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evolutionary history spanning at least 400 million years, and CRP can be found in the Atlantic 
horseshoe crab as well as in mammals (vertebrates and invertebrates) [113, 114]. The 
preservation throughout evolution emphasizes the importance of CRP. 
The functional form of CRP, like the other members of the pentraxin family, is a pentamer of 
homoprotomers. The protomers are arranged in a symmetrical configuration around a central 
pore and are oriented at a 15-20 degree angle to an axis running through the central pore. The 
protomers are noncovalently attached to each other and the main interaction is through three 
salt bridges. Each protomer has an effector and a ligand binding side [115, 116]. 

Figure 1      

CRP pentamer (left) and protomer (right).

1.4 CRP AND GENETICS 
1.4.1 Gene structure 

The CRP gene has been mapped to chromosome 1 between q1.21 and q1.23. Only one copy 
of the gene and one copy of the pseudogene have been found [117]. The gene spans 2263 
nucleotides and consists of two exons and one single intron. 104 bp downstream of the capping 
site there is a 54 bp sequence coding for a signal peptide, 18 amino acids long. The rest of 
exon 1 codes for two further amino acids and is then followed by the intron. The intron is 278 bp 
long and among its features is a poly A sequence and a GT run that can adopt the unusual Z-
form of DNA, to which certain proteins bind. The second exon codes for the remaining 204 
amino acids. It has a 1.2 kb long 3’UTR, which is thought to mediate the rapid breakdown of 
CRP mRNA [79]. Exon two also contains a polyA signal at 2154 bp downstream of the capping 
site [112] (Figure 1). Further downstream of the polyA signal there are putative regulatory 
elements, mainly of negative character[118]. 

Figure1 
CRP gene overview. 

5’ of the capping site at -29 bp a TATA-box and at -81 bp a CAAT-box have been found. 
Response elements for C/EBP /  (NFIL-6), HNF-1  and HNF-3 have also been found in this 
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region (Figure 2) [119]. No hormone response elements have been found or mapped. 

Figure 2 
Known functional sequences in the CRP promoter region. 

C/EBP /  (NFIL-6) is an IL-6 inducible transcription factor and its response elements have 
proven to initiate expression of IL-6 inducible proteins such as CRP [119]. The HNF-1 (Hepatic 
Nuclear Factor) transcription factor is liver specific and may explain the liver expression of CRP. 
Unlike HNF-1, HNF-3 is not liver specific and it can be found in other tissues such as the 
intestine and pancreas.  Also, cell studies in hepatoma cell lines have indicated that there is a 
functional NF B (p50/p65) binding site at position –2652 and a Rel p50 binding site centered at 
position –46 proximal to the transcriptional start site. Agrawal and co-workers propose this to be 
how IL-1  influence CRP expression [120-122]. In two recent studies were the 5’-promoter 
regions have been reinvestigated both in silico and through functional studies 4 binding sites for 
the upstream stimulating factor (USF1) have been added to those already found [123]. As 
reported at least two of these are independent of IL6 stimulation. USF1 have been linked to 
cellular stress responses [123]. 

1.4.2 Polymorphisms 

There are around 84 polymorphisms in the vicinity of the CRP gene as determined from 
repeated re-sequencings and databases (Seattle SNP, dbSNP, Celera). Use of a cut-off in the 
minor-allele-frequency (MAF) of >0.05, yields about 21 SNPs [124]. Initially, research focused 
on five SNPs [125-129], but with the development of LD-maps and increased use of 
haplotypes, tagSNPs are increasingly used [130]. As the MAF cut-off varies between different 
studies, the SNPs included also vary. Most studies concern cohorts of European descent. Due 
to the haploblocks identified 6-13 SNPs are used to represent the regions. The classical five are 
often included in these tagSNPs. A SNP located at -757 is often included but redundant due to 
complete linkage to the -286 SNP, also called -390 in some publications [124]. 
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Also, usually excluded a GT-repeat polymorphism in the intron has been investigated for 
association to CRP. It was found that healthy subjects with GT-repeats of lengths 16 and 21 
exhibited an association with lower unstimulated CRP levels [131].  
While the results from studies linking genotypes to disease conditions such as stroke or 
MI/ACS have been questionable, there seems to be a clear relationship between selected 
polymorphisms and CRP levels [124, 130, 132, 133]. Most notably the -286 SNP has emerged 
as a relatively strong predictor of CRP levels in blood in the majority of studies, also when 
considered in haplotypes. However, it should also be remembered that although the heritability 
in numerous studies have been estimated to be strong, a recent study determined the effect of 
genetic variation to account for ~1.4% of the CRP levels variations as opposed to 16% for BMI 
alone [130].

