 58 

  R CTT CCT CTC CGC CTT GAT     

CDKN1 F AGC CAG CGC AAG TGG AAT TT 58 58 

  R TTG GGG AAC CGT CTG AAA CA     

NQO1 F AAA AGA AGC TGG AAG CCG CA 55 58 

  R AGG ATT TGA ATT CGG GCG TC     

ABL1 F AGC CCC CGT TCT ATA TCA TC 58 58 

  R GCC AAA ATC AGC TAC CTT CA     

 

 To further confirm microarray data a pathway focused gene expression profiling 

real-time PCR system was used (RT2 Profiler™ PCR Array System, SuperArray). The 

RT2 Profiler PCR Array Human Apoptosis pathway was selected based on the number of 

overlapping genes between the RT-PCR platform and the microarray platform.  The 96-

well array platform consisted of wells A1 through G12 containing a real-time PCR mix 

for genes from the same biological pathway, wells H1 through H5 containing 

housekeeping genes for normalization, well H6 containing a genomic DNA control, wells 

H7 through H9 containing replicate reverse transcription controls and wells H10 through 

H12 containing replicate positive PCR Controls. The genomic DNA was eliminated in 

each 5 µL sample by adding 2.0 µL of GE (5X gDNA Elimination Buffer) and bringing 

the final volume to 10.0 µL with RNase-free water.  An RT-PCR reaction cocktail was 
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prepared per sample by adding 4 µL of 5X RT buffer (BC3), 1 µL of primer and external 

control mix (P2), 2 µL of RT enzyme mix (RE3), and 3 µL of RNase-free H20.  The RT 

cocktail (10 µL) was added to each of the 10 µL genomic DNA elimination mixtures and 

was incubated at 42 °C for 15 min followed by heating at 95 °C for 5 minutes in order to 

degrade the initial RNA and to inactivate the reverse transcriptase. Following inactivation 

91 µL of ultra-pure water was added to each 20 µL of cDNA synthesis reaction and 

solution was stored on ice. The RT-PCR assay mixture was prepared for a 96-well format 

by adding 1275 µL of 2x SuperArray RT
2
 qPCR master mix, 102 µL of diluted first 

strand cDNA synthesis reaction, and 1173 µL of ddH20 for a final volume of 2550 µL. 

The reaction mixture (25 µL) was added to each experimental well of the 96-well assay 

and sealed with the film provided. The RT-PCR was performed on the BioRad iCycler iQ 

Real-Time Detection System according to the manufacturers protocol (BioRad 

Laboratories, Hercules, CA).  

To assess KCNRG gene expression in human lymphoma samples, TissueScan 

Tissue qPCR Arrays Panels were purchased from OriGene Technologies, Inc (Rockville, 

MD). The normalized cDNAs per each panel were composed of 6 normal, 10 follicular 

lymphomas, 11 diffuse large B-cell lymphomas, 3 small lymphocytic lymphomas, 6 

Hodgkin lymphomas, 8 marginal zone B-cell lymphomas, 2 mantle cell lymphomas and 3 

T-cell lymphomas (Table 2). Reactions were performed in a 96-well format in 30 µL 

volumes in the BioRad iCycler iQ Real-Time Detection System (BioRad Laboratories, 

Hercules, CA). The cycling program for the reaction was determined experimentally for 

the previously mentioned KCNRG primers. For KCNRG isoforms, three independent 
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PCR experiments on individual pre-normalized Tissue Scan plates from the same 

manufacturer’s batch were performed. As an additional control, β-actin mRNA levels 

were also tested in triplicate. The presence of a single, specific PCR product was verified 

by melting curve analysis and confirmed on agarose gels.  

 

Table 2: Tissue type and disease stage for RT-PCR profiling.  
 

Disease 

Stage Disease Type Location Source 

N Normal C1 Male-50 

N Normal C2 Female-18 

N Normal C3 Male-43 

N Normal C4 Male-52 

N Normal C5 Male-41 

N Normal C6 Male-56 

I Lymphoma, anaplastic large cell C7 Male-58 

I Lymphoma, follicular C8 Male-37 

I Lymphoma, follicular C9 Male-38 

I Lymphoma, follicular C10 Male-42 

I Lymphoma, follicular C11 Not Sp-67 

I Lymphoma, follicular C12 Female-53 

I Lymphoma, Hodgkin D1 Female-82 

I 

Lymphoma, Hodgkin, nodular lymphocyte 

predominant D2 Male-21 

I 

Lymphoma, Hodgkin, nodular lymphocyte 

predominant D3 Male-48 

I Lymphoma, Hodgkin, nodular sclerosing D4 Female-65 

I Lymphoma, Hodgkin, recurrent D5 Male-16 

I Lymphoma, large B-cell, diffuse D6 Male-30 

I Lymphoma, large B-cell, diffuse D7 Male-56 

I Lymphoma, large B-cell, diffuse D8 Female-57 

I Lymphoma, large B-cell, diffuse D9 Female-77 

I Lymphoma, large B-cell, diffuse D10 Female-65 
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I Lymphoma, nodal marginal zone B-cell D11 Male-76 

I Lymphoma, nodal marginal zone B-cell D12 Male-76 

I Lymphoma, nodal marginal zone B-cell E1 Female-74 

I Lymphoma, peripheral T-cell E2 Male-51 

I Lymphoma, peripheral T-cell E3 Male-71 

I Lymphoma, small lymphocytic E4 Female-72 

I Lymphoma, small lymphocytic E5 Male-47 

I Lymphoma, small lymphocytic E6 Male-57 

IE Lymphoma, extranodal marginal zone B-cell E7 Female-76 

IE Lymphoma, extranodal marginal zone B-cell E8 Male-29 

IE Lymphoma, follicular E9 Male-78 

IE Lymphoma, large B-cell, diffuse E10 Female-66 

IE Lymphoma, large B-cell, diffuse E11 Male-70 

IE Lymphoma, large B-cell, diffuse E12 Male-63 

IE Lymphoma, marginal zone B-cell, splenic F1 Male-45 

IE Lymphoma, peripheral T-cell F2 Male-51 

II Lymphoma, follicular F3 Female-48 

II Lymphoma, mantle cell F4 Not Sp-83 

IIE Lymphoma, extranodal marginal zone B-cell F5 Female-75 

IIE Lymphoma, large B-cell, diffuse F6 Female-74 

IIE Lymphoma, mantle cell F7 Male-52 

IIE Lymphoma, marginal zone B-cell, splenic F8 Male-55 

IV Lymphoma, follicular F9 Female-76 

IV Lymphoma, follicular F10 Female-58 

IV Lymphoma, Hodgkin, nodular sclerosing F11 Female-56 

IV Lymphoma, large B-cell, diffuse F12 Male-55 

 

 

 

Computer programs and statistic analysis 

Comparative analysis in silico and an analysis of the structure of the KCNRG 

gene were performed using genomic, mRNA and EST databases 
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(http://www.ncbi.nlm.nih.gov and http://genome.ucsc.edu). The KCNRG promoter was 

predicted by Core Promoter (http://www.cshl.edu/OTT/html/corepromoter.html) and 

NNPP (http://www.fruitfly.org/seq_tools/promoter.html) services. Multiple alignments of 

the protein sequences were performed using ClustalW v.1.83. A phylogenetic tree of 

prealigned T1 domains of KCNRG-like proteins was reconstructed by the neighbor-

joining method and visualized by the same software. Group comparisons were performed 

by non-parametric Mann-Whitney hypothesis tests. Unless otherwise noted, P values < 

0.05 were considered significant. 

 A novel method for the analysis of the dual channel microarray data was 

developed by James Baughman. The microarray dataset was analyzed by normalization 

based on the average of the selected gene expressions across all of the arrays. Selected 

genes were picked from the built in list of ‘housekeeping’ genes provided by the 

SuperArray oligo platform. Genes were selected based on their performance as true 

housekeeping genes, and their ability to accurately indicate the signal intensity of their 

representative arrays. Therefore, the sensitivity of individual gene expression in the 

control arrays (HR1, HR2,…) versus the arrays with transfected genes (HT1, HT2,…) is 

highlighted vis-à-vis this normalization method. The method does not take into account 

the selected gene expression within the array, but rather uses the overall variance of 

selected gene expression across arrays as a means to quantify the comparative expression 

of each individual array. Normalization was based on the following process:  The mean 

of the selected gene expression for each array was calculated (µl, µ2, µ3 …). The mean 

of the selected gene expression of all arrays (µT) was then calculated.  The expression of 
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each gene (selected & non-selected) was multiplied by the mean selected gene expression 

of all arrays divided by the mean selected gene expression of its array ([µT / µ1], [µT / 

µ2], [µT/µ3]…).  This was normalized by dividing by the mean expression of each array 

(selected & non-selected) and multiplying the result by 100.  The minimum expression 

was set at 10. 
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Chapter 3: Results and Discussion 

 

Comparative analysis of the KCNRG mRNA and protein isoforms  

Candidate tumor suppressor gene KCNRG resides within the 3’ end of the largest 

transcript of human RFP2 gene described earlier (Baranova et al., 2003; Lerner et al., 

2007). Major mRNA isoforms of KCNRG are transcribed independently of RFP2, 

starting at the promoter located within 3’-untranslated region RFP2 (Fig.2). This 

sequence coincides with the in silico predicted promoter located in the position 

approximately –100 nt upstream of the putative 5’ end of the KCNRG transcripts 

according to an alignment of the KCNRG ESTs to the genomic sequence (Core Promoter 

score 1.000, NNPP score 0.97).  

