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ABSTRACT 

The human genome is composed of coding genes and vast stretches of 

sequences largely considered “junk”. Researchers are, however, uncovering wide-

spread and extensive transcription of not only the coding, but also of the non-coding 

sequences in the genomes of many species. Transcripts that do not code for any protein 

are thought to carry out their potential functions by directly interacting with other 

sequences and proteins by their base-pairing capabilities or secondary structures. Since 

little is known about non-coding DNA and their RNA transcripts, they have been called 

the “dark matter” of the genome. Half the human genome is composed of repetitive 

sequences, about eight percent by ancient remnants of retroviral infections called 

human endogenous retroviruses (HERV). These repetitive elements are usually 

excluded from most studies of expressed sequences as they are methodologically 

problematic to identify unambiguously. The dogma has been that degenerated viral 

sequences are “junk” and are for the most part transcriptionally silent. This is being 

revised because of observation of transcription of these elements in human tissues and 

expression variations associated to human diseases.  These repetitive regions could be 

called the “darkest matter” of the genome. 

In this thesis are included observations of expression patterns of HERV 

elements and increased expression and alterations associated to exogenous virus 

infections. An evaluation of the currently available sequence specific assays and a 

novel melting temperature (Tm) analysis method for studying expression patterns of 

highly repetitive and homologous sequences is presented herein. The Tm analysis 

method was further developed with: i) the use of a temperature probe to normalize for 

temperature deviations in the thermocycler instrument, ii) a curve fit algorithm to 

interpolate exact temperatures from multiple data points and iii) a new approach to 

analyzing obtained Tm with mixture models for an impartial and objective statistical 

analysis. Using these methods, we studied the expression patterns of individual 

elements within one HERV family in human tissues. We found significant differences 

between expression patterns of HERV between human tissues and between individuals 

to an extent similar to that which would be expected for coding transcripts. The 

observations and methods developed in the course of this thesis might hopefully help in 

casting some light on the expression, regulation and functions of these RNAs 

containing highly repetitive sequences. 



 

 

LIST OF PUBLICATIONS 

I. Nellåker C, Yao Y, Jones-Brando L, Mallet F, Yolken RH, Karlsson H. 

Transactivation of elements in the human endogenous retrovirus W family by 

viral infection. Retrovirology. 2006 Jul 6;3:44. 

II. Yao Y, Nellåker C, Karlsson H. Evaluation of minor groove binding probe 

and Taqman probe PCR assays: Influence of mismatches and template 

complexity on quantification. Mol Cell Probes. 2006 Oct;20(5):311-6. Epub 

2006 Apr 21. 

III. Nellåker C, Wållgren U, Karlsson H. Molecular beacon-based temperature 

control and automated analyses for improved resolution of melting 

temperature analysis using SYBR I Green chemistry. Clin Chem. 2007 

Jan;53(1):98-103. Epub 2006 Nov 16. 

IV. Nellåker C, F Uhrzander, J Tyrcha, H Karlsson. Mixture models for analysis 

of melting temperature data. Submitted manuscript. 

V. Nellåker C, F Uhrzander, J Tyrcha, H Karlsson. Expression of transcripts 

containing human endogenous retrovirus W elements in human tissues. 

Submitted manuscript. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

“Any sufficiently advanced technology is indistinguishable 

from magic” 

 

- Sir Arthur C. Clarke's Third Law 
 

 

 

 

 

“Any technology distinguishable from magic is insufficiently 

advanced” 

 

- Dr. Barry Gehm's corollary to Clarke's law 
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1 THE DARKEST MATTER OF THE HUMAN GENOME 
1.1 THE POPULAR SCIENCE VERSION 

A cell is a self-contained machinery that breaks down complicated 

molecules to simple ones to gain energy and building blocks to build more cells. It does 

this with a host of proteins, large molecules which bind, bend, break, fuse and modify 

other molecules including each other. These proteins have a very specific shape and 

construction (otherwise they wouldn´t work) but they don’t last forever. Proteins get 

damaged, stop working and are broken down, so new proteins have to be made 

continuously. How these new proteins are made by the cell is determined by the genetic 

code in the DNA. 

To make a protein, the stretch of DNA which contains the information 

about that protein, is copied to RNA. The RNA copy is then translated into the protein, 

by a gigantic protein and RNA complex called a ribosome. So, basically: the master 

copy (DNA) is copied to become working copies (RNA) which are then used to 

construct proteins, which keep the machinery running. Of course, the actual copying 

and building of all three is also done by proteins… this all leads in to a “the chicken or 

the egg” preference debate very quickly. 

 

An analogy: 

A cell works a bit like how a society works. The “goal” of a society is to 

feed itself, keep everything running smoothly and fend off any randomly spawning 

barbarians. The society is fed by the workers (Proteins). Laws and the knowledge 

(DNA) determine how the society is run; they do this through bureaucrats (RNA) 

which tell the workers (Protein) what to do. DNA needs proteins to copy the coded 

commands into RNA. RNA also needs proteins to convey the commands to the 

proteins, to make more DNA, RNA or proteins for instance. Proteins do all the work 

but the DNA, through the RNA, decides “what”. The barbarians are of course viruses 

that attack the cell and try to take advantage of the available resources, which the cell 

fends off with an army of bureaucrats and workers (RNA and Proteins). 

 

Simple right? So the question is: do the genes determine who and what 

you are?  

Well, partially… the problem is that the number of genes doesn’t seem to 

match how complex the creature is! A fruit fly has ~13,700 genes whereas a human has 
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~20,500, however, a sea urchin has ~23,300 and a plant called Arabidopsis thaliana has 

~25,500. Yet, while an Arabidopsis thaliana is slowly growing in the sunshine we are 

sitting here in purely intellectual pursuits (open to debate). 

 

So what is it that makes us different?  

 It turns out that a lot more than just the genes are active in the genome. 

The sequences in the genome that code for proteins only make up two percent of our 

DNA. RNA copies of areas of the DNA that do not code for any proteins are abundant, 

and appear to be more abundant the more complex the organism. This non-coding RNA 

can be considered the “dark matter” of the genome (just like dark matter in space it is 

hard to observe and we don’t really know much about it). It is probably involved in 

adjusting the amounts of, and exactly which, genes are copied and translated into 

proteins. A lot of researchers focus on studying these non coding RNAs; however, there 

is one type that most of them avoid.   

 

At least half the genome is composed of repetitive sequences, for the 

most part non-coding. These repetitive regions are more difficult to study than non-

repetitive areas, like the difference between trying to find a needle in a haystack as 

opposed to trying to find the same needle in a needle-stack. There is little reason to 

suppose that repetitive regions are principally different from other non coding regions 

but they remain poorly understood. Human endogenous retroviruses (HERV) are 

ancient remnants of retroviral infections in our genome (barbarians that invaded and 

have become assimilated into the society). I have studied the expression of one of the 

families of related HERV sequences, the HERV-W family.  

 

These mostly non-coding, repetitive and little-studied elements could be 

called the “darkest matter” of the genome. 

 

This thesis describes the development of methods to study the individual expression of 

multiple sequences with small differences. The existing and most reliable way of doing 

this is to sequence all the expressed RNAs, however, this is not economically feasible 

to do on a large scale. It cost several billion dollars to sequence the first human 

genome, and while developments make it cheaper by the year it is still expensive. 

Furthermore it is likely that orders of magnitude more sequencing would have to be 

done to extensively study the sequences present in the form of RNA as opposed to the 
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genomic DNA. In a decade or two, this will be the method of choice, but until then, 

other approaches are “better”. 

 

The methodological developments described in this thesis have centered upon using 

melting temperatures of sequences as proxy markers of differences. A little akin to 

using the sound a watermelon makes when you rap your knuckle on it to determine if it 

is ripe and hence which one to buy. I mean, if you break them all open and taste them 

you will definitely find a ripe one but that will be a little expensive. 

 

The approaches described herein have allowed more information to be extracted from 

melting temperature analysis. The measuring error was reduced, the data acquisition 

was made objective and the analysis of the resulting data was improved in sensitivity 

and made available for statistical testing. 