1.5 POPULATION AND DISEASE GENETICS 
1.5.1 Genetic variation 

A striking observation from the genome sequencing and comparative analysis of a large 
number of organisms, including human, is the considerable degree of similarity observed 
between organisms and between individuals from the same species. Within a species, this 
similarity is sufficiently large that we speak of a singular genome for each species, e.g. the 
human genome, but, on closer inspection, every individual genome is subtly different. The bulk 
of these differences constitute of the following main types; single nucleotide polymorphisms 
(SNP), microsatellites and sequence insertions, deletion and duplications. These differences 
are subject to forces, such as mutation, random genetic drift, natural selection and 
recombination, acting on them. The pattern of genetic variation in a gene, and more generally 
the genome, are shaped by a multitude of factors, such as population size, immigration and 
migration patterns, selective effects, births and deaths of individuals, and mutation rates [134, 
135]. Mutation, gene flow and large population sizes tend to increase the amount of genetic 
variation. Population bottlenecks, selective events and no migration tend to decrease the 
amount of genetic variation. 

1.5.2 Linkage disequilibrium 

Linkage disequilibrium also called allelic association is a measure of the extent to which two or 
several alleles occur together more frequently than what is predicted by their individual allele 
frequencies. An r2 =1 means perfect co-occurrence and an r2 = 0 means no co-occurrence at 
all.
Patterns of LD are created by a number of forces. LD arises when a variation on a chromosome 
is transmitted along with other markers of that chromosomal background. This means that 
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GT-repeat: 9-25 +1059: G>C +1444: C>T 
+1846: C>T 
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Figure 3 Polymorphisms in the CRP gene 
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demographic events such as isolation, migration, admixture and bottlenecks create LD, while 
recombination and gene conversion decrease LD. It is important to bear in mind that LD-tests 
are sensitive to small population sizes and rare allele frequencies, adjusting the LD upwards 
when population sizes are small or allele frequencies rare. For the same reason it is also 
sensitive to populations of unequal sizes. 
Variations on a chromosome that exist together are said to constitute a haplotype. New 
haplotypes can be created by mutation or recombination. The fact that these haplotypes are 
inherited together makes them very useful in association studies, reducing multiple testing and 
genotyping costs [136, 137]. 

1.5.3 Genetics of disease 

Pathologic conditions, or traits, are often a product of both environmental and genetic factors. A 
way of estimating the contribution of the genetic component is through twin, adoption or 
emigration studies. The contribution is given as a percentage of the total variance of the trait 
that is explained by inheritance and is called heritability. Heritabilities of 30-95% are considered 
as evidence of a strong genetic component. 
The simplest trait to study in genetics is that of monogenic diseases. Assuming that 
environment plays a relatively minor role it is relatively easy to pick-out the pattern of 
inheritance in family pedigrees and apply the mendelian laws. Many of these condition have 
been collected in the online mendelian inheritance of man (OMIM) database. Although 
monogenic conditions such as abetalipoproteinemia and familial hypercholesterolemia exist in 
autoimmunity, hypertension, CAD and atherosclerosis the trait in the majority of patients is 
caused by many genes acting in concert and is said to be polygenic. Adding to that 
environmental factors seem to be important for complex traits. In complex traits, also called 
multifactorial, the phenotype may be continues or start at a certain level. In the latter the 
multitude of forces acting on the condition must reach a certain threshold in order for the patient 
to display the phenotype. The strength of the correlation between trait and allele is often 
referred to as the disease penetrance and is defined as the probability that an affected 
individual has the disease causing allele. Other important factors that may disturb the 
relationship between genotype and phenotype are locus and allele heterogeneity. In locus 
heterogeneity several locus give rise to the same phenotype. When allelic heterogeneity occurs 
several alleles give rise to the same phenotype. For all conditions there is also an uncertainty in 
correctly detecting/measuring the trait since several conditions might be similar, also called 
phenocopies. Diagnosis criteria and methodology are here essential.   
Traits in relation to the genetic component can be studied in two fundamentally different ways, 
linkage and association. Linkage studies usually require large family pedigrees or some other 
information on the inheritance structure. Since large pedigrees are rare in complex traits this 
method is more suited for mendelian traits. To work around these difficulties non-parametric 
affected sibpair analysis may be used when suitable cohorts exist. Association studies build on 
the principle that alleles associated to a certain trait should be represented at a higher 
frequency in affected individuals than controls. It is common to construct association studies as 
case-control or Transmission Disequilibrium Tests (TDT).  
To map the chromosomal region/regions responsible for the susceptibility of disease the 
researcher can choose to use positional cloning or the candidate gene approach. The positional 
cloning approach is performed on whole genome scale and has the advantage of not being 
hypothesis driven. The candidate gene approach on the other hand is usually performed on a 
single or a few genes and needs some preinformation generating a hypothesis that is being 
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5 SUMMARY OF RESULTS 
5.1 GENETIC AND HORMONAL REGULATION OF 