Additionally, collaborators at the Russian Center of Medical Genetics (RCMG) 

demonstrated an existence of a hybrid mRNA isoform that includes exons from both 

RFP2 and KCNRG (Fig.2) (M.Skoblov, personal communication). This isoform 

originates from the quadruplex containing promoter of RFP2, possibly due to its unusual 

properties described earlier (Skoblov et al., 2006). In all examined species of mammals 

with the exception of human and chimps, KCNRG and RFP2 genes are encoded by 

separate loci (Fig.4).  
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Fig. 4. Comparative analysis of the RFP2/KCNRG locus found in human, rat and mouse genomes. Exons 

are shown as boxes and introns or intergenic regions as lines. Exons of RFP2 or its orthologs (Trim13 in 

mouse and rat) are depicted in black while exons of KCNRG and its orthologs are illustrated in gray. Sizes 

are scaled to the human genome distances. 

 

 

 

Human KCNRG encodes two protein isoforms KCNRG-L (272 aa) and KCNRG-

S (229aa), corresponding to variant 1 and variant 2 respectively,  that differ in their C-

ends and possess common N-end of 184 aa. A T1 tetramerization domain covers amino 

acid positions 7 to 98. KCNRG loci of other mammals including chimpanzee, encode 

only one protein isoform corresponding to human KCNRG-L. In chimps, KCNRG-L 

differs from its human ortholog by one amino acid substitution (Pro�Leu) in the position 

158. Comparison of human and rat KCNRG orthologs revealed 85.4% identity in a 268 

residue overlap, while comparison with the mouse ortholog was characterized by 73.2% 
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identity in a 264 residue overlap. Murine KCNRG locus encodes two protein isoforms, 

264 and 191 residues in length, both of which are variants of human KCNRG-L isoform.  

Interestingly, human KCNRG-S and KCNRG–L isoforms share only the first 191 

residues, while being different in their C-termini. This difference is due to out-of-frame 

insertion of the alternatively spliced exon 2 that is present only in the human genome and 

is derived from an AluSp SINE repeat. According to results of RT-PCR experiments 

performed by colleagues in RCMG, RAMS (data not shown) mRNA isoforms encoding 

two KCNRG proteins are co-expressed in human tissues. Levels of Alu-containing 

KCNRG-S mRNA isoforms are substantially lower than that of KCNRG-L mRNA.  

  

Computational analysis of the KCNRG protein 

Computational analysis of the sequence of KCNRG was performed in order to 

discern any regions of interest within its open reading frame.  The amino acid sequences 

of KCNRG-L (272 aa) and KCNRG-S (229) aa isoform have been used for a blastp 

search against the protein database. The data resulting from this blastp analysis were 

examined to determine the highest matching sequences. The highest matching sequences 

were obtained using the (E) values calculated from the blastp search. The (E) value is a 

parameter that refers to the possible expected number of hits one can obtain from 

searching a given database, this value decreases as the significance of the hit increases. 

Hence the lower the (E) value, the stronger the match. 

 The resulting data were tabulated and separated into two sets in accordance with 

the region of homology. The first set comprised the sequence similarity between amino 
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acids 1 and 190. This segment of the sequence displayed two regions thought to be 

conserved domains:  the BTB/POZ domain with an (E) value of 8e-7 and a K+ channel 

tetramerization domain with an (E) value of 9e-14 (Fig.5). The data presented in the 

following homology analysis were obtained using the shorter of the two isoforms (229 

aa). 

 

 
Fig.5. The regions of KCNRG containing conserved domain homology 

 

 

The BTB/POZ (The BTB (for BR-C, ttk and bab, and the POZ also known as 

poxvirus and zinc finger) domain consists of a protein-protein interaction motif located at 

the N-termini of certain transcription factors as well as certain types of potassium 

channels. The structure is comprised of a tightly intertwined dimer created by the 

interactions between the N-terminal strand and helix structures (Bardwell et al. 1994 and 

Koonin et all 1999).  The cytoplasmic tetramerization domain (T1) of voltage-gated K+ 

channels, also known as K+ tetramerization domain, is thought to code for the molecular 

components used for the subfamily-specific assembly of the alpha-subunits into 

functional tetrameric channels. It is also thought to be related to the BTB/POZ domain 

(Kobertz et al. 1999 and Zerangue et al. 2000). Using a molecular visualization program, 

images of the Kv channels can be generated and the locations of the tetramerization 

domains can be seen with respect to the rest of the channel (See Fig. 6) (Kobertz et al. 

1999). 
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Fig.6. RASMOL image of a view along the four-fold axis of the T1 domain tetramer. Yellow designates 

the Asn 167 side chains that form the tightest constriction along the axis. Red marks the C-termini that 

attach to the channel protein ~20 residues before the beginning of the S1 transmembrane helix. (Kobertz et 

al. 1999). 

 

 

 

Interestingly, detailed blastp analysis of the shorter version of KCNRG protein 

(isoform S, 229 aa in size) revealed a novel, very highly conservative domain located 

between amino acids 190 and 229. As no known conserved domain signatures were 

recognized in this region, we considered this domain as novel and called it COOL 

(because we think it is very interesting - “cool”, and because it’s located close to C-end). 

The list of the proteins homologous to the C-tail of KCNRG isoform S includes those that 

belong to protein families with various functions. COOL domains with the proposed 

structure most closely resembling that of C-end of KCNRG-S isoform are found in 

human serine-threonine kinase STK2 (NIMA-type kinase 4), protein BCAS4 that is often 

amplified or fused in breast carcinomas and TRIM61/RNF35 RING finger protein that is 

translated temporally in the pre-implantation embryos (Hayashi et al., Barlund et al., 

Choo et al.). Nucleotide analysis of the exon encoding the COOL-domain suggests its 
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possible origin from the insert of a partial Alu-repeat into the 3’ area of its open reading 

frame. 

The complete list of the COOL domain containing proteins and corresponding 

alignments can be found in Appendix 1, 2 and 3. The preliminary analyses of the COOL 

proteins indicate no clues as to functions.  This domain may serve regulatory functions, 

e.g. it may contain an important site for post-translational modification or protein-protein 

interaction. 

According to Motif Scan analysis (http://scansite.mit.edu/cgi-bin/motifscan_seq) 

both KCNRG isoforms are with high probability able to interact with SH3 domains of 

Amphiphysin, Cbl-Associated protein C, and IL2-inducible T-cell kinase ITK/LYK (also 

known as PSCTK2, ETK) (Fig.7). Both Serine/threonine-protein kinase 

STK2/Nek4/NRK2 and BCAS4 proteins that include COOL-like domains also contain a 

SH3 binding site. The same site is also present in a variety of the potassium voltage-gated 

channel proteins.  

Analysis using the NetPhos 2.0 Server indicated possible phosphorylation sites at 

5 Ser, 3 Thr and 2 Tyr residues, with one of the Ser phosphorylation sites located within 

the COOL domain. Four highly significant O-ß-GlcNAc attachment sites, 3 of them 

located in the COOL domain were predicted using the YinOYang 1.2 server 

(http://www.cbs.dtu.dk/services/YinOYang/). A search for a short protein motif 

performed by ELM (Eukaryotic Linear Motif Resource, http://elm.eu.org/) revealed, 

among others, a highly conserved SSDSPA motif that is embedded within COOL 

domain. According to ELM, SSDSPA motif is classified as Class IV WW domain 
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interaction motif involved in phosphorylation-dependent interactions. The complete list 

of the motifs and functional sites found in KCNRG can be found in Appendix 4.    

 

 
Fig.7. Fast minimum evolution tree of KCNRG COOL-domain. 

