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Ágrip 

Arfgeng heilablæðing er séríslenskur erfðasjúkdómur sem stafar af stökkbreytingu í geni cystatin C, 

CST3. Stökkbreytingin veldur aminósýruskiptum í seti 68 í próteininu, L68Q, sem gerir það að verkum 

að stökkbreytta próteinið fellur út sem mýlildi í ýmsum vefum, sér í lagi í heilaæðum sjúklinga, sem 

látast úr heilablæðingum. Til viðbótar við uppsöfnun á mýlildi í heilaæðum sjúklinga greinist einnig 

töluverð uppsöfnun á utanfrumuefnis-próteinum (e. extracellular matrix proteins). Það er áhugavert í 

ljósi þess að utanfrumuefnis-prótein eru þekkt fyrir að “veiða” mýlildisprótein og því gæti uppsöfnun á 

utanfrumuefnum skipt máli í uppsöfnun mýlildis í arfgengri heilablæðingu. Áður óbirtar niðurstöður 

fengnar með microarray tækni benda til þess að munur sé í genatjáningu í húð fíbróblöstum L68Q-

CST3 arfbera samanborið við viðmið. Sem dæmi má nefna að slíkar frumur arfbera sýna aukna 

tjáningu ákveðinna utanfrumuefnis-gena. 

Rannsóknir á ættum með stökkbreytt CST3 gen aftur í tímann benda til umhverfisáhrifa á lifun 

arfbera, þ.e.a.s. sýnd stökkbreytingarinnar. Fyrir 19. öldina var lífaldur arfbera „eðlilegur“, en á á 19. 

öldinni fór lífaldur arfbera að styttast með hverri kynslóð úr ca. 65 árum í byrjun aldarinnar í ca. 30 ár 

um aldamótin 1900. Sá meðal-lífaldur hefur haldist síðan. Ein hugsanleg skýring er stigvaxandi 

samhliða breyting í einhverjum umhverfisþætti sem byrjaði um árið 1825 og náði mettun um aldamótin 

1900. Dæmi um þátt sem breyttist á þessum tíma er fæða Íslendinga og því gætu fæðutengdir þættir 

verið hluti umhverfisáhrifanna. Fæði Íslendinga fyrir aldamótin 1800 hefði mátt flokka sem ketógenískt 

fæði. Ketógenísk fæða leiðir til framleiðslu annarskonar orkugjafa, s.k. ketóna t.d. ß-hydroxybutyrate, 

sem hefur nýlega verið sýnt fram á að er histón deasetýlasa (HDAC) hindri. Sú vitneskja vakti 

spurningar um hugsanlegan þátt utangenaerfða í stjórnun þess genatjáningarmynsturs sem greinst 

hefur í húð-fíbróblöstum L68Q-CST3 arfbera, sér í lagi histón asetýleringu.  

Í þessari rannsókn voru átta mismunandi HDACi notaðir til að meta hvort hægt væri að “leiðrétta” 

tjáningu valdra gena í húð fíbróblöstum arfbera sem voru með annað tjáningarmynstur, samanborið 

við viðmið, samkvæmt fyrri rannsóknum. Sérstök áhersla var lögð á gen sem voru mikið upp- eða 

niðurtjáð og/eða þar sem enginn skörun var á tjáningarmynstri húð-fíbróblasta arfbera og viðmiða. Til 

dæmis um þetta eru genin ACAN og HOXD10. ACAN skráir fyrir próteóglýkan próteininu aggrecan og 

var það gen sem var mest upptjáð í húðfíbróblöstum arfbera, og HOXD10 skráir fyrir samnefndum 

umritunarþætti og var það gen sem var mest niðurtjáð í húðfíbróblöstum arfbera. Samkvæmt birtum 

rannsóknum hafa microRNA sameindirnar miR-145 og miR-10b áhrif á tjáningu þessara gena, þ.e. 

miR-145 á ACAN og miR-10b á HOXD10, og því var tjáning þeirra skoðuð. 