CRP (PAPER I AND II) 

5.1.1 Genetic regulation

Using dHPLC and sequencing we found two novel common SNPs in the promoter region of the 
CRP gene at positions –286 and –717, in relation to the transcriptional start site. Two novel (–
286, -717) and two published (+1059, +1444) polymorphisms were investigated in at least one 
of two study cohorts.  
At position –286 (C>T>A) we found the allele frequencies of the two less common T and A 
variants to be 34% and 5%, respectively, in study group I (patients and controls taken together). 
No difference in allele frequency was noted between patients (T allele 33%; A allele 5%) and 
controls (T allele 34%; A allele 4%). The corresponding allele frequencies in study group II were 
43% and 7%. The polymorphism at position -717 was identified as an A > G substitution with an 
allele frequency of the less common G variant of 28% in patients and controls taken together 
(study group I). No difference in allele frequency was seen between patients and controls. The 
allele frequencies of the less common T and C, respectively for the previously described 
polymorphisms at positions +1059 and +1444 were 7% and 32% (study group I). No 
differences in allele frequencies were seen between patients and controls. The frequencies of 
previously known SNPs were similar to previously published results. The polymorphism at 
position -286 was associated with the CRP concentration in patients and controls analyzed 
together (Table 3, Figure 7A, p < 0.01). When data were analyzed in patients and controls 
separately, a statistically significant difference in CRP levels between genotypes was seen only 
in patients (Figure 7B, p < 0.02). The + 1444 C > T polymorphism showed a borderline 
significant difference in plasma CRP levels between the alleles (p = 0.08), but neither the –717 
A > G, nor the +1059 G > C polymorphisms were associated with the plasma CRP 
concentration. 

CRP levels stimulated by ST-elevation myocardial infarction did not differ according to 
genotypes of the -286 SNP. CRP levels 3 months after the acute event tended to be associated 
with the -286 SNP but this association failed to reach statistical significance (p < 0.11). 
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Figure 7. Genotype distribution in study group I 
A; Patients and controls together, B; Patients only, C; Controls only. 
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The common allele of the -286 SNP was associated with the common allele of the +1444 SNP 
and the two less common -286 alleles were associated with the rare +1444 allele; for all other 
combinations, the rare allele of one SNP was found on the common allele of the other. Three 
common haplotypes were noted as follows (SNPs are listed in the order -717, -286, +1059, 
+1444): A, T, G, T with frequency 30%; G, C, G, C, 27%; A, C, G, C, 27%. None of these 
haplotypes were associated with the plasma CRP concentration (data not shown). 