 

 

 

KCNRG is a member of the KCTD protein family  

Human KCNRG is a member of the KCTD gene family that encodes predicted 

proteins with an N-terminal domain that is homologous to the T1 domain in voltage-

gated potassium channels. The KCTD family of proteins belong to a larger group of non-

channel T1/BTB proteins. KCTD family members are similar to Pfam K_tetra consensus 

(PF02214) rather than that of BTB/POZ (Stogios et al., 2005). Our analysis (Fig.8 and 9)  
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Length

of

domain

Position

of

domain

Full

length

91 34 124 313

91 30 120 316

91 43 133 329

89 53 141 289

88 35 122 255

94 36 129 325

96 27 122 428

101 46 146 473

85 14 98 426 *(1 95)

55 18 72 926 *(4 70)

92 7 98 272

94 32 125 257

93 58 150 234

92 14 105 237

92 5 96 260

50 24 73 232 *(52 102)

88 398 485 926

92 35 126 259

94 74 167 263

93 46 138 234

92 26 117 290

94 91 184 389

91 91 181 181 *(1 99)

93 20 112 815

90 21 110 707

102 1 103 102

96 119 214 419

Fig. 8. An alignment of KCNRG with other proteins of KCTD family. Degree of shading indicates 

different degree of conservation for a given amino acid position: invariant positions are darkest, other 

conserved positions are shaded lighter, non conserved positions are not shaded. Total length of T1 domain, 

its position and full length of the proteins are summarized in the table adjacent to the aligned protein 

sequences. Truncated versions of T1 domain are marked by star (*). 
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Fig. 9. A phylogenetic tree of prealigned T1 domains of KCNRG-like proteins. 
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revealed two additional KCNRG-like proteins that should be classified as KCTD family 

members, TNFAIP1 (Tumor necrosis factor-alpha-induced protein 1) and SHKPB1 

(SH3KBP1 binding protein 1), while the protein C6orf69 previously classified as 

KCTD20 represents an out-group and should be excluded from the T1 family in a sensu 

stricto.   

Previous research has implicated TNFAIP1 in the progression of cancer and linked its 

overexpression to increased rates of apoptosis (Yang LP et al. 2006).  An interesting 

study on HBV showed increased TNFAIP1 expression via RT-PCR detection in patients 

that are immune to HBV, indicating a role for TNFAIP1 in the innate immunity against 

HBV (Lin MC et al. 2005).   Recently a study of a comparative genome-scale 

transcriptional analysis of two T-cell subsets CD4+ and CD8+  against each other and 

against CD3+ cells found TNFAIP1 to be one of the set of proteins implicated in the 

communication between these two subsets, indicating a possible role for  TNFAIP1 in T-

cell activation and immune response (Wang M et al. 2008).  

 SH3KBP1, a gene with many alternative names (Gene names: SH3KBP1, CIN85, 

Protein names: Human Src family kinase-binding protein 1 (HSB-1), CD2-binding 

protein 3 (CD2BP3), Cbl-interacting protein of 85 kDa) encodes an adapter protein 

involved in regulating diverse signal transduction pathways (UniProt, Watanabe S et al. 

2000).  Recent studies have implicated SH3KBP1 in ASAP1 mediated EGF receptor 

recycling, leading the investigators to propose a scaffold protein role for SH3KBP1 

(Kowanetz K et. al 2004). Additionally, another study has shown that SH3KBP1 interacts 
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with TNFR1, leading to the hypothesis that this association may modulate TNF-α-

induced apoptosis (Narita T et al. 2005). 

 KCTD20 is a BTB/POZ domain-containing protein residing on chromosome 

6p21.31 (GeneCards). It has been identified as  part of a complex containing MARK4. 

This complex regulates microtubules, participates in the defining of the cell polarity and 

has a higher expression level in human gliomas (Beghini A et al. 2003; Brajenovic M. et 

al. 2004).  KCTD13 (located on 16p11.2), alternatively known as FKSG86 and PDIP1, is 

a TNFAIP1-like protein, and interacts with POLD2 and PCNA. A role has been proposed 

for it in cytokine activation and DNA replication (He H et al. 2001).  Similarly, like other 

TNFAIP1-like proteins, KCTD10 (12q24.11) is inducible by TNF-α and interacts with 

the small subunit of DNA polymerase delta and PCNA (Zhou J et al. 2005). 

 KCTD7 is located on 7q11.21 and is thought to be a cytoplasmic protein. 

Interestingly in a study attempting to shed light on the identity of the causal gene in 

autosomal recessive progressive myoclonic epilepsy (PME), linkage analyses identified a 

new locus on 7q11.2, where researchers found a C to T mutation in exon 2 of the KCTD7 

gene (Van Bogaert P et al. 2007). 

Recent research has found KCTD11 (also known as REN), located on 17p13.1, to 

play a regulatory role in neuronal differentiation via signaling by retinoic acid, epidermal 

growth factor/EGF and NGFB/nerve growth factor (Gallo R et al. 2002).  Additionally, 

studies of medulloblastoma (MB) tumors revealed that KCTD11 suppresses the tumor-

promoting Hedgehog signaling pathway, while in granule cell progenitors  

overexpression of KCTD11 seems to increase apoptosis and decrease proliferation (Di 
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Marcotullio L et al. 2004; Argenti B et al. 2005).  A similar study of medulloblastoma 

samples found a reduction of KCTD11 expression in tumor cells as compared to normal 

adult cerebellum cells. Even more significant reduction of KCTD11 expression in neural 

stem cells lead the researchers to propose that haploinsufficiency of KCTD11 may play a 

role in MB tumorigenesis (Zawlik I et. al 2006).  The most close paralogs for the 

KCTD11 gene include KCTD21 (11q14.1), KCTD15 (19q13.11), KCTD6 (3p14.3) and 

KCTD1 (18q11.2) a nuclear protein that has recently been found to act as a 

transcriptional repressor in addition to mediating protein-protein interactions through its 

BTB domain (Ding XF et al. 2008). 

KCTD12, also known as Pfetin, C13orf2, KIAA1778, and PFET1, is located on 

13q22.3 and is paralogous to KCTD8 (4p13) KCTD16 (5q32) and KCTD14 (11q14.1) 

(GeneCards).  KCTD12 was cloned from human fetal cochlear cDNA clones. Its 6-kb 

transcript was found to be present in several fetal organs, the highest expression levels 

being in the cochlea and brain; however very low expression levels were detected in adult 

tissues such as brain and lung (Resendes BL et al. 2004).  A study aiming to find markers 

for transplantable bone marrow stromal cells (BMSCs) found KCTD12 to be a reliable 

indicator (Igarashi A et al. 2007). Recent research on type 2 diabetes (T2D), a Genome 

Wide Association (GWA) study identified new single nucleotide polymorphisms (SNPs) 

with 14 risk loci, one of these loci being KCTD12 (Cauchi S et al. 2008). A proteomic 

study aimed at developing prognostic biomarkers for gastrointestinal stromal tumors 

(GIST) found that KCTD12 was not only a strong marker for GISTs but was also 
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informative in distinguishing between GISTs with good and poor prognosis (Suehara Y et 

al. 2008). 

 KCTD3 (1q41) was found to be a tumor antigen recognized by the humoral 

immune system in a study with patients with renal cancer, thereby acquiring the name 

NY-REN-45 (Scanlan MJ et al. 1999).  KCTD3 is co-expressed with the transcription 

factor Oct4 (Pou5f1) (with a % correlation of +91), a mediator that has been implicated in 

lineage specific differentiation, adult stem cell identity, and cancer (Pearl A et al. 2007). 

 KCTD9 is located on 8p21.1 and, in addition to the BTB/POZ domain, contains 3 

pentapeptide repeat domains (Uniprot).  Although detailed information on the function of 

KCTD9 has not yet been elucidated it has been independently identified in several cancer 

related array based genomic studies. These studies includes an attempt to determine 

signature genes distinguishing types or grades of tumors where KCTD9 was amongst the 

10 most frequent genes as ranked by score (Junior Barrera et al. 2007).  

A study on organ-confined prostate cancer observing whole genome copy number 

changes in the genomes of hormone-naive lymph node metastases found KCTD9 to be 

amongst the genes exhibiting increased copy number aberrations (CNAs) for primary 

tumors that progressed and metastasized (Pamela L et al. 2006). In a study on sporadic 

breast cancer using array-based comparative genomic hybridization, researchers found 

KCTD9 to be amongst the genes with a 11.1% homozygous loss in the cell lines studied, 

and a 36% hemizygous loss in the tumors studied (Tara L Naylor et al. 2005).  

 Recently, KCTD5 (16p13.3) was found to interact with the adeno-associated virus 

2 REP proteins (AAV-2 Rep78/Rep68) and upon interaction was found to undergo 
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translocation to the nucleus, thereby indicating a regulatory role for this protein (Weger S 

et al. 2007). In addition, new research has suggested that KCTD5 may also be a substrate-

specific adaptor for cullin3-based E3 ligases (Bayón Y et al. 2008). Aside from their 

structural properties KCTD17 (22q12.3), KCTD18 (2q33.1), KCTD4 (13q14.12) and 

KCTD2 (17q25.1) have yet to reveal any functional properties. 