 

Using these developments we have been able to observe the expression of some of the 

“darkest matter” of the genome. It turns out that HERV elements are expressed in 

varying patterns between different tissues and individuals. The observations resemble 

that which would be expected of the expression of “real” genes, perhaps indicating an 

interweaving of their transcriptional regulatory systems. It is, however, impossible to 

deduce if these RNAs have any functions from our studies. However, sometimes in 

science it is what you don’t see which is important! If we had observed that the 

expression patterns of these RNAs had been completely random, absent or the same in 

all the tissues then we could have ruled out that they have functions. Since this did not 

appear to be the case, the issue remains open. 

Emma Nellåker 2006 
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2 INTRODUCTION 
2.1 THE HUMAN GENOME 
The human genome project was completed 2001 (Lander et al. 2001) with the 

sequencing of the 3 billion base pairs that each and every one of us carries in about 100 

trillion copies. This means that roughly 325 grams of your body is DNA. While the 

sequence has been read, the meaning remains hidden, the task of researchers in the field 

of functional genomics is to try to understand: which bits do what.  

 

Approximately two percent of the genome consists of the coding regions, while the 

remaining 98 percent are stretches of intronic and intergenic sequences. The dogma has 

been that coding genes are transcribed into RNA and that RNA is then translated into 

protein. It has been thought that the rest of the sequences were “junk” and mostly 

quiescent. The remaining majority of the genome is not silent however. There is wide-

spread transcription from these regions and they seem to have functions that are not 

mediated by proteins (reviewed in (Pheasant and Mattick 2007)). Some non-coding 

RNA functions are well documented such as the transfer RNAs and the ribosomal 

RNAs. However non-coding RNA is a field of research still in its infancy as seen by 

the rapid accumulation of new acronyms (snRNA, miRNA, gRNA, piRNA, tmRNA, 

e.t.c.). Estimates from tiling arrays hint that there is considerably more non-coding than 

coding transcripts, most are uncharacterized, hence these RNAs have been called the 

“dark matter” of the genome (Johnson et al. 2005). The tools available that can screen 

for the occurrence of sequences on a large scale, such as tiling arrays or SAGE, have a 

blind spot. They both systematically exclude the repetitive regions, at least half the 

genome. Human endogenous retroviruses (HERV) are a class of repetitive elements, 

which constitutes approximately eight percent of our genome (~30 grams per person!) 

(Bannert and Kurth 2004; Belshaw et al. 2005). These HERV are the remains of 

ancient retroviral infections in our ancestors, having been degenerated over millions of 

years and few have retained their coding capacity. Despite this, the differential 

expression of transcripts containing HERV sequences has been associated to human 

disease. Because of their degenerated state, most potential effects of ectopic HERV 

expression would be expected to be mediated as non-coding RNA.  

 

The reason why repetitive elements are most often excluded from large scale 

hybridization arrays is that they are methodologically problematic to study as the 
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different sequences cross-hybridize to each other because of their similarity. Thus, 

sequences from repetitive regions could be denoted the “darkest matter” of the genome. 

There is a need for novel methodological approaches for examining the expression of 

these non-coding and repetitive sequences. This has been the primary focus of this 

thesis. 

 
Approximately two percent of the genome codes for proteins but, as described above, a 

significantly larger proportion is expressed as RNA in some form. Coding RNAs are 

the spliced transcripts that have a 5' cap and a poly-A tail. These constitute only a 

minority of the cellular transcripts. The intronic segments between exons are 

transcribed but are not part of the finished mRNA products. Counting these sequences, 

which are spliced out from the full length transcripts, c.a. 60-70% of the genome is 

transcribed to RNA at some point (Carninci et al. 2005). Transcription of overlapping 

sequences from both genomic strands implies that the total length of unique RNA 

sequences produced can exceed the length of the genome (Mattick and Makunin 2006). 

 

The ENCODE consortium recently published a detailed study of the transcribed 

elements in one percent of the human genome (Birney et al. 2007). Using two 

algorithms that predicted non-coding RNA based on structural similarity to known 

types of non-coding RNA, 3,707 to 4,986 candidate loci were detected. While a 

majority of the genomic sequences were transcribed, only five percent appeared to be 

under evolutionary constraint, suggesting a large amount of neutral transcription. This 

study gives an indication of the hidden complexity of the human transcriptome. 

 

Studying the functions of non-coding RNAs is problematic since no simple, all-

encompassing readouts exist. The entire concept of something having “biological 

significance” for an organism might need to be revised as non-coding RNA might 

present a continuum of degrees of functional involvement. 

 

2.2 HUMAN ENDOGENOUS RETROVIRUSES 
Endogenous retroviruses (ERV) are retrovirus genome insertions into a host genome 

that become fixed in the germ line. With a couple of exceptions (for instance the 

Agnathans hagfish and lamprey), ERV have been detected in all vertebrates classes 

(Herniou et al. 1998). When a retrovirus inserts into the genome, host genes can 

become disrupted or ectopically activated. These types of detrimental effects usually 
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results in the demise of the host. If an insertion event into the germ line causes no 

reduction in viability the newly added sequence can persist in the genome of the host 

and that of its progeny. If an insertion conveys an advantage to the host, the new 

addition is more likely to become a fixed feature in the whole population. 

 

Many species harbor active ERV, which can re-infect their hosts (such as murine 

leukemia virus and the Jaagsiekte sheep retrovirus, reviewed in (Coffin et al. 1997; 

Leroux et al. 2007)), but this does not appear to be the case in humans. Human 

endogenous retroviruses as exogenous and horizontally transmissible pathogens are, as 

far as we know, extinct but were recently recreated in a laboratory environment. 

Thierry Heidmann and coworkers have resurrected a complete HERV-K from the 

induced archetypal sequence and appropriately named it Phoenix (Dewannieux et al. 

2006). Almost simultaneously a similar HERV-K regenesis was performed by another 

group (Lee and Bieniasz 2007). In the human population however, HERV are remnants 

of ancient retroviral insertions into the germ line of our ancestors 0.1-40 million years 

ago. The HERV elements have degenerated over time and can, with few exceptions, no 

longer encode complete proteins let alone engender infectious viral particles (Blaise et 

al. 2003; Blond et al. 2000; Costas 2002; Mi et al. 2000; Pavlicek et al. 2002). 

 

HERV are common to all the Catarrhini; apes (such as us humans along with 

chimpanzee, bonobo, gorilla, orangutan, gibbon) and the old world monkeys 

(macaques, baboon, colobus). A few (such as the HERV-H family, reviewed in (Mayer 

and Meese 2005)) might even be common to the New World monkeys (marmosets, 

tamarins, capuchins, owl monkeys, sakis, spider monkeys).  

 

2.2.1 Structure and Distribution 
HERVs are identified based on their similarity to a prototypical structure (Figure 1). A 

HERV provirus is composed of the genes gag, pol and env, flanked by two long 

terminal repeat (LTR) elements. The LTR, in itself divided up into the U3, R and U5 

segments, contains the regulatory motifs that recruit the transcriptional machinery. The 

group-specific antigen (gag) encodes the nucleocapsid and core proteins which allow 

packing and construction of the internal structure of the viral particles. The polymerase 

(pol) encodes the enzyme proteins reverse-transcriptase (RT), protease and integrase. 

The envelope (env) encodes the virus coat proteins. 
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Several families of HERV have been identified with distinct prototypical sequences. 

There are at least 31 different families of HERV and their nomenclature is based on the 

tRNA which is used to prime the replication (Harada et al. 1975; Peters and Dahlberg 

1979) of the viral genome. For example the HERV-W family primes replication with 

the Tryptophan (W) tRNA whereas the HERV-K family uses the Lysine (K) tRNA for 

this purpose. This nomenclature does not correspond to the phylogenetic relationship 

between elements as it only refers to a small section of the total sequence. However, 

keeping in mind that this is an arbitrary stratification of the different HERV sequences, 

different families of HERV are commonly considered separately.  

Figure 1. Overview of the structure of a HERV and general features of a typical chromosomal segment.  

A representation of a human chromosome with a stretch of the sequence expanded out from the 

condensed structure. In the upper middle a typical stretch of the genome with two genes with 3 and 5 

exons respectively. In the lower middle, a magnified view of an intergenically located HERV proviral 

genome. In the bottom magnification a representation of the double helical structure of DNA. 