5.1.2 Hormonal regulation 

To investigate regulatory effects of sex hormones on CRP in men, we analyzed serum of 100 
consecutive prostate cancer patients for CRP and its main regulators IL-1  and IL-6. Blood was 
collected before and 6 month after intervention. One half of the patients received estrogen 
hormone therapy and the other half was subjected to orchidectomy.  
Univariate analysis showed that 
orchidectomy tended to decrease 
circulating CRP concentrations whereas 
estrogen treatment tended to increase 
CRP. There was no difference in 
circulating CRP concentrations before 
treatment, whereas treatment with 
estrogen resulted in higher circulating CRP 
levels than orchidectomy (Fig. 8). 
Multivariate analysis including treatment, 
CRP concentrations before treatment and 
IL-6 concentrations after treatment showed 
that the difference in CRP concentration after treatment was highly significant (Figure 8).
Furthermore, analyses showed that there were no differences between the orchidectomy and 
estrogen groups regarding serum IL-1  and IL-6 concentrations before and after treatment, 
respectively (Data not shown).

5.2 ATHEROSCLEROSIS AND CRP  
(PAPER III AND IV) 

5.2.1 Atherosclerosis progression:

We performed transcriptional profiling and determined 
lesion development at 10-week intervals in 
atherosclerosis-prone mice with human-like 
hypercholesterolemia and a genetic switch to turn off 
hepatic lipoprotein production (Ldlr–/–Apob100/100

Mttpflox/floxMx1-Cre mice[155]). In a subgroup of mice, 
the lipoprotein synthesis was turned off at 30 weeks to 
quantify the effects on transcriptional regulation and 
lesion status. Six of the identified genes where then 
tested in siRNA experiments in a macrophage cell line 
(THP-1).

Figure 8. CRP concentrations divided by treatment and time. 
95% are within the bars and 50% within the boxes.  
E=estrogen treatment, O=orchidectomy. 
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Figure 9 Atherosclerosis progression; 
at 20 (n=12), 30 (n=25), 40 (n=15), 50 (n=15), 
and 60 weeks (n=10). P<0.05, 20 vs. 30 weeks; 
P<0.0001, 30 vs. 40 weeks; P<0.02, 40 vs. 50
weeks. Values are surface lesion areas as a 
percentage of the entire aorta.  
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The common allele of the -286 SNP was associated with the common allele of the +1444 SNP 
and the two less common -286 alleles were associated with the rare +1444 allele; for all other 
combinations, the rare allele of one SNP was found on the common allele of the other. Three 
common haplotypes were noted as follows (SNPs are listed in the order -717, -286, +1059, 
+1444): A, T, G, T with frequency 30%; G, C, G, C, 27%; A, C, G, C, 27%. None of these 
haplotypes were associated with the plasma CRP concentration (data not shown). 

5.1.2 Hormonal regulation 

To investigate regulatory effects of sex hormones on CRP in men, we analyzed serum of 100 
consecutive prostate cancer patients for CRP and its main regulators IL-1  and IL-6. Blood was 
collected before and 6 month after intervention. One half of the patients received estrogen 
hormone therapy and the other half was subjected to orchidectomy.  
Univariate analysis showed that 
orchidectomy tended to decrease 
circulating CRP concentrations whereas 
estrogen treatment tended to increase 
CRP. There was no difference in 
circulating CRP concentrations before 
treatment, whereas treatment with 
estrogen resulted in higher circulating CRP 
levels than orchidectomy (Fig. 8). 
Multivariate analysis including treatment, 
CRP concentrations before treatment and 
IL-6 concentrations after treatment showed 
that the difference in CRP concentration after treatment was highly significant (Figure 8).
Furthermore, analyses showed that there were no differences between the orchidectomy and 
estrogen groups regarding serum IL-1  and IL-6 concentrations before and after treatment, 
respectively (Data not shown).

5.2 ATHEROSCLEROSIS AND CRP  
(PAPER III AND IV) 

5.2.1 Atherosclerosis progression:

We performed transcriptional profiling and determined 
lesion development at 10-week intervals in 
atherosclerosis-prone mice with human-like 
hypercholesterolemia and a genetic switch to turn off 
hepatic lipoprotein production (Ldlr–/–Apob100/100

Mttpflox/floxMx1-Cre mice[155]). In a subgroup of mice, 
the lipoprotein synthesis was turned off at 30 weeks to 
quantify the effects on transcriptional regulation and 
lesion status. Six of the identified genes where then 
tested in siRNA experiments in a macrophage cell line 
(THP-1).