Most of the KCTD proteins are relatively short (on average, 355 amino acids), 

their T1 domains are located close to the N-end of the protein and are not accompanied 

by any other Pfam domains. All KCTD proteins except KCTD19 contain only one T1 

domain. The first of two T1 domains of KCTD19 is truncated. T1 domains of 3 out of 25 

KCTD proteins (KCTD18, KCTD11 and KCTD9L) are truncated. KCNRG is a typical 

member of the KCTD family, with solitary T1 domain unaccompanied by any other 

recognizable protein structure. The function of these proteins is still unknown.  

 

Cloning of KCNRG isoforms  

The initial cloning of KCNRG V1 was contracted to the Maryland based company 

OriGene. The company was provided with the pCDNA3.1/myc-His A vector 

(Invitrogen), the structure and multiple cloning site of this vector can be seen below 

(Fig.10). 
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Fig. 10. Multiple cloning site of pcDNA 3.1 version A (Invitrogen). 

 
 
 

The KCNRG gene was cloned in between the BamH1 and Xho1 restriction sites.  
 

The resulting recombinant plasmid obtained from OriGene can be seen below 

(Fig.11). 
 

                                                         -BamH1--Start- 

AATACGACTCACTATAGGGAGACCCAAGCTGGCTAGTTAAGCTTGGTACCGAGCTC*GGATCC*AGA*AT

G*AGT*AGT*CAG*GAA*CTG*GTC*ACT*TTG*AAT*GTG*GGA*GGG*AAG*ATA*T

TC*ACG*ACA*AGG*TTT*TCT*ACG*ATA*AAG*CAG*TTT*CCT*GCT*TCT*CGT*

TTG*GCA*CGC*ATG*TTA*GAT*GGC*AGA*GAC*CAA*GAA*TTC*AAG*ATG*GTT

*GGT*GGC*CAG*ATT*TTT*GTA*GAC*AGA*GAT*GGT*GAT*TTG*TTT*AGT*TT

C*ATC*TTA*GAT*TTT*TTG*AGA*ACT*CAC*CAG*CTT*TTA*TTA*CCC*ACT*G

AA*TTT*TCA*GAC*TAT*CTT*AGG*CTT*CAG*AGA*GAG*GCT*CTT*TTC*TAT*

GAA*CTT*CGT*TCT*CTA*GTT*GAT*CTC*TTA*AAC*CCA*TAC*CTG*CTA*CAG

*CCA*AGA*CCT*GCT*CTT*GTG*GAG*GTA*CAT*TTC*CTA*AGC*CGG*AAC*AC

T*CAA*GCT*TTT*TTC*AGG*GTG*TTT*GGC*TCT*TGC*AGC*AAA*ACA*ATT*G

AG*ATG*CTA*ACA*GGG*AGG*ATT*ACA*GTG*TTT*ACA*GAA*CAA*CCT*TCA*

GCG*CCG*ACC*TGG*AAT*GGT*AAC*TTT*TTC*CCT*CCT*CAG*ATG*ACC*TTA

*CTT*CCA*CTG*CCT*CCA*CAA*AGA*CCT*TCT*TAC*CAT*GAC*CTG*GTT*TT

C*CAG*TGT*GGT*TCT*GAC*AGC*ACT*ACT*GAT*AAC*CAA*ACT*GGA*GTC*A

GG*TAT*GTT*TCT*ATA*AAA*CCT*GAT*AAC*CGA*AAA*TTG*GCC*AAC*GGA*

ACA*AAT*GTC*CTC*GGC*TTA*CTG*ATT*GAC*ACT*TTA*TTA*AAG*GAA*GGC

*TTT*CAT*TTG*GTC*AGC*ACT*AGA*ACA*GTA*TCT*TCT*GAA*GAC*AAA*AC
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T*GAA*TGC*TAT*AGC*TTT*GAA*AGG*ATA*AAA*AGC*CCT*GAA*GTG*CTC*A

TC*ACG*AAT*GAA*ACA*CCA*AAA*CCA*GAG*ACT*ATC*ATC*ATA*CCA*GAG*

CAA*TCT*CAG*ATA*AAG*AAA*CTC*GAG*TCT*AGA*GGG*CCC*TTC*GAA*CAA*AAA*C

TC*ATC*TCA*GAA*GAG*GAT*CTG*AAT*ATG*CAT*ACC*GGT*CAT*CAT*CAC*CAT*CAC*C 
                                                - Polyhistidine Tag ---

AT*TGA*GTTTAAACCCGCTGATCAGCCTCGACTGTGCCTTCTAGTTGCCAGCCATCTGTTGTTTGCCC 
---Stop- 

 

Fig. 11. Insert site for KCNRG Variant 1 in plasmid pcDNA 3.1/myc-His A. 
 

 

The resulting vector was sequenced to confirm that the insert was placed properly, 

particularly, that there are no stop codons within the gene and before the polyhistidine 

tag, and that the insert is in frame with the myc epitope and the polyhistidine tag. A 

restriction digest of the plasmid was performed to verify the size of the insert before the 

use of the plasmids for overexpression studies. This sequence analysis confirms that the 

KCNRG V1 gene in the pCDNA3.1/myc-His A vector is indeed placed optimally. A 

blast search against the nucleotide database of NCBI confirms that this gene is the longer 

isoform (Variant 1) of KCNRG.  The cloning of KCNRG variant 2 was performed by our 

collaborators Andre Marakhonov and Dr. Mikhail Skoblov (Russian Center for Medical 

Genetics, Moscow, Russia) as described in the Materials and Methods section, the 

product was subjected to the same analysis as KCNRG V1 (Appendix 5). 

 

A search for variations in the KCNRG locus  

Mutations within open reading frame of KCNRG and adjacent parts of its introns 

were screened in 35 CLL patients by conventional PCR-SSCP in the collaborating lab at 

RCMG, RAS. No aberrant bands were seen. DNA was prepared from RPMI-8226 and 

two other multiple myeloma cell lines, U266 and CRL-9068, and this DNA was 



 59 

subjected to automated sequencing. Direct sequencing of KCNRG exons revealed a point 

mutation delT in the +30 position of the 5’ non-coding area of KCNR gene in RPMI-

8226 cell line (position indicated according to mRNA Ac. Num. NM_199464). The 

search for known human SNPs was negative for any match in this nucleotide position. 

Interestingly, an analysis of matches to transcription factor binding matrices with 

MatInspector software revealed the core promoter initiator element (INR) that overlaps 

the mutated position. Deletion of T decreases the matrix similarity of the match from 

0.945 to 0.941, and, therefore, might negatively influence expression of KCNRG in 

RPMI-8226 cells.  

A low complexity repeat (A)33(TA)8(CA)8TATGTA(CA)2TACA 

(TA)4CA(TA)3 located at the position – 1006 relative to the major start of KCNRG 

mRNAs and within 3’ untranslated area of RFP2 was amplified by PCR with subsequent 

band resolution in polyacrylamide gel in 21 DNA sample of CLL patients and 50 DNA 

samples of normal donors at RCMG, RAMS. Unusually high levels of the polymorphism 

have been observed, as the profiling of a total of 142 chromosomes revealed 12 alleles of 

this repeat. The heterozygous state of this repeat was seen in 52/71 (73%) samples tested 

indicating high informativeness of this polymorphic DNA marker. In the future this 

marker can be used to test possible monoallelic losses of KCNRG gene in CLL samples.   
Expression of KCNRG inhibits proliferation and enhances apoptosis in cultured 

tumor cells 

Open reading frames corresponding to both protein isoforms of KCNRG were 

cloned into the pcDNA3.1 backbone, stably transfected in to LNCaP, HL-60 and RPMI-
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8226 cells and studied in various functional assays. The cells transfected with pcDNA3.1 

vector alone were used as a control and are designated as EV for Empty Vector. As 

quantified by chemilumionescent BrdU cell proliferation ELISA assay, growth of all 

three cell lines was significantly inhibited by an overexpression of KCNRG-V1 isoform 

(RPMI-8226: decrease of 37%, P < 0.001; HL-60: decrease of 26%, P < 0.0025; LNCaP: 

decrease of 38%, P < 0.009).  The KCNRG-V2 isoform exerted less prominent growth 

suppressive effect in these cells (RPMI-8226: decrease of 27%; HL-60: decrease of 12%; 

LNCaP: decrease of 24%).  In the case of KCNRG-V2 isoform, the difference between 

observed values were significant only for KCNRG-V2 overexpression in LNCaP (P < 

0.05) and RPMI-8226 (P < 0.02) (Fig. 12 a,b,c).  
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Fig. 12. Expression of KCNRG inhibits proliferation (BrdU ELISA assay, A, B, C) and enhances apoptosis 

(caspase 3/7 assay, D, E and F) in cultured tumor cells. A and D: HL-60. B and E: RPMI-8226. C and F: 

LnCaP. Complete tables can be found in Appendix 6. 
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Cell survival was analyzed by measurement of the activities of caspases 3 and 7. 