Gene

Exon
Intron

Gene
Intergenic sequences

Intronic sequences

HERV

5’ LTR 3’ LTR

U3 R U5

gag pol env

U3 R U5

Chromosome

DNA double helix
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The structure of HERV elements deviate from the prototypical proviral structures as a 

consequence of the accumulation of mutations since their integration and apparent lack 

of selective pressure to conserve the intact provirus. The different patterns in which the 

elements are degraded and replicated in the genome deserve some mention. A provirus 

integrated in the genome undergoes the same deletions and mutations as expected for 

any sequence in the genome. However, there are a couple of common changes which 

have altered HERV over the years. The two LTRs which flank the provirus sequence 

can undergo homologous recombination, excising the entire internal sequence leaving 

only a solo LTR in the host genome where the provirus used to be. Pseudoelements are 

the result of elements that were transcribed from the LTR transcription start site into 

mRNAs which were subsequently reverse transcribed by the action of a cellular RT and 

integrated into the host genome in a new location, similar to pseudogenes (Pavlicek et 

al. 2002). 

 

2.2.2 Expression 
The expression of HERV elements can be initiated from the LTR promoters (which the 

viral genome normally uses to initiate synthesis of transcripts encoding viral proteins) 

or be dependent on the promoters in the flanking DNA proximal to the site of 

integration. HERV expression has been detected in most tissues to some degree, but 

most frequently in placenta, gonads and cancerous tissues. Members of the HERV-K 

family are the most recent addition to our genome (Turner et al. 2001) and  are one of 

the most studied families with the expression having been associated to cancers and 

type I diabetes (reviewed in (Moyes et al. 2007)).  

 

Other HERV-families have also been associated to human disease (Christensen et al. 

2000; Conrad et al. 1997; Frank et al. 2005; Huang et al. 2006; Lower et al. 1996; 

Perron et al. 1997). HERV-W (Blond et al. 1999) transcripts have been observed in 

association with schizophrenia in patient CSF samples (Karlsson et al. 2001), in muscle 

tissue affected by Amyotrophic lateral sclerosis (Oluwole et al. 2007) and in samples 

from Multiple Sclerosis (MS) patients (Antony et al. 2007). Our studies have focused 

on the expression of elements from the HERV-W family. 
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2.3 HERV-W EXPRESSION 
According to Pavlicek et.al. (Pavlicek et al. 2002) the human genome contains 654 

HERV-W elements, the majority of which are comprised of LTR regions lacking 

internal sequence. The remaining elements were classified into 2 major categories, a 

total of 77 retroelements with proviral structure containing intact LTRs and complete 

or partial internal sequences (gag, pol and env genes). In addition, 149 

pseudoelements with internal sequences were found, lacking the regulatory U3 region 

of the 5'-LTR and the U5 region of the 3'-LTR. Pseudoelements appear to be 

particularly frequent in the HERV-W family, differentiating them from other HERV 

families (Costas 2002). The remaining elements were grouped together in a third 

category based on the lack of such group-defining features (Pavlicek et al. 2002). Due 

to the absence of regulatory promoter regions, these latter groups have been 

suggested to be non-transcribed (Costas 2002; Pavlicek et al. 2002). Studies, such as 

the ones included here, are starting to revise this precept with observations of 

transcripts containing HERV-W elements mapped to loci lacking the LTR promoter 

regions. With the exception of a proviral element in ERVWE1 locus, which contains 

an intact env gene encoding syncytin (Blond et al. 2000; Mi et al. 2000), basal 

transcriptional activities of individual HERV-W elements remain poorly defined.   

 

2.3.1 Tissues and Cell-lines 
Transcripts from elements in the HERV-W family have previously been detected by 

RT-PCR in most human organs as well as in different cell-lines of human origin (Yi 

et al. 2004). Transcripts from HERV-W pol genes were reported to be present at the 

highest levels in the placenta, whole brain, adrenal glands and testis (Forsman et al. 

2005). The relative contribution of the different HERV-W elements to the total levels 

of pol transcripts in the different organs was not examined (Forsman et al. 2005). The 

differences in the levels of transcripts with sequences from HERV-W gag, pol and 

env genes observed in different tissues and cell-lines might be attributed to the 

documented variations in promoter activities of U3-regions of HERV-W LTRs 

(Mallet et al. 2004; Schon et al. 2001). However, enhancer elements outside of the 

LTR can influence the transcriptional activities of HERV-W LTR promoters and thus 

the tissue specific expression. This has been documented for syncytin which is 

regulated by promoter activity in the U3 region of the 5'-LTR and enhanced by an 

upstream regulatory region (Prudhomme et al. 2004). 
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In a recent study from our group, expression of transcripts containing HERV-W 

elements was observed in blood samples (Yao et al. 2007). One of these elements 

located on chromosome 11q13 was studied in more detail in vitro and observed to be 

part of a longer transcript, originating on the negative strand in the second intron of a 

putative gene PTD015 (C11orf67). The expression of this transcript containing 

HERV-W gag was found to vary between different tissues with no clear correlation to 

that of the transcripts encoding the putative host gene PTD015. 

 

2.3.2 Association to Human Disease 
2.3.2.1 Placental dysfunction 

Placental tissue is one of the tissues with highest documented expression levels of 

HERV sequences in general (Seifarth et al. 2005). Syncytin is the only known HERV 

gene functionally adopted by the human host. This envelope protein is involved in the 

formation of the outermost layer of the placenta, which is the fetal tissue presented to 

the maternal blood. This giant syncytiotrophoblast layer is formed when trophoblasts 

fuse together into an enormous multinucleate sheet. The fusion of trophoblast cells is 

believed to be aided by syncytin when it binds its receptor the neutral amino acid 

transporter types 1 and 2. The expression of syncytin is regulated by the transcription 

factor glial cells missing 1 (GCM1) and appears to be oxygen dependent (Frendo et al. 

2001; Kudo et al. 2003). An additional function of syncytin in the placenta is assumed 

to be aiding the fetus in evading the maternal immune system (Blond et al. 2000; Mi et 

al. 2000; Venables et al. 1995).  

  

HELLP (Hemolytic anemia, Elevated Liver enzymes and Low Platelet count) and 

preeclampsia are both medical conditions characterized by disruption in the normal 

functioning of the placenta. Disturbances of syncytin expression patterns in the placenta 

have been observed in these conditions (Knerr et al. 2002). Whether this is associated 

with the causes of the conditions or with the effects remains to be determined. 

 

2.3.2.2 Multiple Sclerosis 

Multiple Sclerosis is an autoimmune disease which is characterized by plaques of 

demyelination in the central nervous system. Epidemiological studies have suggested 

viruses as a possible etiological factor in MS, which has lead to many studies searching 

for the culprit (Kurtzke and Hyllested 1979). Of the many viruses have been putatively 

associated to MS, most have been excluded upon further investigations (for a review 
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see (Voisset et al. 2008)). Using a set of primers capable of amplifying a wide range 

of retroviral pol sequences (Tuke et al. 1997), Perron and coworkers identified a novel 

gamma-retroviral element in samples from MS patients, dubbed Multiple Sclerosis 

associated retrovirus (MSRV)(Perron et al. 1997). MSRV in turn allowed the 

identification of the HERV-W family since it resembles the prototypical sequence of 

HERV-W to 90%. This finding was associated to previous observations of retroviral 

like particles occurring in patient samples but not healthy controls (Perron et al. 1989; 

Sommerlund et al. 1993). The MSRV sequence was compiled from multiple cDNA 

clones, but no counterpart to the complete sequence has been detected in the human 

genome so far. Research has aimed at identifying MSRV as an infectious exogenous 

virus particle; however the presence of MSRV sequences in extracellular particles has 

yet to be shown. In contrast, the expression of the endogenous viral envelope syncytin 

in demyelinating lesions has been observed in tissue samples from patients suffering 

from MS (Antony et al. 2007).   