Figure 8. CRP concentrations divided by treatment and time. 
95% are within the bars and 50% within the boxes.  
E=estrogen treatment, O=orchidectomy. 
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From 10–60 weeks of age, plasma cholesterol increased slightly; triglyceride and glucose levels 
were unchanged. Morphological analysis (Fig. 9) showed occasional spots of Sudan IV staining 
at 10 weeks (n=10), whereas all mice had lesions at 20 weeks. Lesion size increased ~1.6% 
from weeks 20-30 and 7.2% from weeks 30-40. At 20 weeks, only fatty streaks were present, 
but at 30 weeks, all mice had small plaques in the aortic arch that expanded substantially by 40 
weeks. Thereafter, plaque growth was restrained.  
1259 (6.3%) genes were differentially expressed (FDR <0.05) at one or more time 
comparisons. Cluster analysis of differentially expressed genes generated four distinct clusters. 
Cluster 1 genes were activated during rapid lesion expansion, remained activated throughout 
60 weeks, and had the highest percentage of genes previously related to atherosclerosis and 
atherosclerosis related cell types (Fig. 10). Of cluster 1 genes, 89% were related to 
inflammatory cells, including the macrophage-marker CD68, which increased fivefold (verified 
by IMH) and appeared to reflect 
macrophage recruitment and 
activation. Cluster 3 peaked at 30 
weeks and was suppressed at 40 
weeks (Fig. 10), coinciding with rapid 
lesion expansion. Re-occurring themes 
in the functional annotations were 
related to amino acid and lipid 
metabolism. Exclusive for cluster 3 
was angiogenesis related GO 
categories. In cluster 3 transcription 
factors (TFs) established in lipid and 
energy metabolism, such as the 
peroxisome proliferator activator 
receptors PPAR , PPAR , and PPAR
and sterol regulatory element-binding 
protein (SREBF)-2 were activated. 
Cluster 2 peaked at week 30 and 
cluster 4 at week 40, but were 
suppressed at late stages of 
progression (Fig. 10). The functional 
annotations of clusters 2 and 4 were 
harder to interpret. Cluster 2 was 
distinguished by activities such as 
sorting and degradation and protein 
folding, while cluster 4 contained no 
exclusive or over represented themes, as compared to the other clusters. Apoptosis and cell 
death genes could be found in all clusters but was most pronounced in cluster 2 and 3 as 
determined by GO. Apart from foam cells, which increased from 20-30 weeks, other major 
lesion cell types were relatively stable as judge by cell type specific markers. 

To estimate gene activity per foam cell, we normalized mRNA levels of foam cell-related genes 
to those of macrophage markers and identified differentially expressed genes (FDR <0.05). 
Cluster analysis generated three clusters. Genes in foam-cell cluster 1 were active in early 
stages (10-20 weeks) and suppressed at late phases (30-60 weeks). These genes were 
involved in processes such as growth, maintenance, homeostasis and biosynthesis. Genes in 

Figure 10 Heatmap of clustered mRNA levels (red=high ; blue=low) 
Genes differentially expressed in at least one pair-wise time-point 
comparison (FDR<0.05). Each column represents mRNA levels in 
one mouse (n=5 to 7 per time point); each row represents an MGD 
gene. Pie charts show percentages of genes related to 
atherosclerosis.
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foam-cell cluster 2 were expressed at low levels in the early phases but were activated in the 
late phases and included genes involved in immune defense, inflammatory responses, and 
chemotaxis. Foam-cell cluster 3 was harder to interpret but genes found exclusively in this 
cluster were related to angiogenesis and blood vessel development. Expression levels were 
high in the early phases (as in cluster 1) and remained active until week 30.  

Cholesterol lowering 
To genetically lower plasma LDL cholesterol, we induced recombination of Mttp (Ldlr–/–

Apob100/100Mttp / ) in 30-week-old mice. Plasma cholesterol levels were reduced >80% (from 
427 to 54 ± 31 mg/L, n=6) and remained at this level for 10 weeks until sacrifice. At sacrifice, 
the lesion size had not increased and was significantly less than in controls with high 
cholesterol. To also identify transcriptional changes induced by cholesterol lowering, we 
recombined hepatic Mttp in 28-week-old mice and sacrificed them 1 week after cholesterol 
levels had been lowered (at 30 weeks). First, we established that lesion size and the relative 
numbers of the four major cell types (Macrophages, SMC, EC and T-cells) did not differ in mice 
with lowered cholesterol and high-cholesterol controls. These observations were supported by 
Oil-Red-O and CD68 protein staining.  