An increase in the apoptotic events was found in the cells that were stably transfected 

with any KCNRG isoform, but in KCNRG-V1 cells these changes were more profound 

(KCNRG-V1/RPMI-8226: increase of 180%, P < 0.0008; KCNRG-V1/HL-60: increase 

of 216%, P < 0.0008; KCNRG-V1/LNCaP: increase of 46%, P < 0.0002; KCNRG-

V2/RPMI-8226: increase of 94%, P < 0.0008; KCNRG-V2/HL-60: increase of 25%, NS; 

KCNRG-V2/LNCaP: increase of 41%, P < 0.0002) (Fig. 12 d,e,f). Complete tables can 

be found in Appendix 6.  
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HL-60: vector control and HL-60: KCNRG-L
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Fig. 13 A. HL60 empty vector control in Side Scatter (SSC) vs. Forward Scatter (FSC) plot. B. Histogram 

of HL60 EV control C. HL60 transfected with KCNRG V1l in Side Scatter (SSC) vs. Forward Scatter plot. 

D. Histogram of HL60 transfected with KCNRG V1. E. Overlay of scatter plot for HL60 empty vector 

control and HL60 V1. F. Histogram analysis of each quadrant of HL60 empty vector control scatterplot. G. 

Histogram analysis of each quadrant of HL60 V1 scatterplot. 
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Observations described above were confirmed by FACS analysis of the cell lines over 

expressing KCNRG isoforms and the vector control (Figs. 13).  

Interestingly, the suppression of the proliferation of the suspension cell lines HL-

60 and RPMI-8226 has been accompanied by the dramatic changes in the size and the 

shape of the cells. An increase of KCNRG-V1 expression in HL-60 cell line resulted in 

the formation of two cell populations, a normal-like population mainly residing in G1 

phase (Fig. 13F and 13G, quadrants 1 and 3) and larger, abnormal cells residing in G2 

(Fig. 13F and 13G, quadrants 2 and 4). In order to see this effect more clearly the cells 

were analyzed by charting them on a SSC (Side Scatter) and FSC (Forward Scatter) plot 

(Fig. 13A and 13B). The plot was gated into four quadrants, and each cell line was 

subjected to the same gating conditions. The histogram of each quadrant clearly indicates 

more than one population of cells undergoing cell cycle changes.  Similarly, an 

overexpression of KCNRG-V1 in RPMI-8226 also produced a population of abnormal 

cells (see Appendix 7) as compared to KCNRG-V2 and KCNRG-EV. The changes in 

LNCaP-V1 and V2 cells were more subtle, and composed mainly of a decrease in overall 

cell size for LNCaP-V1 cells, indicated by the slight shift downward of the scatter-plot 

(see Appendix 7). The quantification of the results for HL60 empty vector control and 

HL60 transfected with KCNRG V1 and V2 is presented in two tables (Fig. 14A and 

14B), one summarizing the complete population, and one summarizing the gated 

populations (Tables summarizing PI FACS information on RPMI-8226 and LNCaP cell 

lines can be found in Appendix 7). 
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Fig.14. Quantification of HL60 EV and HL60 V1 scatterplots A. Quantification of non-gated data. B. 

Quantification of gated data.  
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The apoptosis data obtained by the chemiluminescent detection of caspase activity 

were also confirmed by FACS analysis using annexin V and 7-AAD. Quadrant 1 shows 

cells that have absorbed higher levels of 7-AAD, indicating cell wall disruptions, and 

therefore necrosis. Quadrants 2 shows cells that have absorbed equal amounts of annexin 

V and 7-AAD, and are cells at the stage of late apoptosis. Quadrant 3 shows healthy live 

cells, and quadrant 4 shows cells that have absorbed a larger amount of annexin V, 

indicating early apoptosis. HL60 cells transfected with KCNRG V1 have significantly 

higher levels of late apoptotic death (Fig. 15).  

Interestingly, HL60 cells transfected with KCNRG V2 show slightly higher levels 

of early apoptosis, and slightly lower levels of necrosis as compared to the cells 

transfected with KCNRG V2 (See Fig. 15D). In addition, a slight but significant 

elongation of the healthy cell population can be observed in quadrant three for cell lines 

transfected with either isoform of KCNRG, once again indicating a more varied cell size 

in these populations (Fig. 15 A,B,C). The effects of KCNRG V1 and the trend towards 

increased late apoptosis was observed in RPMI-8226 and LNCaP cell lines as well, and 

can be found in Appendix 8. 
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HL60 Apoptosis as compared to HL60 EV
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Fig. 15. Scatterplots of annexin V and 7-AAD for FACS analysis of HL60 cells A. Scatterplot for HL60 

empty vector control. B. Scatterplot for HL60 transfected with KCNRG V1. C. Scatterplot for HL60 

transfected with KCNRG V2. D. Summary of quadrant totals from scatterplots for HL60 EV, V1, V2. 
 

Cell imaging studies indicated a change of morphology in KCNRG overexpressing cells 

and generally confirmed FACS findings (Fig.16).  The first frames in each set show cells 

stained with Dioc 18 (red), indicating the membranes of the cells. The second frame in 

each set show the DAPI (blue) stain, and allows the observation of the nucleus. The third 

frame in each set shows the rhodamine phalloidin (green) where the actin content of the 

cell can be observed. The fourth frame in each set is the overlay of all three previous 

frames, and is a more comprehensive picture of the cells. As can be observed, some cell 

lines exhibit more dramatic changes than others, most particularly, RPMI-8226 clone 
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S1B9, isolated from the population of RPMI-8226 stably transfected with KCNRG V1, 

shows several giant cells with multiple nuclei (Fig. 17 E-H). This phenomenon was also 

observed in other RPMI-8226 V1 clones, and to a lesser extent, with RPMI-8226 V2 

clones (Fig. 17 I-T).  
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Fig. 16. A-D. HL60 vector control cells stained with Dioc18 (red), DAPI (blue), Rhodamine Phalloidin 

(green), and overlay of all channels. E-H. HL60 cells transfected with KCNRG V1 stained with Dioc18 

(red), DAPI (blue), Rhodamine Phalloidin (green), and overlay of all channels. I-L. HL60 cells transfected 

with KCNRG V2 stained with Dioc18 (red), DAPI (blue), Rhodamine Phalloidin (green), and overlay of all 

channels. 
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Fig. 17. A-D. RPMI-8226 vector control cells stained with Dioc18 (red), DAPI (blue), Rhodamine 

Phalloidin (green), and overlay of all channels. E-H. RPMI-8226 V1 - clone S1B9. I-L. RPMI-8226 V1 - 

clone S2A11 cells. M-P. RPMI-8226 V1 - clone S3A10 cells. Q-T. RPMI-8226 transfected with KCNRG 

V2 cells. 

 

 

 As can be observed in the LNCaP pictures (Fig.18), cells transfected with either 

isoform of KCNRG seem to exhibit more extracellular actin content, which may be 

relevant to their increased contact inhibition. Since LNCaP cells tend to grow in clusters 

it is difficult to ascertain the presence of multiple nuclei. 



 68 

 

A. B. C. D.

E. F. H.G.

LNCaP

Control 

LNCaP

KCNRG V1

LNCaP

KCNRG V2

I. J. K. L.
 

 

Fig. 18. A-D. LNCaP vector control cells stained with Dioc18 (red), DAPI (blue), Rhodamine Phalloidin 

(green), and overlay of all channels. E-H. LNCaP cells transfected with KCNRG V1. I-L. LNCaP cells 

transfected with KCNRG V2.  

 

 

 

 

 

Pictures of live cells (Fig.19) provide some visual evidence supporting our 

notions of the behavior of these cells in culture.  Giant multi-nucleated cells lose the 

ability to divide, and over the course of 2-3 days exhibit membrane blebbing and 

consequently cell death. Since the cells photographed in fig. 19 are not synchronized, 

these processes can be seen at various stages.  
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A. HL60 WT B. HL60 EV C. HL60 V1 D. HL60 V2

E. RPMI-8226 WT F. RPMI-8226 EV G. RPMI-8226 cS1B9 H. RPMI-8226 cS2A11

I. RPMI-8226 cS3A10 J. RPMI-8226 V2 K. LNCaP WT L. LNCaP EV
 

M. LNCaP V1 L. LNCaP V2
 

Fig. 19. Live cell pictures for cell lines of HL60, RPMI-8226 and LNCaP. 
 