 

This HERV-W envelope protein denoted syncytin is, as mentioned, normally only 

expressed in the placenta. In Paper I we reported that the gene encoding syncytin can be 

transactivated by exogenous virus infections or cellular stressors, seemingly 

independent of cell-type. This cellular stress induction of HERV-W expression has also 

been observed in macrophages, indicating that the findings in MS might be secondary; 

rather than causal (Johnston et al. 2001). However, perhaps syncytin is not merely a 

marker, Antony and coworkers (Antony et al. 2004) showed that ectopic expression of 

syncytin induced the release of a factor toxic to oligodendrocytes. In a paper in 

preparation, not included in this thesis, we have further pursued studying how the 

transactivation occurs. It turns out that a cellular transcription factor, GCM1, known to 

bind the promoter controlling the expression of syncytin in the placenta, is required for 

the transactivation of syncytin expression. This control mechanism, of host origin, 

indicates that even the ectopic expression of syncytin may ultimately be controlled 

through the host. This becomes even more perplexing when one considers that Mus 

musculus, which has no HERV, also has fusogenic proteins expressed during placental 

formation. These genes, provisionally denoted Syncytin A and B, are apparently also 

viral in origin (Dupressoir et al. 2005). While the fact that viral genes have seemingly 

been independently adopted for host function twice is surprising in itself, furthermore 

the transcription factor GCM1 appears to be key to the regulation of these genes in both 
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species (Asp et al. 2007). This suggests that an archetypical gene in a common ancestor 

has been replaced by new envelopes from invading viruses. 

 

2.3.2.3 Schizophrenia 

In light of the “viral hypothesis of schizophrenia”, using the same pan-retroviral 

primers as mentioned above (Tuke et al. 1997), HERV-W pol transcripts were 

observed in cerebrospinal fluids (CSF) obtained from patients experiencing their first 

manifestations of schizophrenia or schizoaffective disorder (Karlsson et al. 2001) but 

not in the CSF from control individuals. A recent study reported similar hybridization 

signals to a HERV-W pol sequence in prefrontal cortex samples from postmortem 

brains from patients with a long standing history of schizophrenia or bipolar disorder 

and control individuals (Frank et al. 2005). 

 

We recently reported that HERV-W gag transcripts were detected at elevated levels 

in PBMCs from recent onset schizophrenia patients (Yao et al. 2007). Furthermore, 

specific assays toward individual elements selected by Tm analysis revealed a 

sequence from a locus on chromosome 11 to be especially prevalent.  

 

With the help of voxel-based morphometry, in a very recent study, the regions and 

extent of reduced tissue density in grey and white matter in the brains of 

schizophrenia patients was examined. Reduced densities in regions of the cerebellum, 

temporal cortex and tegmentum were associated with the occurrence of HERV-W 

transcripts in CSF from these patients (Schröder et.al., in preparation).  

 

The role of HERV-W sequences in schizophrenia and the mechanisms underlying 

their transcription are still unknown, and since schizophrenia is a “spectrum 

disorder”, likely with multiple etiological causes (reviewed in (Cannon and Clarke 

2005)), the associations are not sufficient to draw any conclusions. Future studies 

examining the functional consequences of HERV sequence expression will be 

required to determine the role of such transcripts in human disease. 

 

2.3.3 Transactivation 
It is known from the literature that there is an interaction between exogenous virus 

infections and the expression of some of the endogenous retroviruses. Herpes simplex 

viruses (HSV) are known to transactivate retroviral regulatory LTR regions of both 
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exogenous and endogenous human retroviruses, reviewed in (Palu et al. 2001). It has 

been shown that HERV-K elements can be transactivated by HSV-1 (Kwun et al. 

2002) and Epstein Barr viruses (Sutkowski et al. 2001). With regard to HERV-W 

elements, induction of envelope expression by HSV-1 has been reported (Ruprecht et 

al. 2006).  We infected a cell-line with HSV-1 and observed that the transactivation of 

HERV-W was reflected at the mRNA level for env, and that also transcripts encoding 

gag were detected at elevated levels.  

 

Due to the “viral hypothesis of schizophrenia” and the putative association to influenza 

A virus (reviewed in (Munk-Jorgensen and Ewald 2001)) we also examined the effect 

of influenza A virus infections on the expression of transcripts containing HERV-W 

elements in vitro (Figure 2).  

 

Other infectious diseases have also been associated to the occurrence of schizophrenia, 

such as the parasitie Toxoplasma gondii (reviewed in (Torrey and Yolken 2007)). It has 

been reported that T.gondii infections in cell-lines do alter the transcriptional activities 

Figure 2. The relative expression levels 
of HERV-W gag and env in SK-N-MC 
cells in response to infection with (A) 
Influenza A/WSN/33, (B) HSV-1. 
Relative expression levels to 
uninfected controls on the y-axis and 
concentration of infectious agent used 
on the x-axis. 
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of some HERV but not of the HERV-W family (Frank et al. 2006). Unpublished data 

from our lab confirm lack of transactivation of HERV-W elements by T.gondii.  
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3 AIMS 
Because of their association to human disease, the general aim of this thesis was to 

examine the expression patterns of HERV-W elements. This expanded to become a 

pursuit of methodological developments required to study such repetitive sequences in 

more detail. Specific aims during this thesis were to: 

 

1. Determine whether there was a transactivation of the expression of endogenous 

virus elements in response to exogenous/environmental insults such as virus 

infections and which elements were affected; 

2. Evaluate the methods available for studying the expression of individual HERV 

elements and improve on these methodological tools; 

3. Observe the detailed expression pattern of elements within the HERV-W family 

in human tissues to investigate if functional differences between tissues are 

reflected in the expression patterns of genomic regions harboring such 

elements. 
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4 METHODOLOGICAL CONSIDERATIONS 
4.1 CELL CULTURE 
During the course of this thesis, cell culture techniques were employed as model 

systems. Human cell-lines have the advantage of being relatively simple to handle 

and samples are easily obtained. Furthermore, with a clonal monoculture, variation 

(while still frequently large) is kept to a minimum. However, using cell-lines puts 

limitations on the interpretation of results. Cell-lines are immortalized, often derived 

from cancerous tissue, with the chromosomal aberrations and expression alterations 

that this implies. This alters expression patterns and general phenotype as compared 

to a normal cell. Specifically, the observations regarding the expression of HERV-W 

elements are expected to be altered as HERVs have been reported to be differentially 

expressed in cancer cells (reviewed in (Taruscio and Mantovani 2004)). With this in 

mind, cell-lines still provide the most practical model for cell behavior.  

 

As models for cells originating from different tissue types we used the cell-line SK-

N-MC (HTB-10), a human neuroepithelioma line derived in 1971. Human 

astrocytoma cells, CCF-STTG1 (CRL-1718) first cultured in the 1980’s was used to 

model human astrocytes (the most abundant cell type in the CNS). We used the 

histiocytic lymphoma cells, U-937 (CRL-1593.2), which were established in 1974 by 

Dr. K.Nilsson’s laboratory in Uppsala, to examine the properties of human monocyte-

like cells. 293F cells are an epithelial cell-line, derived from human kidney and were 

purchased from Invitrogen (Carlsbad, CA). All other cell-lines were obtained from 

the American Type Culture Collection, Manassas, VA.  

 

4.2 VIRUS INFECTION 
Influenza A virus is a negative single stranded RNA virus, a member of the 

orthomyxoviridae family. We have been interested in the effects of influenza virus 

infections on cell cultures, specifically on the expression levels and patterns of HERV-

W elements. Influenza A virus strains are common pathogens in humans and cause 

millions of infections in low pathogenicity years to millions of deaths when a global 

pandemic strikes. Influenza A virus has been associated to schizophrenia in some, but 

not all, epidemiological studies (Munk-Jorgensen and Ewald 2001). Historically, 

anecdotal reports suggest that influenza infections can cause psychiatric disturbances 
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(Menninger 1919), but these disturbances are temporary and are not directly associated 

to the putative etiology of schizophrenia. 

 

We have used a neurotropic mouse-adapted strain of influenza A, A/WSN/33. This 

strain is easily grown on MDCK cells, and could also be used in parallel in vivo studies 

in mouse. Cell culture dishes were washed with serum free growth medium and 

influenza virus at 0.5 multiples of infection was incubated with the cells for one hour. 

After a wash 24 hours incubation was sufficient to infect cells. 