Since the rapid plaque expansion was preceded by macrophage accumulation in the arterial 
wall at 30 weeks, lesion cluster 3 (intracellular lipid metabolism) was transiently activated at 30 
weeks and TFs with established roles in inflammation and lipid homeostasis in foam cells were 
deactivated at 40 weeks (PPARs and SREBF-2), we speculated that cholesterol responsive 
genes could be important for foam cell formation. To confirm the importance of the cholesterol-
responsive genes in their contribution to foam cell formation, 10 of the 37 cholesterol-
responsive genes expressed in THP-1 macrophages were targeted using silencing interfering 
RNA (siRNA).  The transfections were followed by incubation with acetylated LDL. Six of ten 
siRNA targeted genes affected the formation of foam cells (table 2). 

P-value indicate CE content in the foam-cells for targeted genes (n=6) compared with lipofectamine transfected parallel controls (n=6) 
CE indicates cholesterol ester; ORO, Oil-Red-O; nd, no difference; ns, not significant.

Degree of %CE content Visualization of
Gene symbol Gene name relative control p-valuea

ORO staining

1.  AGL amylo-1,6-glucosidase, 4-alpha-glucanotransferase 63% -37% p<0.001 decrease

2.  AGPAT3 1-acyl-sn-glycerol 3-phosphate acyltransferases 69% -14% ns decrease

3.  CD36 CD36 antigen 66% -17% p<0.001 degrease

4.  GPR81 G protein-coupled receptor 81 30% -14% ns decrease

5.  GPR120 G protein-coupled receptor 120 67% +17% p=0.04 increase

6.  GYPC gypc, glycophorin C 52% nd - -

7.  HMGB3 high mobility group box 3 65% -18% ns decrease

8.  PRKAR2B protein kinase, cAMP dependent regulatory, beta II 49% -55% p=0.001 decrease

9.  PVRL2 poliovirus receptor-related 2 65% -30% p=0.002 decrease

10. SOX6 SRY-box containing gene 6 72% -27% p<0.001 decrease
a

knock-down

Table 2 - siRNA targeted cholesterol-responsive genes
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5.2.2 CRP and atherosclerosis progression

We performed transcriptional profiling and determined lesion development at 15, 30, 40 and 50 
weeks in a mouse model of familial hyper cholesterolemia (Paper III) transgenic with a 31kb Cla 
fragment of the human C-reactive protein gene (CRP+/0Ldlr–/–Apob100/100). Lesions were studied 
en face and by staining aortic root sections. Transcriptional phenotypes were determined using 
arrays at 40 weeks an verified with RT-PCR at 30 and 40 weeks. 
With the exception of plasma levels of hCRP, the basic characteristics of the CRP+/0Ldlr–/–

Apob100/100 mice did not differ from those of littermate controls at any time point. Weight 
increased in both groups between weeks 15 and 30. Plasma cholesterol, triglycerides and 
glucose levels were stable in both groups except for a statistically nonsignificant peak at 40  
weeks. SAA serum levels increased until week 40 and thereafter remained stable at 50 weeks. 
As expected, hCRP was only detected in CRP+/0Ldlr–/–Apob100/100 mice. The mean plasma 
hCRP level was 28.1 mg/l at 15 weeks and peaked at 50.5 mg/l at 30 weeks (P<0.01). The 
differences in hCRP levels between 15 and 50 weeks (P<0.01) and 30 and 40 weeks (P<0.02)
were significant. Only occasional atherosclerotic lesions were observed in 15-week-old mice. At 
30 weeks, both fatty lesions and focal plaques were present in the aortic arch of both 
CRP+/0Ldlr–/–Apob100/100 mice and littermate controls. Scattered fatty lesions were also found in 
the abdominal region. At 40 weeks, however, the lesions were more extensive in the control (P
= 0.027, Fig. 11). Although the extent of plaques had increased in both groups at 50 weeks, the 
lesion surface area was still smaller in CRP+/0Ldlr–/–Apob100/100 mice than in littermate controls 
(P=0.041, Fig. 11).  