 

Expression of KCNRG does not influence invasion of LNCaP cells, but affects 

migration of the suspension cell lines HL-60 and RPMI-8226  

Migration of RPMI-8226 cells stably transfected KCNRG-V2 and KCNRG-V1 as 

well as vector controls has been studied using 0.2-2.0x10
6
 cells/ml and Fetal Bovine 
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Serum as a chemoattractant. Migration of KCNRG-V1 overexpressing RPMI-8226 cells 

were not different from that of the control cells, while migration abilities of KCNRG-V2 

cells were significantly lower (KCNRG-V2, N=28, 3.46 +/-0.408 vs. Control, N=28, 

2.75+/-0.67, P < 0.004). Analysis of the transmigration of the vector control and KCNRG 

overexpressing HL-60 cells through the monolayer of endothelial cell revealed that 

KCNRG-V1 decreases ability of the cells to penetrate the endothelium (KCNRG-V1, 

N=5, 17.19 +/- 0.26 vs. Control, N=5, 18.41 +/- 0.59, P < 0.01), while overexpression of 

KCNRG-V2 leads to an non-significant increase in the transmigratory abilities of this cell 

line. Study of the adherent LNCaP cells revealed that overexpression of the KCNRG 

isoforms does not influence their ability to cross basement membrane.  

Study of anoikis in LNCaP cells showed that both KCNRG overexpressing and 

vector control cells die upon detachment. Thus there was no influence of KCNRG on 

anoikis in these cells. An interesting phenomenon that supports observations during 

routine cell culturing was seen upon imaging of the control plates.  Although transfection 

with either isoform of KCNRG does not change the anoikis behavior of LNCaP cells, 

cells that are transfected with KCNRG V1 are more prone to contact inhibition, either via 

other cells, or proximity to the culture vessel walls. This can be observed in the pictures 

of the control plates for the anoikis assay, where Calcein AM (green) is used to stain live 

cells and EthD-1 (red) is used to stain cells that have died via anoikis (Fig. 20). All 

images were taken at the same plate coordinates. 
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Fig. 20. LNcaP cell line anoikis assay. A-D. Anoikis test plate stained with EthD-1 and Calcein AM. E-H. 

Control plate stained with EthD-1 and Calcein AM. 

 

 

 

Proteome changes associated with KCNRG overexpression  

To evaluate differences in intracellular molecular networks associated with 

overexpression of KCNRG, RPA profiling was attempted to assess the changes in the 

broad spectrum of the cellular signaling events, with emphasis on the phosphorylation 

and proteolytic events associated with proliferation and apoptosis. In all three cell lines 

an overexpression of either isoform of KCNRG was associated with decreased activation 

of mTOR by phosphorylation of Ser 2481 and 2448 and decreased phosphorylation of 

Tyr 1175 in VEGFR2. In RPMI-8226, overexpression of KCNRG isoforms lead to the 

coordinated increase of cleavage events in caspases 3,6,7,9 and the caspase target protein 

PARP. In LNCaP cells, overexpression of KCNRG resulted in a paradoxical profound 

increase in ERK signaling as revealed by the phosphorylation of Thr 202 and Tyr 204. 

(See appendix 9 for complete data protein data) 
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Microarray analysis of KCNRG V1  

 Analysis of the gene expression profiles was performed using pathway specific 

single channel microarrays. The first pathway, Oligo GEArray Human Hematopoietic 

Stem Cells and Hematopoiesis Microarray, consisted of 128 probes; the second pathway, 

Oligo GEArray ® Human Cancer Microarray, consisted of 480 probes. Comparisons 

were performed between cells transfected with KCNRG V1 and wild-type cells of the 

same lineage. The Superarray software analysis platform offers three standard methods of 

normalization of arrays, “to the mean”, “to the median” and “to the values for the set of 

the selected genes”. Traditionally, housekeeping genes have been employed as 

endogenous reference (“selected genes”) genes for normalization in gene expression 

studies.  

Unfortunately, for most of the housekeeping genes the variability in expression is 

significant between different cell lines, despite the equalization of quantities of input 

RNA (Aerts JL et al. 2004). The importance of this phenomenon is most prominent in 

case of studies of cancer cells and their phenotypes, as profound changes occur in even 

the most basic metabolism of the cell as it becomes malignant (Gillies RJ et al., 2008). 

For example, GAPDH and ACTB, genes most frequently used for normalization, are 

heavily regulated during carcinogenesis and tumor progression (Aerts J.L. et al., 2004; 

Gao Q. et al., 2008; Lyng MB et al., 2008). These findings are not surprising as recent 

evidence indicates new and intriguing roles for GAPDH in fundamental mammalian cell 

processes, including DNA repair, translational control of gene expression, DNA 

replication and endocytosis (Sirover et al. 2006).  
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Since the utilization of single housekeeping gene cannot assure an unbiased result, 

finding a good set of reference genes is a non-trivial problem requiring case-by-case 

study. Here we tested housekeeping genes against the overall intensity of the array, and a 

subset indicative of each array was selected for normalization. Figure 21 shows the 

topographic map of the housekeeping gene expression across all arrays. 

 
Fig. 21. Topographic map of housekeeping genes and their behavior in all arrays. RR = RPMI Control, HR 

= HL60 Control, LR = LNCaP control, RT = RPMI transfected, HT = Hl60 transfected, LT = LNCaP 

transfected.  

 

 

In addition to their expression pattern, housekeeping genes were selected based on 

their ability to correctly reflect the overall intensity of their representative arrays. 

Background correction was performed by the SuperArray proprietary software, and  
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normalized versus non-normalized values for blank controls, overall array intensities and 

selected housekeeping genes were determined (Fig.22). 

 

Fig. 22. Effects of normalization on selected genes (housekeeping genes), blanks and array average. 

 

Following background correction and normalization, spreadsheets displaying fold 

differences between control cases and test cases were generated (for complete lists of 

differentially expressed genes present on each array please see Appendix r).  Initially, 

statistical analysis was performed by the Significance Analysis of Microarrays (SAM), a 

popular method for detecting significantly expressed genes and controlling the false 

discovery rate (FDR) (Rodninger OK et al., 2005; Tusher et al., 2001). False discovery 

rate (FDR) is defined as the expected percentage of false positives among all the claimed 

positives. Calculations were performed with the much appreciated help of G. Manyam 

(PhD student, MMB, GMU). However, recent opinion on statistical testing for small 

batch microarrays seems to be moving away from permutation based approaches such as 

SAM (Tan YD et al. 2008). The consensus seems to be that these permutation based 

approaches often create data sets with very heavy tails, and negatively biased data. Hence 
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a non-parametric Mann-Whitney test was used for the statistical validation of the 

microarray data.  

In addition to spot finding and numerical value assignation, the SuperArray 

software sorts each spot as “absent” or “present” based on the intensity of its immediate 

background environment. This proved problematic in some cases due to over saturation 

in adjacent spots, as the parameters for this function are non-negotiable; consequently we 

believe that some spots were mislabeled as absent.  The resultant genes from both arrays 

were compiled and a list with the most significant p-values was created (See Fig 23). 

 

Cell line & change RR negative change RR positive change HR negative change HR positive change LR negative change LR positive change

Gene BTK ABL1 DHCR7 COX7A2 CDKN1A ABL1

GAS6 ASNS GCN5L2 ERBB3 KPNA2 RHOB

SFN BAX KIT FGR NQO1 JUN

TIMP1 BRCA1 PKMYT1 GSK3A PIM1

VDAC1 CCND1 RET HSPA5 RELB

LDHA CDK5 TK1 HYOU1 SARS

CEBPG ILK SLC20A1

CTSD PDPK1 THBS1

E2F1 PPARG TK1

E2F3 PRDX4 TLE1

ERCC3 STAT2 WEE1

ETV6 TCF7L2 M6PR

FRAP1 TIMP1

GRB2 TNF

HSPA5 TNFRSF1A

IGF2R

LAMP2

LCK

LCN2

LTF

SMAD1

MARS

MDM4

MICB

MME

MYB

MYL9

NINJ1

NR1D1

PIK3CG

PRKCBP1

PRNP

PRSS15

RAB5A

RRM1

SARS

TNFSF7

UBE2L6

WNT1
 

 

Fig. 23. List of Mann-Whitney significant genes compiled from microarray experiments. 
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Although all three cell lines responded similarly to transfection with KCNRG 

isoforms, i.e., a general trend of increased apoptosis and decreased proliferation, very few 

genes seem to be up- or down-regulated in the same direction in all three cell lines, 

possibly indicating very different expression pathway involved in the proliferation and 

apoptosis in each type of cell. HSPA5, one of the few genes that is up-regulated in both 

HL60 and RPMI cells, is a member of the heat-shock protein-70 (HSP70) family. It is 

thought to aid in protein assembly in the endoplasmic reticulum and may play a role in 

protein transport in the cell (GeneCard). Conversely, TK1, a cytosolic thymidine kinase 

known to have a high activity in rapidly proliferating cells and very low activity in 

resting cells, was down-regulated in both HL60 and LNCaP cells.  