 

As will be discussed in the Results section; infections of human cell-lines with 

influenza A/WSN/33 virus caused an elevation in the levels of transcripts encoding 

HERV-W elements. To try to isolate the cause of the transactivation of HERV-W 

elements by virus infection various agents were tested to try to elicit a similar response, 

such as heat-inactivated virus, poly(I:C) and serum deprivation. Influenza A/WSN/33 

virus was inactivated by heating at 56°C for 90minutes (Geiss et al. 2001).  This heat 

treatment denatures some of the core proteins but preserves the external structure of the 

virions allowing them to enter cells but not replicate. The substance poly(I:C) 

stimulates  a cellular anti-viral response by imitating the presence of double stranded 

RNA (see (Harada et al. 2007) and references therein). Serum deprivation was used to 

stimulate the cells with an unspecific stressor as opposed to virus infection related 

responses. 

 

4.3 PLASMID EXPRESSION SYSTEM 
In order to study the effects of over-expression of a HERV-W element in vitro a 

plasmid expression system was employed. Specifically, the effects of over-expression 

of syncytin were studied in the CCF-STTG1 cell-line. CCF-STTG1 cells were 

transfected with the plasmid PH74 (Blond et al. 1999) containing the full length ORF 

encoding syncytin using Lipofectamine 2000 reagents in accordance with the 

manufacturer's instructions (Invitrogen). This inserts a copy of syncytin into the cells 

and induces the expression of the sequence in the plasmid through the CMV promoter. 

Transfection with the pEBFP expression plasmid (Clontech, Mountain View, CA) 

encoding a variant of green fluorescent protein was used as a control for the effects of 

forced protein expression and to monitor the transfection efficiency. After 24 hours of 

incubation at 37°C and 5% CO2, we determined potential toxicity associated with over-

expression of syncytin. Measuring mitochondrial activity is commonly used to monitor 
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potential toxicity. We used the EZ4U kit (Jelinek and Klocking 1998) that assays the 

activity of the cytochrome oxidase. 

 

4.4 RNA PURIFICATION AND CDNA SYNTHESIS 
To examine the expression of transcriptional elements from the genome one must 

purify the RNA from the samples. This was mostly performed with the Qiagen RNeasy 

minikit, however this was not appropriate for a subset of our samples. RNeasy was not 

suitable for preparing RNA from whole blood, according to the manufacturer there was 

a risk of the hemoglobin interfering with the affinity column. We used the Qiazol kit to 

prepare RNA before processing these samples on the RNeasy minikit for higher purity. 

RNA was quantified on a spectrophotometer, using 260nm multiplied by the dilution 

and a factor 40. The ratio between 260nm and 280nm was used as a measure of purity. 

A set amount of RNA, typically 500ng, was aliquoted for cDNA preparation. The RNA 

was treated with DNase I to purge any residual genomic DNA, as genomic DNA would 

confound any attempts to quantify transcription. Conversion of RNA to complementary 

DNA (cDNA) was performed with the reverse transcriptase kit Superscript II using 

oligo(dT) priming (Invitrogen).   

 

4.5 REALTIME PCR 
The polymerase chain reaction (PCR) was developed in the 1980’s (Mullis et al. 1986) 

and has revolutionized the science of molecular biology. The amplification process 

allows detection of tiny amounts of starting material. Using a real-time thermocycler 

one can quantify the amount of starting material based on that the amount of product is 

doubled when the temperatures are cycled through the dissociation, annealing and 

elongation steps. Using an intercalating dye, such as SYBR I Green or a dye coupled to 

a specific probe the amount of amplicons can be monitored.  

 

By setting an arbitrary threshold value of fluorescence one can get cycle threshold (Ct) 

numbers and by comparing them to an endogenous control, determine the relative 

levels of target sequence between samples. For instance, to determine if one cell-line 

has more syncytin transcription than another, first decide on a reference point (how 

much is 34? 34 of what?). There is a range of different ways to do this, such as the 

absolute number of transcripts per ng total RNA or relative to an endogenous reference 

sequence. The sequence selected as the reference should be unaffected by the treatment, 

hence the absolute levels of the sequence should not change. This is usually found by 
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using a so called “house-keeping” transcript, which are constitutively expressed to 

maintain a core cellular function (e.g. cyclophilin, ribosomal RNA and beta-actin). 

However, when comparisons are to be made between cell-lines or between treatments 

with an agent that drastically alters transcription no reference is ideal. For instance, 

when infecting cell cultures with a virus many factors change, complicating 

comparisons, such as the expression of many house-keeping genes, viability of the cells 

and the total RNA amount ( because of the presence of viral genomic RNA, 

complementary viral RNA and viral mRNA in the infected cells only). Hence, no 

reference is optimal and the selection must be made arbitrarily. In our case we chose to 

set all our expression levels relative to beta-actin. 

 

Hence for each cell-line, a Ct value for beta-actin and one for syncytin were 

determined. The Ct value is converted to the expression level by taking the increase in 

products per cycle to the power of the Ct. The reaction efficiency in a perfect PCR is 

100%, producing a doubling of the number of transcript every cycle. For each assay the 

efficiency must be determined, any differing efficiencies between the assays for the 

house-keeper and gene of interest leads to exponentially growing errors in the final 

analysis. If, however, the efficiencies are equal and only the relative expression levels 

are to be determined a base of two will suffice for the calculations. 

 

The relative expression level between the two cell-lines is calculated using the 2-Δ ΔCt 

method (Livak and Schmittgen 2001). The ΔCt is the difference between syncytin and 

beta-actin Ct values and the ΔΔCt is the difference between the ΔCts for the two cell-

lines. The resulting value is the factor by which the expression levels of syncytin differ 

between the two cell lines relative to beta-actin. A 2-Δ ΔCt of 1 is to be interpreted as no 

difference. The non-parametric Mann Whitney U test was used to compare the levels of 

transcripts between samples since Gaussian distributions cannot be assumed. There is 

an alternative statistical method, designed for the analysis of expression levels as 

determined by real-time PCR. However, the REST algorithm does not tolerate the 

house-keeping expression to change and is thus too stringent for studies with virus 

infections. 

 

Using specific probes does not ease the difficulties with finding an appropriate 

reference but it does solve one of the major shortcomings with SYBR I Green 

chemistry. The use of an intercalating dye does not allow distinctions between different 
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sequences amplified to be made. For more specific assays, a probe is therefore 

commonly employed, which anneals to the internal sequence of the amplicon and only 

emits a signal when the amplified fragment matches the probe. We have employed the 

use of two types of probes to examine the expression of transcripts containing specific 

HERV-W elements; 3'-minor groove binder (MGB) and Taqman probes. Both rely on 

the exonuclease activity of the Taq-polymerase which cleaves a probe bound to the 

amplicon during extension releasing the fluorescent dye from the immediate proximity 

to the quencher (a molecule which prevents fluorescence of the dye when they are 

close).  

 

These two types of probes were evaluated, using known closely related sequences as 

templates, to asses which was better suited for these studies. It turned out that both 

probe systems were less specific than perhaps expected. The MGB-probe was not 

sequence specific under standard reaction conditions, detecting sequences with up to 

two mismatches, albeit with lesser efficiency. The Taqman probe was even less 

discriminatory detecting sequences with up to five mismatches. No doubt, the 

specificities might be improved with optimizations of the reaction mixes and annealing 

temperatures, however, it does illustrate the fallacy in relying blindly on the specificity 

of probes without knowing exactly what types of targets they will encounter. The 

findings imply that sequence mismatches can be confused with smaller starting 

amounts, increasing the risk of spurious interpretations. 

 

4.6 TM ANALYSIS 
4.6.1 Dissociation Curve Analysis 
For economic reasons, SYBR I green chemistry is one of the more widely used 

detection systems in qPCR. As already mentioned, this method indiscriminately detects 

amplified fragments. To check for amplification of erroneous sequences, a dissociation 

step can be introduced after the amplification is completed. During this step, the 

instrument gradually heats the amplified reactions and measures the decrease in 

fluorescence signal as the two strands of the products dissociate (Figure 3 A). The 

temperature at which the rate of signal decline is maximal (i.e. the peak of the negative 

derivative of the fluorescence measurements (Figure 3 B)) is defined as the melting 

temperature (Tm) and is related to the base-pair composition of the product. Therefore, 

in addition to detecting erroneous products, Tm analyses can be used to monitor 

sequence variations between desired amplicons. Tm analyses have been recently 
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employed for strain identification in clinical and veterinary virology (Pham et al. 2005; 

Waku-Kouomou et al. 2006), typing of bacterial strains (Harasawa et al. 2005), 

identification of expression patterns of highly homologous genomic elements (Nellaker 

et al. 2006) and genotyping of HLA variants (Graziano et al. 2005). Furthermore, this 

approach has previously been used to detect translocations in cancers (Bohling et al. 