As expected, lesion histology showed that hCRP was detected only in lesions from CRP+/0Ldlr–

/–Apob100/100 mice. At 15 weeks, hCRP could not be detected whereas it was clearly visible at 30 
weeks, increased markedly at 40 weeks, and then remained stable at 50 weeks. Complement 
factor 3 (C3) followed a similar pattern in both groups except that the staining appeared more 
focal in the controls than in the CRP+/0Ldlr–/–Apob100/100 mice. In both groups, CD68 staining was 
occasionally detected in 15-week lesions and then increased with lesion size over time; the 
extent of staining did not differ between groups. The same pattern was observed for Oil Red O 
and collagen staining, except that the area of collagen staining was ~10% larger in CRP+/0Ldlr–/–

Apob100/100 mice at 50 weeks (n = 5 and 5, P<0.05). 

*†

Figure 11 Lesion surface area is reported as the area of Sudan IV staining, expressed as percentage of the entire surface area of 
the aorta from the iliac bifurcation to the aortic root. n = 17 CRP+/0Ldlr–/–Apob100/100 mice (black bars) and 19 controls (white bars) 
at 30 weeks; n = 13 and 10 at 40 weeks; n = 11 and 15 at 50 weeks. Values are mean ± SEM. †P=0.027 at 40 weeks and 
*P=0.041 at 50 weeks versus control mice. 
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To identify differences in lesion mRNA levels that could explain the slower plaque development 
in hCRP+/0Apob100/100Ldlr–/– mice than in nontransgenic controls, we performed microarray 
studies in four mice from each group using Affymetrix Mouse Genome 430 2.0 Gene Chips. 
742 differentially expressed atherosclerosis genes were identified (FDR<0.25). Among the most 
interesting findings GO analysis of these genes revealed significant activity in the biological 
processes of Protein catabolism (P= 2.00E-05), Cellular macromolecule catabolism (P= 5.00E-
06), and Biopolymer catabolism (P= 1.00E-05); in the molecular functions Proteasome 
endopeptidase activity (P= 4.00E-16); and in the cellular compartment Proteasome core 
complex (P= 8.00E-16) and Nuclear ubiquitination complex, P= 2.00E-02). These findings,  
together with the KEGG pathway analysis (Proteasome, P= 4.00E-12), indicated an altered 
activity in the proteasome degradation pathway.  
GSEA analysis (Fig. 13) — a statistical approach that considers the entire Gene Chip dataset 
(unlike the GO analyses performed) — confirmed that the mRNA levels of genes in the 
proteasome degradation pathway were consistently higher in hCRP+/0Ldlr–/–Apob100/100 mice 
than in littermate controls. Gene expression changes identified by Gene Chip analysis were 
validated using real-time PCR to examine mRNA isolated from atherosclerotic lesions in 13 
hCRP+/0Ldlr–/–Apob100/100 and 15 littermate control mice. Specifically, we examined six genes 
central to proteasome degradation: the 20s proteasome subunits PSMA7, PSMB7, and PSMB9 
(immunoproteasome subunit), the 19s proteasome cap unit PSMC6, the 11s proteasome cap 
unit PSME2, and E2 ubiquitin ligase (UBE2D3). Between 30 and 40 weeks, the mRNA levels of 
these genes were stable in CRP+/0Ldlr–/–Apob100/100 mice whereas they were significantly 
decreased in littermate control mice. The levels were similar at 30 weeks in both groups 
(P>0.22 for all genes). At 40 weeks, however, the levels were 1.3- to 2-fold higher in lesions 
from hCRP+/0Ldlr–/–Apob100/100 than in littermate controls, reaching borderline significance (Fig. 
12).
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Figure 12 Global gene expression analysis and real-time PCR of atherosclerotic lesions.  
Heatmap showing mRNA levels (blue, low; red, high) of genes (rows) in the proteasome degradation pathway, which was 
highly active in the CRP+/0Ldlr–/–Apob100/100 mice compared to the controls (FDR<0.09), as shown by GSEA analysis of the 
same GeneChips. Gene names marked in green were chosen for real-time PCR analysis. Also, mRNA levels of six genes 
central to proteasome degradation (PSMA7, PSMB7, PSMB9, PSMC6, PSME2, and UBE2D3) determined by real-time PCR 
of total RNA from aortic arch lesions in CRP+/0Ldlr–/–Apob100/100 mice (black bars) and CRP–/–Ldlr–/–Apob100/100 controls (white 
bars) at 30 weeks (n=5 and n=7, respectively) and 40 weeks (n=8/group). Values are mean ± SEM. *P<0.02, †P<0.006, 
‡P<0.02, §P<0.05, P<0.006, #P<0.004 versus 30week controls.  