The BAX gene behaves differently in HL60 cells as compared to LNCaP and 

RPMI-8226 cells. BAX functions as a pro-apoptotic gene by forming a heterodimer with 

BCL2 and is thought to interact with mitochondrial voltage-dependent anion channels 

(VDAC), causing a loss in membrane potential and thereby releasing Cytochrome C. 

BAX is thought to be regulated by the p53 tumor suppressor protein (Fig. 24).  

 Surprisingly, HL60 cells show a down-regulation of BAX, whereas RPMI-8226 

and LNCaP cells show a marked up-regulation of BAX in keeping with the more 

classical model of BAX-mediated apotosis. None of the cell lines show any change in 

BCL2 levels, although LNCaP cells seem to have a drastically lower amount of native 

BCL2 expression. 



 77 

 
 

Fig.24 Classical p53 mediated cellular activation of the caspase cascade resulting apoptosis (Biocarta). 

 

 

According to both to microarray and RT-PCR data, native BAX levels in wild-

type HL60 seem to be very high as compared to other cell lines; this is in accordance 

with similar observation made by other researchers (Campos L et al. 1999).  In several 

studies a decrease in BAX levels have been observed despite increased levels of 

apoptosis, prompting some researchers to suggest and alternate “death” pathway 

involving TNF-a, as responsible for this behavior (Legdeur MC et al. 1996, Mengubas K 

et al. 1996, Ma E et al. 2008). Interestingly, the microarray data for HL60 shows a 

dramatic and significant increase for both TNF and TNFRSF1A (38.62 and 2.26 fold 

respectively) (please see Appendix 10 for full microarray).     
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Independent and array based RT-PCR profiling of genes from microarray 

 Sixteen genes with the highest degree of commonality were selected from the 

microarray short list to be verified by RT-PCR. The results of the RT-PCR were 

compared to those of the microarrays (Fig. 25).  

(All Fold Differences Compared to transfected with empty plasmid)

HV1 HV2 Microarray S1B9 S2A11 S3A10 RV2 Microarray LV1 LV2 Microarray

etv6 1.209994 1.071773 up 1.380317 2.918041 2.72735 1.148035 up

notch1 1.866066 1.148698 up 1.394744 1.018068 1.211393 1.583738 down? 1.241141 1.103179 down

cdkn1b 1.381913 1.142082 1.731073 3.048994 up

TK1 1.652901 5.278032 down 1.915207 2.305373 1.358957 4.062872 no change 5.080604 3.488242 down

TNFRSF10A 2.106722 3.668016 up - not sig by MW

P53 5.856343 8.282119 no change 1.70527 1.101905 3.305801 1.935223 no change 1.29684 1.481953 up - not sig by MW

BAX 430 1.168777 1.128964 ? 8.876556 1.909683 9.031715 13619 7.451341 2.370186 ?

BAX 225 4.756828 1.624505 down 39.39662 5.010658 1.624505 1888.904 up 2.732081 1.431473 up

KITLG 1.596597 2.07053 down 3821.703 8.139838 5.755734 955.4258 up

TNF 4.756828 28.34456 up

TNFRSF1A 1.128964 5.37029 up

STAT2 32 9.513657 up 53.81737 14.92853 368.367 50.21338 up

JUN 2.419988 2.877867 down 1.274561 1.771535 2.505329 1.652901 up 3.452162 1.278986 up

CDKN1 1.812943 1.672106 down

NQO1 23.84861 3.428316 2.605692 1.93858 up 2.378414 2.046748 down

ABL1 1.061301 5.61778 2.599679 1.065601 up 3.976962 1.447269 up

INDIVIDUAL RT-PCR DATA COMPILED AND COMPARED TO MICROARRAYS

 

Fig. 25. RT-PCR validated genes selected from microarray short list 

 

 

In addition to validating the microarray data the apparent discrepancies between the 

microarray data and RT-PCR data needed to be analyzed further. The oligonucleotide 

sequences used by SuperArray are proprietary, hence the exact sequences are not 

available for this work and they could not be matched to a particular area of the 

corresponding transcript. The BAX oligonucleotide used as a probe for the Superarray 

was designed by the manufacturer to identify only two out of five BAX isoforms. To see 

whether this could account for part of the discrepancy two separate BAX primers were 

used:  BAX 430 and BAX 225, designed to amplify BAX transcript variant beta and 
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alpha, respectively (see Appendix 11). The two BAX variants were found to behave in a 

very different fashion in HL60 cells transfected with KCNRG V1 (Fig 26). 

(All Fold Differences Compared to transfected with empty plasmid)

HV1 HV2 Microarray S1B9 S2A11 S3A10 RV2 Microarray LV1 LV2 Microarray

etv6 1.209994 1.071773 up 1.380317 2.918041 2.72735 1.148035 up

notch1 1.866066 1.148698 up 1.394744 1.018068 1.211393 1.583738 down? 1.241141 1.103179 down

cdkn1b 1.381913 1.142082 1.731073 3.048994 up

TK1 1.652901 5.278032 down 1.915207 2.305373 1.358957 4.062872 no change 5.080604 3.488242 down

TNFRSF10A 2.106722 3.668016 up - not sig by MW

P53 5.856343 8.282119 no change 1.70527 1.101905 3.305801 1.935223 no change 1.29684 1.481953 up - not sig by MW

BAX 430 1.168777 1.128964 ? 8.876556 1.909683 9.031715 13619 7.451341 2.370186 ?

BAX 225 4.756828 1.624505 down 39.39662 5.010658 1.624505 1888.904 up 2.732081 1.431473 up

KITLG 1.596597 2.07053 down 3821.703 8.139838 5.755734 955.4258 up

TNF 4.756828 28.34456 up

TNFRSF1A 1.128964 5.37029 up

STAT2 32 9.513657 up 53.81737 14.92853 368.367 50.21338 up

JUN 2.419988 2.877867 down 1.274561 1.771535 2.505329 1.652901 up 3.452162 1.278986 up

CDKN1 1.812943 1.672106 down
NQO1 23.84861 3.428316 2.605692 1.93858 up 2.378414 2.046748 down

ABL1 1.061301 5.61778 2.599679 1.065601 up 3.976962 1.447269 up

INDIVIDUAL RT-PCR DATA COMPILED AND COMPARED TO MICROARRAYS

1.168777 1.128964?

4.756828 1.624505down

 
Fig. 26. RT-PCR validated genes selected from microarray short list, zoom on HV1 and BAX primers for 

BAX isoforms alpha and beta. 

 

 

 

This behavior suggests the possibility that some of these unresolved disagreements 

between RT-PCR data and microarray data may be due to microarrays and RT-PCR 

profiling different isoforms of the mRNA for a particular gene.   

 To further confirm the microarray data, a set of SuperArray RT-PCR arrays were 

performed. The Human Apoptosis pathway RT-PCR array was chosen based on the 

number of overlapping genes found between the RT-PCR and microarray platforms. 

Once again the manufacturer did not disclose the primers present on the RT-PCR array, 

however, the manufacturer did disclose that these primers bore no similarities to the 

sequences found on the microarray and were not guaranteed to isolate the same isoforms 

of the genes. Keeping this in mind, the 18 genes in common to both platforms, and 2/3 of 

these agreed in the direction of change (For full results see Appendix 11). In the case of 
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HL60 cells, a large percentage of genes were in agreement according to the directionality 

of gene expression changes (Table 3). 

 

Table 3. SuperArray RT-PCR and Oligo Array results compiled.  