1999) and to scan for single nucleotide polymorphisms (Germer and Higuchi 1999).  

Figure 3 Dissociation curve data plots. A (top panel) Raw fluorescence data plot versus temperature. 
B (bottom panel) Negative derivative of the raw fluorescence versus temperature. 
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In Paper I, the melting temperature (Tm) for each amplicon was determined in the 

ABIprism SDS software (Applied Biosystems) by recording the temperatures 

corresponding to the maximal rate of dissociation of double-stranded DNA (Lin et al. 

2001). Analysis was performed through the classification of Tm's into the few discrete 

temperature ranges that could reliably be distinguished between assays. Amplicons 

representative of each of the detected Tm's were cloned and sequenced with TOPO TA 

cloning according to the manufacturer’s instructions (Invitrogen). 

 

4.6.2 Tm-probe and Detection by Gaussian Curve Analysis 
High resolution Tm analyses were not the original purpose of most qPCR instruments. 

Temperature variations over the heating block and low numbers of fluorescence 

measurements during the dissociation step hamper the ability of most instruments to 

report accurate and precise Tms (Herrmann et al. 2006). To improve Tm analyses 

without acquiring a specialized instrument solely for the purpose of measuring Tms 

(such as the HR-1 from Idaho Technologies), two major issues needed to be resolved; 

the temperature variations inherent to the heat-block, which puts a lower limit on the 

precision of the Tm recordings, must be normalized and more precise Tms be 

calculated from low resolution temperature data.   

 

The Tm analysis program we presented in Paper III was adapted for the ABI Prism® 

7000 with SDS v1.2.3 but the principles can be adapted for other systems. Furthermore, 

we presented the application of a Tm-probe used to control for temperature variations 
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similar to that applied for a microfluidic platform by Dodge et.al. (Dodge et al. 2004). 

 

To allow detection in an ABI Prism 7000 simultaneously as SYBR I green fluorescence 

a molecular beacon (Bonnet et al. 1999; Tyagi and Kramer 1996) was designed to have 

a stem structure with a Tm higher than those observed for the target transcript 

amplicons (85°C), where the SYBR signal is minimal (Web page for tm analysis and 

generation of the Tm-probe folding 

http://www.bioinfo.rpi.edu/applications/mfold/old/dna/form1.cgi (Peyret 2000; SantaLucia 1998; 

Zuker 2003)). During denaturation, the fluorescence of molecular beacons increases 

upon melting rather than decreases, allowing the derivative curve of dissociation data to 

Figure 5. Distribution of reported temperatures over a 96-Well plate in an ABI Prism 7000 for one 

template sequence. Top- One example of the Tms reported by the SDS software. Upper middle- 

indicates the amplicon Tms reported by SYBR and calculated by Tm analysis program. Lower middle- 

Tm-probe Tms as calculated by GcTm Tm analysis program. Bottom- indicates the normalized Tms of 

the amplicons, i.e. calculated Tms corrected for temperature variations with the Tm-probe data. The 

lower three plots represent data averaged for three dissociation curves. 
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be easily distinguished from that of any SYBR products. To obtain absorption and 

emission wavelengths appropriate for the instrument a wavelength-shifting molecular 

beacon design was used (Tyagi et al. 2000). The molecular beacon was triple-labeled 

with FAM in the 5' end, TAMRA attached to the sixth thymidine from FAM and with 

BHQ-2 in the 3' end (Figure 4). In the hybridized configuration the FAM in the Tm-

probe absorbs the 485nm excitation provided by the instrument. The high energy state 

FAM undergoes Fluorescence Resonance Energy Transfer (FRET) to TAMRA which 

in turn donates its energy through FRET to the BHQ-2. At temperatures above 85°C 

the molecular beacon undergoes a conformational change and the TAMRA will no 

longer transfer any energy to BHQ-2 as it is no longer in close enough proximity and 

will thusly fluoresce at 580nm. The Tm-probe was purchased from MedProbes 

(Eurogentec, Liège, Belgium). 

 

MATLAB™ (The MathWorks) version 7.0.1.24704 with The Optimization Toolbox 

was used to write an automated analysis algorithm for data from Sequence Detection 

Software version 1.2.3 used in conjunction with an ABI Prism 7000. The program was 

designed to determine Tm’s of amplicons by fitting Gaussian curves to derivative data 

from dissociation analyses. The peak of the negative derivative data is automatically 

selected by taking the values differing from the mean derivative over all temperatures 

by at least 1.2 standard deviations. Furthermore, the program, Gaussian curve fit 

analysis of Tm (GcTm), was designed to utilize the Tm of the Tm-probe to normalize 

temperatures of amplified products reported from the instrument in each well. The Tm 

normalization calculation took the Tms, determined by GcTm, of the amplicon minus 

that of the corresponding Tm-probe plus the average of all the Tm-probes used in that 

experiment (Figure 5). The program is made available for download at 

http://www.neuro.ki.se/kristensson/tmanalysis.html . 

 

This method improves the resolution of Tm analyses on the ABI Prism 7000 with SDS 

v1.2.3 system by approximately three-fold and eliminates systematic errors introduced 

by the instrument. 

 

4.6.3 Mixture Models 
There is no convention on how to analyze Tms obtained with Tm analysis. Presumably 

due to that the differences in Tms analyzed have been easily distinguishable and 

stratified so most studies have tested differences between groups with either students-
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T-tests or Chi-squared analyses. These approaches become problematic, however, 

when the Tm categories are; i) not easily stratified because of overlapping data or ii) if 

the number of different sequences and possible categories is unknown. In Paper III we 

established the Standard Deviation (SD) of the measuring error in determining the Tm 

of a sequence to be 0.06 ºC. In Paper IV we use mixture models analyses with this SD 

to construct a model for a particular set of primer targets, classify Tm data and get 

mixing proportions of amplicons within these categories. This approach allows Tm 

analysis to be applied to any set of primers to determine the minimum number of Tm 

categories (i.e. number of different sequences detected) and mixing proportions 

between detected categories. Mixture models analysis of Tm data is an objective 

method which can allow more refined Tm analysis assays to be established. 

 

For a given set of primers a mixture model must be constructed. The model should be 

constructed on a large enough sample of Tm data to expect all possible sequences to be 

represented. The Tm data is then stratified into small interval groups and the frequency 

distributions into these arbitrary categories are used to construct and compare mixture 

models. Akaike’s information criterion (AIC) is used to evaluate which model best 

explains the data, while still using a minimum of different categories. AIC is a relative 

score between different models where a selection of the optimal model is based on the 

number of data points, Tm categories and separation between such categories. Once a 

model is selected Tm data from different samples can be fitted to the model and the 

mixing proportions compared between samples.  

 

Differences between samples can be evaluated with Chi-square tests if a conservative 

stance is taken, depending on separation between Tm categories and number of data 

points. 

 

4.7 INFERENCE OF PHYLOGENIES 
The visualization of the expression patterns observed in different tissues with the Tm 

analysis techniques required three different representations. We represented the patterns 

of expression of transcripts containing HERV-W gag elements in frequency 

distribution diagrams. The differences between tissues were illustrated in a tree 

structure based on mean square differences between samples to a mean. Degree of 

similarity was shown by phylogenetic inference based on the Spearman correlation 

coefficients. Phylogenies were inferred from correlations of frequency distributions of 
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Tm’s with the PHYLIP (Phylogeny Inference Package) version 3.6 (Felsenstein 2005). 