* †

‡ §

#
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6 DISCUSSION AND CONCLUSIONS

6.1 TO REGULATE OR NOT REGULATE 

Despite the fact that the first 3000 bp of the 5’ CRP promoter has been mapped and IL-6, USF-
1, HNF and NFkB response elements found, little is known about regulatory elements upstream 
of the 5’ first 3000 bp, in the intron and in the 3’ region of the gene. Studies have suggested 
repressive regulatory elements 3’ of the gene. Our results in paper I suggest that the –286 
position of the CRP promoter has a regulatory effect on unstimulated circulating CRP levels. 
Another explanation could be linkage to a regulatory SNP elsewhere. However, a recent 
studies have suggested USF-1 binding elements to overlap with the -286 SNP both by in silico 
methods and functional in vitro studies [133]. Furthermore, none of the other SNPs investigated 
in our study were as highly associated with CRP and none of the three most common 
haplotypes were associated with CRP. The lack of associations regarding haplotypes could 
have other explanations. One could be that two or several SNPs are functional but are 
associated inversely to each other, pulling in different directions. Although regulatory elements 
could be found several kilobases 5’ or 3’ from a gene, variances found in the proximal promoter 
are more interesting since the likelihood of interference with the core regulatory machinery is 
higher. Since the publication of paper I, other prospective studies have shown the -286 tri-allelic 
SNP to be associated to CRP levels [124, 130, 132, 133]. Despite this re-occurring association 
the contribution from genetic variation to variation of CRP levels have suggested to only be 
1.4% when adjusted for other factors, such as BMI [130]. Although highly interesting for 
diagnostic purposes none of the undertaken studies have been powered to test the predictive 
value of CRP SNPs to atherothrombotic events such as MI. With this in mind it should be 
mentioned that almost all studies have failed to detect any association to atherothrombotic 
events.  
Steroid hormones have profound effects in humans by regulating important events such as 
growth, differentiation and fitness of cells. There is also strong evidence that, cortisol, estrogen 
and testosterone are important modulators of the immune system [169]. Estrogen has also 
been shown to modulate CVD, directly by interacting with the vascular wall and affecting NO 
production [93], and indirectly by redistribution of adipose tissue. It does not seem unlikely that 
estrogen either directly or through pathways such as NFkB, C/EBP or STAT3 would modulate 
CRP expression. Talking against direct interaction between CRP and estrogen is that studies 
have shown that the association between estrogen and CRP is dependent on route of 
administration [90]. There is a possibility that the different routes of administration have different 
pharmacokinetics. This could very well be the case since it has been shown that there is a 
dose-dependent effect on circulating CRP levels [170]. 
Although our results are suggestive there is always a risk of confounding factors. The limitations 
of our studies are several. First, medical treatment such as statins have been shown to affect 
circulating CRP levels. Second, there is a wide range of environmental factors such as 
smoking, fitness and alcohol use that have been shown to alter CRP levels. We have tried to 
circumvent these problems in paper I by using matched controls and verify our results in two 
cohorts and in paper II by using a randomized design and also checking for known 
inflammatory regulators of CRP expression. However, there are probably always factors that 
cannot be corrected for or that are unknown [171]. In our studies examples could be failure to 
survey the true number of smokers in paper I or that the prostate cancer has interacted in paper 
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6 DISCUSSION AND CONCLUSIONS

6.1 TO REGULATE OR NOT REGULATE 
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of our studies are several. First, medical treatment such as statins have been shown to affect 
circulating CRP levels. Second, there is a wide range of environmental factors such as 
smoking, fitness and alcohol use that have been shown to alter CRP levels. We have tried to 
circumvent these problems in paper I by using matched controls and verify our results in two 
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