RT-PCR arrays compared to Microarrays 

Genes RT-PCR - HV1 RT-PCR - HV2 HL60 Microarray 

ABL1 -6.19 -2.30 -1.17 

AKT1 1.08 -1.41 -1.34 

BAX -1.96 -1.74 -2.02 

BCL2 -2.41 -3.03 -1.32 

BRAF -1.93 -1.62 -11.06 

FAS 1.54 -1.15 -1.01 

IGF1R -3.89 -2.14 -1.01 

TNF -25.99 -10.56 38.62 

TNFRSF10A 1.67 1.52 16.51 

TNFRSF10B -6.23 -2.46 1.61 

TNFRSF1A -3.66 -3.73 2.26 

TP53 1.06 -1.32 -1.01 

TP53BP2 -2.69 -1.32 1.69 

TP73 2.36 -1.32 -1.01 

TRADD -1.72 -1.62 2.29 

B2M -2.77 -1.87 -1.03 

GAPDH -3.63 -1.32 -1.08 

ACTB 1.00 1.00 1.28 
 

 

 

Interestingly, there are small but significant changes in expression between HL60 cells 

transfected with KCNRG V1 versus KCNRG V2. In a significant number of cases, the 

effects of KCNRG V1 on gene expression profiles were more dramatic than the effects of 

KCNRG V2. 
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Real-time PCR profiling of KCNRG mRNAs in human lymphoma samples 

Relative levels of KCNRG isoforms were quantified in human lymphoma samples 

arrayed on TissueScan qPCR Panels (Fig. 27) As expression of the major isoform of 

KCNRG mRNA encoding KCNRG V1 was approximately 300 times higher than that of 

the minor mRNA isoform (KCNRG V2), estimates of the mRNA levels obtained using 

primer pair KCNRG V1/V2 can be approximated to the expression of KCNRG-V1 

encoding isoform.  

 
Fig. 27. Real-time PCR profiling of KCNRG mRNAs in human lymphoma samples. N: Normal PBL. FL: 

follicular lymphoma. DLBL: diffuse large B-cell lymphoma. SLL: small lymphocytic lymphoma. HL: 

Hodgkin lymphoma. MZBL: marginal zone B-cell lymphoma. MCL: mantle cell lymphoma. TL: T-cell 

lymphoma. A and B: profiling using primer pair KCNRG-V1/V2 that amplifies both isoforms of KCNRG 

mRNA. C and D: profliing using primer pair KCNRG V2 that amplifies only mRNA isoform KCNRG V2. 

Statistically significant changes denoted by star (*) symbol. 
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Significant down regulation of KCNRG-V1 mRNA (P < 0.05) was revealed in the 

most advanced lymphomas of the stage IV (N = 4) as compared to normal PBL samples 

(N=6). When the same set of samples were stratified according to the type of lymphoma, 

a significant down-regulation of KCNRG V1 was registered only in DLBL (N=11) as 

compared to normal PBL samples (P < 0.002). 

Interestingly, only one case of DLBL was classified as a stage IV disease, while 6 

of these cases were stage I and 4 were staged as IE or IIE. A trend towards down-

regulation of the KCNRG V2 encoding mRNA was seen in all lymphoma types profiled, 

with statistically significant differences seen in FL (P < 0.002), DLBL (P < 0.02) and T-

cell lymphoma (P < 0.03) groups. A significant decrease in the level of mRNA for 

KCNRG V2 was seen in stage I (P < 0.008) and IIE (P < 0.04) groups.  
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Chapter 4: Conclusion 

 

Previous studies of the tumor suppressor effects conveyed by the presence of 

intact chromosome 13 region q14.3 revealed a number of potential candidate genes 

whose expression is lost in a substantial percentage of CLL cases. Despite significant 

effort undertaken by multiple laboratories a screening of the mutations in the studied 

candidate genes in primary tumor cells has not yet been successful. These findings 

prompted some investigators to propose that a major mode of inactivation of 13q14 

tumor suppressor gene(s) is by the deletion of one copy of the gene causing decrease in 

the production of gene’ mRNA and partial loss of its function. This mechanism of gene 

inactivation is known as haploinsufficiency.  

Candidate TSG KCNRG (potassium channel regulating gene) is located very 

close to the 10-kb region previously described as minimally deleted in CLL and within 

the larger region deleted in the majority of CLL cases with 13q114.3 aberrations.  

Functional analysis of KCNRG pointed at the possibility that it might exert a 

tumor suppressor effect relevant to CLL and MM. Here KCNRG has been shown to  

possesses anti-proliferative activity when overexpressed in RPMI-8226, HL-60 and to a 

lesser extent, LNCaP cells. Moreover, overexpression of KCNRG stimulates apoptosis in 

these cells and leads to dramatic changes in their size and shape. A substantial proportion 
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of both RPMI-8226 and HL-60 cells over expressing KCNRG V1 isoform were arrested 

in G2 phase, possibly indicative of G2/M checkpoint activation.  

Additionally, the migration of KCNRG overexpressing cells has also significantly 

decreased. Microarray and RT-PCR data, taken together with the proliferation and 

caspase assays, suggests that these events may be occurring via different mechanisms for 

each cell line, possibly indicating a broader, rather than a pathway specific, role for 

KCNRG. Finally, KCNRG overexpression increased a propensity of the cells to undergo 

apoptosis after stress, in particular, affecting its ability to recover after storage in a frozen 

state. 

One way to confirm the relevance of these characteristics of human KCNRG in 

the suppression of CLL and MM in vivo is to find its point mutations in primary tumor 

cells. Attempts to do so by this lab as well as others have been unsuccessful. However, a 

number of circumstantial evidence points at KCNRG as an important player in 

hematological malignancies. First, real-time PCR profiling of KCNRG mRNAs revealed 

that levels of the major isoform of KCNRG mRNA in DLBL lymphomas are lower 

compared to normal PBL samples, while levels of its minor mRNA decreased across the 

broad range of the lymphoma types.  

Levels of KCNRG mRNA were also decreased in lymphomas of stage IV. 

Second, the multiple myeloma cell line RPMI-8226 contains a delT mutation in the core 

promoter initiator element that might influence levels of KCNRG expression in this 

model line. Third, proteomics endpoint analysis by RPA indicated an involvement of 

KCNRG in the suppression of mTOR and VEGFR pathways as well as in caspase 
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activation in a broad sense. In light of these observations, the identification of the 

particular mode of KCNRG inactivation in tumor samples becomes a priority.  

Despite a number of studies that delineated 13q14 deletions in CLL and MM and 

quantified relative expression levels of some candidate genes residing in this area, the 

critical insights related to the role of 13q14 in human malignancies are still to be gained. 

Here in this work is described a novel, highly informative polymorphic repeat, located at 

the position –1006 relative to the major start of KCNRG mRNAs and within the 3’ 

untranslated area of RFP2. As the structure of this repeat allows its relatively simple 

visualization in agarose gels following conventional PCR, it might become a valuable 

marker for the hemizygous deletion of KCNRG in primary tumor samples.  

Interestingly, KCNRG belongs to a rather large subfamily of poorly characterized 

human genes. Some of these genes function in tumorigenesis. As cellular functions for 

the majority of the KCNRG-like proteins have never been studied, it is important to 

determine their relevance to tumorigenesis and lymphomagenesis in humans. 

In conclusion, a functional study of the tumor suppressor gene candidate KCNRG 

was conducted and its growth suppressive and pro-apoptotic effects in the cellular models 

relevant to CLL and MM was demonstrated. This study demonstrates that the loss of 

KCNRG might be relevant to the progression of these hematological malignancies at 

least in a subset of the patients with these disorders.  
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APPENDIX 1 

KCNRG ISOFORM S: BLASTP SEARCH 
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APPENDIX 2 

KCNRG ISOFORM S: ALLIGNMENT 
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APPENDIX 3 

PROTEINS CONTAINING COOL DOMAIN 
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APPENDIX 4 

ANALYSIS OF COOL DOMAIN 
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APPENDIX 5 

KCNRG VARIANT 2 SEQUENCE 

 

 

 



 119 

APPENDIX 6 

CELL PROLIFERATION ASSAY: BrdU ELISA 

 

APOPTOSIS ASSAY: CASPACE 3/7 
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APPENDIX 7 

FACS ANALYSIS: CELL CYCLE PI 
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HL60 EV FACS: PI 
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HL60 V1 FACS: PI 
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HL60 V2 FACS: PI 
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HL60 FACS PI: OVERLAY 
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RPMI CELL CYCLE ANALYSIS: FACS PI 
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RPMI EV FACS: PI 

 



 128 

RPMI V1 FACS: PI 
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RPMI V2 FACS: PI 
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RPMI FACS PI: OVERLAY 
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LNCaP CELL CYCLE ANALYSIS: FACS PI 
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LNCaP EV FACS: PI 
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LNCaP V1 FACS: PI 
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LNCaP V2 FACS: PI 
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LNCaP FACS PI: OVERLAY 

 
 

 

 

 

 

 



 136 

APPENDIX 8 

APOPTOSIS FACS ANALYSIS: ANNEXIN V / 7-AAD 

 

HL60 FACS: APOPTOSIS 
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RPMI FACS: APPOPTOSIS 
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LNCaP FACS: APPOPTOSIS 
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APPENDIX 9 

PROTEIN ARRAY: KCNRG V1 & V2 TRANSFECTED CELL LINES 
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APPENDIX 10 

MICROARRAY CANCER PATHWAY: KCNRG V1 TRANSFECTED CELLS 
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APPENDIX 11 

RT-ARRAY vs. MICROARRAY: CANCER PATHWAY PLATFORM 
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