The neighbor joining method was used to group averages of tissue samples based on 

pair-wise “1- Pearson’s correlation coefficients”.  
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5 RESULTS AND DISCUSSION 
5.1 TRANSACTIVATION OF HERV-W 
Following infections of cell-lines with exogenous viruses, but not with the parasite 

T.gondii, we observed transactivation of HERV-W elements. The transactivation by 

influenza A virus infection required viral replication in the cell to occur since neither 

heat-inactivated virus nor poly(I:C) altered the expression. However, cellular stressors 

such as serum deprivation also induced the expression of HERV-W elements. Analysis 

of Tms subjectively stratified into three to four categories, revealed expression of 

HERV-W env and gag elements in cell-type and treatment specific patterns. Expression 

patterns of HERV-W gag differed between all the cell-lines studied and each of the 

patterns changed upon virus infection or serum deprivation. The Tm analysis 

performed revealed that the expression pattern changes induced by virus infection and 

serum deprivations were different and the responses varied between different cell-lines 

(Figure 6). 
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Figure 6. Influence of influenza A/WSN/33 virus infection and serum deprivation on the detectable 

frequency distribution of transcribed HERV-W related sequences in CCF-STTG1, 293F and U937 cells. 

(A) Distribution of detected HERV-W gag amplicons into four melting temperature ranges observed in 

control cells (n=38-44), influenza A/WSN/33 infected cells (n=24-39) and serum deprived cells (n=11-

18). (B) Distribution of detected HERV-W env amplicons into three melting temperature ranges 

observed. Statistical significance is indicated by * = p<0.05, **=p<0.01, ***=p<0.001. 
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Sequencing of a selection of the amplified fragments identified genomic loci 

corresponding to the detected amplicons. The HERV-W elements at these loci 

represented all the three most common structures of HERV elements. We detected 

transcripts containing fragments from HERV-W elements with proviral, pseudogene 

and degenerated structure. The peculiar thing about this is that pseudogene and 

degenerated elements lack the regulatory motifs required for transcriptional initiation 

by the HERV element. Hence, it seems these HERV-W elements have come under 

regulation by cellular promoters, perhaps as parts of longer transcripts. Most HERV-W 

elements are found intergenically (Figure 1)(Bushman 2003), however we detected 

mostly expression from elements found intronically and in the negative stand 

orientation. Using specific assays we examined the expression of specific HERV-W 

elements representing each of the typical structural variants (provirus, pseudoelement 

and truncated) identified from the sequencing reactions. It was found that syncytin, 

encoded by a proviral element with an intact LTR promoter region, was transactivated 

by the virus infections in every cell-line we infected, whereas other elements were not 

as consistent in the response to the infection (Figure 7). However, even the truncated 

Figure 7. Expression of specific HERV-W elements following influenza A/WSN/33 infection. Levels of 

transcripts from the HERV-W gag on chromosomes 5p13, 11q13, 3q26 and the HERV-W env ORF 

encoding syncytin on 7q21 in CCF-STTG1, 293F and U937 cells infected with influenza A/WSN/33 

virus (n=3-7) relative to uninfected control cells (n=3-9). Transcripts from 5p13 were not detectable in 

CCF-STTG1 or 293F cells in either control or infected cells, indicated by nd (not detectable). Syncytin 

transcripts were not detected in 293F control cells but were readily detectable in influenza A/WSN/33 

infected cells, resulting in an infinite relative expression as indicated by ∞. Statistical significance is 

indicated by * = p<0.05, **=p<0.01, ***=p<0.001. 
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elements, with no known promoter structures intact, were expressed and at elevated 

levels following virus infection in at least one cell-type. 

 

 

The pertinent question was then the possible functional consequences of the 

transactivation of these elements. Was this to the advantage of the host or was it a case 

of the exogenous invader corrupting the normal transcription? To try to approach this 

conundrum we used an expression plasmid to over-express one of the HERV-W 

elements. Syncytin is the only known HERV-W element with a known protein product 

and function. Syncytin was selected for further study, as this element was the most 

likely to give detectable functional effects by the ectopic transactivated expression. For 

this purpose, CCF-STTG1 cells were transfected with the plasmid PH74 containing 

syncytin and the cellular viability was assayed 24 hours later. The EZ4U kit, measuring 

the activity of cytochrome oxidase, detected a 12% reduction in viability as compared 

to cells transfected with enhanced green fluorescent protein. There was a reduction in 

viability for cells over-expressing syncytin or enhanced green fluorescent protein as 

compared to untreated cells, illustrating that the over-expression of any protein stresses 

cells and the need for proper controls. 

 

The use of mitochondrial viability as the detector of effects of HERV-W element 

expression might not be optimal. If the effects of HERV expression had been 

significantly damaging for cell viability this would have conferred a significant 

negative selective pressure on the presence and expression of these elements since their 

integration. Despite this, HERV elements are prevalent in the genome and expressed as 

RNA, hence any functions that have developed using these sequences are unlikely to be 

apparent as cell toxicity. Finding the functional consequences of the expression of 

HERV elements will require other approaches for future studies. 

 

In an unpublished study (Nellaker et.al., in preparation) we examined the role of the 

transcription factor GCM1 in the transactivation of syncytin expression by influenza A 

virus infection. By siRNA inhibition of transcripts encoding GCM1, the increase in 

transcripts encoding syncytin was ablated correspondingly. The levels of mRNA 

transcripts encoding viral components were not altered by inhibition of GCM1 

expression. This demonstrates that the host transcriptional regulatory systems are 

required for the effects of the exogenous virus on the transcription from the endogenous 
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retrovirus element. This is, in other words, not a direct effect of viral transcripts on the 

endogenous LTR promoter. 

 

The regulation and transactivation of HERV-W element expression patterns add to the 

mounting observations that HERV elements are not as quiescent as has been previously 

assumed.  

 

5.2 DETECTION AND ANALYSIS OF SPECIFIC ELEMENTS 
Specific probe assays are regularly used to detect the expression of specific sequences 

that only differ from others by a few base pairs. The use of a probe bound to a 

fluorescent dye and quencher limits the number of variants of amplicons detected. We 

compared the efficiencies and specificities of Taqman and MGB-probes for targets that 

were correct or with up to five mismatches. MGB-probes, are more specific than 

Taqman probes due to their shorter sequence requirements, however neither displayed 

complete fidelity. Target sequences with mismatches could be detected with both 

probes but the efficiency, as reported by the dye, was lower. No doubt, with individual 

optimization and error checking with known sequences, absolute specificity could be 

achieved. However, probe detection systems are relatively expensive and impractical 

for detecting the expression levels of a large number of highly homologous sequences 

such as the HERV element sequences. 

 

The Tm analysis used in the first paper was a useful tool for studying the expression of 

HERV-W elements. It was sensitive enough to detect expression pattern differences 

between samples, although it was hamstrung by methodological limitations. The real-

time PCR instrument used (ABI Prism 7000) was not designed for Tm analysis and 

thusly presented, as any thermocycler, a number of systematic errors in the 

determination of Tms. Across the heating block, the temperature varied depending on 

the position of the sample in the 96-well plate (Figure 5). The software controlling the 

machine did not take frequent enough measurements and the temperature was raised 

too rapidly for reliable Tms to be observed. To enable the maximum amount of 

information possible to be obtained from Tm analysis we set out to address these 

issues. A temperature probe was designed to control for the temperature variations in 

the instrument. This allowed us to normalize the temperature recordings to this probe as 

an internal control. We also designed a curve fitting algorithm to interpolate precise 

values from a larger set of recordings. This algorithm to fit Gaussian curves to all the 
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data points surrounding the Tm and normalize the temperature with the Tm probe 

improved the precision by a factor of three. This puts the melting temperature analysis 

achievable in the ABI Prism 7000 system neigh on par with the HR-1 instrument from 

Idaho Technology which is solely designed for Tm determination. With these 

developments we were able to perform Tm analysis on PCR products with smaller 

temperature variations than previously possible. 

 

We applied this method to perform Tm analysis of HERV-W gag containing transcripts 

in human tissue samples. It soon became apparent that a new problem had arisen from 

the improved Tm analysis. The HERV-W gag amplicons detected by the primers were 

numerous and the Tms overlapped. The arbitrary division into categories, as was done 

in Paper I, would negate much of the improvement that had been achieved with the 

Tm-probe and GcTm software. To objectively analyze the Tm data while still 

maximizing the information extracted, we initiated collaboration with Dr. Joanna 

Tyrcha and Fredrik Uhrzander at the Department of Mathematics and Statistics of 

Stockholm University. Together we developed the application of mixture models for 

the analysis of Tm-data. The principle of the analysis is that the Tm data represents the 

collected measurements of a limited number of different sequences. Each sequence has 

a specific Tm which we measure with a set error, SD 0.06°C as determined in Paper III. 

A model is thusly constructed as the sum of a number of Gaussian curves, each with an 

SD of 0.06. The number of such component curves is determined by AIC, a measure of 

how well the model corresponds to the raw data with a penalty for every extra 

component estimated. The model represents the minimum number of unique sequences 

required to explain the data. Once a model has been constructed, data can be fitted to 

the model to obtain mixing proportions. Due to the objective and more sensitive 

developments of the Tm analysis used in Paper I, from the initially four Tm categories 

we could now distinguish between thirteen different Tm categories in Paper V. 

 

The improvements in Tm analysis described here could be used to improve analyses 

performed in clinical laboratories as described in the Methodological Considerations 

section. Tm analyses are a quick, reliable method to type microbial strains in patient 

samples. Tm analysis can even be used for genotyping without the need for specific 

probes. The use of Tm-probe, GcTm and mixture models analysis for these assays will 

allow more sensitive tests to be established and the ability to distinguish more 

variations in Tms. Models established for an assay for any given set of primers and 
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analytical chemistry can be transferred between labs and are in all likelihood 

independent of PCR instrument. Thus, standard Tm analysis tests could be created, 

shared and any aberrations would be easily detectable as deviations from the 

established model.  

 

5.3 EXPRESSION OF HERV-W 
With the Tm-probe, GcTm software and mixture models analysis of Tm data we 

examined the expression patterns of HERV-W gag elements in various human tissues. 

We performed Tm analysis of HERV-W gag sequences in human spleen, blood, liver, 

PBMC, testis, ovary, thymus and CNS cortical structures and cerebellum (Figure 8). 

The expression patterns of transcripts containing HERV-W gag transcripts differed 

significantly, as determined by Chi-squared analysis, between all tissue types. It was 

observed that expression patterns varied more between tissue types than between 

individuals. Blood between individuals varied the least of all the tissues studied. 

Different cerebral cortices and cerebellum varied, on average, more between each other 

than blood or spleen samples between individuals. However, the CNS tissues varied 

more between individuals for any given region than between the average of each 

region. 

 

Inferring phylogenies gave an indication that the transcripts containing HERV-W gag 

elements vary systematically in a similar fashion to that of coding transcripts, however, 

due to the limited data amount the tree constructed was not stable. A neighbor joining 

of Pearson’s correlation coefficients groups the immune-privileged tissues, brain and 

gonads, together and the immunologically more active tissues more closely together 

(placenta, blood, PBMC and spleen). 

 

Tm analysis, or indeed any expression study, does not allow any functions to be 

directly inferred. However, it could determine if functionality is unlikely, for instance if 

the expression pattern were completely random, absent or equal regardless of tissue 

type. If any of these possible outcomes had been observed (which they were not) it 

would have constituted convincing evidence that transcripts containing HERV-W 

elements do not have functions. Our findings, had the potential to, but did not rule out 

any function of transcripts containing HERV-W elements.  
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In the scope of non-coding RNA, transcripts containing HERV-W elements probably 

fall into the little studied class of long non-coding RNAs. The Tm analysis method used 

to study the expression of these transcripts might be a useful tool in selecting candidate 

non-coding transcripts for further studies. 

 

Figure 8. Frequency distributions of Tm categories of transcripts containing HERV-W gag elements 
in human tissues. Panels A, B and C illustrate the frequency distributions of the Tm categories in A: 
human tissues, B: brain region averages from three individuals and C: whole blood samples from 7 
individuals. Panels D, E and F are heat-maps of p-values obtained from Chi-square analyses of the 
corresponding frequency distribution diagrams. Blue is considered not significant with p>0.001. 
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Future studies regarding the expression of transcripts containing HERV-W elements 

should try to evaluate if there is any function of such sequences. Candidate sequences 

should be selected based on expression patterns and genomic context. A transcript with 

showing clear tissue preference and in close proximity to a gene is the most likely to 

exhibit observable effects on expression patterns related to the tissue or proximal genes.  

 

5.4 ETHICAL CONSIDERATIONS 
There were no ethical applications submitted pertaining to any of the projects included 

in this thesis. The ethical issues were considered to be unambiguous and not 

encompassed by any Swedish or international laws. Most materials used during this 

thesis were cell-lines, from anonymous donors and provided by commercial 

institutions. Similarly, the cDNA tissue panels from human tissues (Ambion, Austin, 

TX, USA) were obtained by Ambion after informed consent and distributed 

anonymously. The blood samples were obtained, after informed consent, anonymously 

from healthy blood donors. The human brain and spleen samples, of which the 

identities of the donors cannot be deduced, provided by the Stanley Brain Collection 

were also obtained with informed consent from next of kin (For more details see 

http://www.stanleyresearch.org/). The samples obtained from human donors were not subject 

to ethical trial since they are not encompassed by Swedish law according to: Lag 

(2003:460) om etikprövning av forskning som avser människor 4§ punkt 3. och 5. 

Naturally this does not preclude the need for a researcher to consider the ethical 

implications of samples. To the best of our knowledge, with the information available, 

the samples were obtained and handled in an ethically acceptable manner. 
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6 CONCLUDING REMARKS 
The scientific dogma concerning the non-coding sections of the transcriptome is in the 

midst of a paradigm shift. From being considered “junk”, clues are emerging that there 

is wide-spread regulatory functions for these non-coding regions. Few tools exist to 

detect such sequences with novel characteristics. Algorithms that select candidate 

sequences based on similarity to established functional non-coding RNAs, misses the 

atypical unknown non-coding RNAs. From the plethora of EST fragments with no 

known coding gene counterpart, selecting which to examine further for possible 

functions is a problem. Furthermore, the 50% of the genome that harbors repetitive 

regions are largely ignored. 

 

The methodological developments described in this thesis are one way to approach this 

problem. Transcripts containing HERV elements are probably part of longer RNA 

sequences with limited coding capacity (i.e. non-coding). Using the HERV elements as 

markers of such RNAs and examining the expression patterns of such sequences with 

Tm analysis can reveal promising candidates for further investigations. Finding a 

category of interest, such as one of the ones in testis tissue, would require sequencing of 

the full length transcript, cloning and expression studies to gain more information. 

 

It is probable, however, that with the development of faster and cheaper sequencing 

technologies, that Tm analysis becomes redundant, together with hybridization probes 

and many of the PCR based assays. This technology is under development, but it will 

take many years yet before it is sufficiently efficient, cheap and reliable to replace the 

existing techniques. However, brute sequencing of all expressed fragments, with 

appropriate bioinformatics to back it up, will yield more information than Tm analysis, 

expression arrays and specific probe assays ever can. This will not improve the 

detection of putative function; but the identification of which specific sequences are 

expressed would be improved. The detection of functional effects remains the primary 

problem though. Since the functions of non-coding RNAs are regulatory, expression 

arrays will be a valuable tool, which in themselves will have to be further developed to 

encompass the non-coding transcripts being discovered. The regulatory functions might 

also affect splicing variants and the rate of translation, which require other assays to 

study (such as sequencing, immunohistochemistry and western blotting systems). 
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It is possible, that even with the sensitivity of the tools being developed and the 

homogeneity of the cell-lines being used, the individual functions of non-coding RNAs 

will be drowned out in the noise of a culture of millions of cells. Considering the sheer 

size of the non-coding regions of the genome, redundancy and compensatory functions 

might also hamper efforts to define functions. The final hurdle is that the functional 

effects of non-coding regions of the genome are the likely source of the tiny differences 

between individuals, exerting their influence during a restricted period of development. 

The modulation of transcriptional regulation of coding genes by non-coding RNA 

might be an emergent phenomenon from the interaction of a large number of seemingly 

unimportant sequences. 

 

In any case, the battles for defining and understanding the functions of the non-coding 

regions of the genome will be have to be fought both methodologically and 

analytically.  

 

I wonder which will be understood first, the dark matter of the genome or the dark 

matter of the universe. 
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