Niðurstöður þessara verkefnis benda til að hægt sé að stjórna tjáningu sumra þeirra gena sem 

skoðuð voru í þessu verkefni með HDACi, t.d. ACAN og HOXD10. Þar af leiðandi benda 

niðurstöðurnar til þess að unnt sé að skýra breytt tjáningarmynstur þeirra í húð-fíbróblöstum arfbera 

með mun í histón asetýleringu í stýrlum þeirra. Asetýlering á stjórnsvæðum þessara gena var 

hinsvegar ekki skoðuð beint í þessu verkefni. Umsvif histón asetýleringar í stjórnun genatjániningar 

almennt er alltaf að koma betur í ljós. Munur í sértækni þeirra hindra sem notaðir voru í þessari 

rannsókn, þ.e.a.s. hvaða HDAC ensím þeir hindra og hindra ekki, gerði okkur kleyft að þrengja að því 

HDAC ensím sem átti hlut að máli. Sérstakur HDAC1 hindri sýndi fram á sömu virkni og breiðvirku 
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hindrarnir, sem bendir til að hann spili hlutverk í stjórnun á asetýleringu þeirra gena sem urðu fyrir 

áhrifum eftir hindrun. Af þeim genum sem urðu fyrir áhrifum hindrunar var marktækur munur í 

viðbrögðum meðhöndlunar milli arfbera og viðmiða í eftirfarandi átta genum, ACAN, ACTA2, HDAC6, 

HOXD10, RARB, LAMB1, KRT7 og SORBS2. Munur í þessu samhengi merkir að meðhöndlun hafði 

t.d. áhrif til lækkunar genatjáningar í arfberum, en hækkunar í viðmiðum, og öfugt.  

Mælingar á tjáningu miR-145 og miR-10b sameinda í húðfíbróblöstum arfbera og viðmiða sýndi 

engan mun í tjáningu, sem gefur til kynna að ekki sé hægt að útskýra þann mun sem sást í tjáningu 

ACAN og HOXD10 milli arfbera og viðmiða með mun í tjáningu á þessum tveimur miR sameindum. 

Niðurstaðan bendir því til að histón asetýlering sé mikilvægt stjórntæki í tjáningu beggja gena, en því 

hefur ekki verið lýst áður. Tjáning beggja microRNA sameinda var einnig skoðuð í frumum 

meðhöndluðum með breiðvirkum-hindra (TSA) og síðan sérvirkum HDAC1 hindra. Tjáning miR-10b 

varð fyrir mismunandi áhrifum í arfberum og viðmiðum eftir meðhöndlun með báðum hindrum, 

mismunurinn var hinsvegar einungis marktækur eftir TSA meðhöndlun. Þetta gæti bent til þessa að 

munur sé í stjórn miR-10b í arfberum og viðmiðum.  

Sýnt hefur verið að prótein afurð ACAN gensins, aggrecan, safnast fyrir í heilaæðum sjúklinga með 

arfgenga heilablæðingu, því hefur það hlutverk í meinferli sjúkdómsins ásamt kollageni og laminin. 

Hlutverk annarra gena sem athuguð voru, t.d. HOXD10, í meinferli er ekki vitað. Niðurstöður 

verkefnisins í heild benda til þess að munur sé í histón asetýleringu í frumum arfbera í tengslum við 

sum gen. Ástæða þess er enn óþekkt, en tilgáta um tengsl mataræðis við gentajtáningu í arfgengri 

heilablæðingu hefur ekki verið hafnað.  
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Abstract 

Hereditary Cystatin C amyloid Angiopathy (HCCAA) is a rare Icelandic genetic disease caused by a 

mutation in the cystatin C gene CST3, L68Q-CST3. The mutation results in accumulation of the 

mutant protein product as amyloid in various tissues, predominantly in cerebral arteries of patients 

causing their death from intracerebral hemorrhages. In addition to amyloid accumulation in cerebral 

arteries there is also a significant deposition of extracellular matrix (ECM) proteins. This is of interest 

for the pathology of the disease as ECM proteins have been implicated in “trapping” amyloid forming 

proteins and thus facilitating local amyloid formation. Previous unpublished data from microarray study 

revealed that there were differences in the gene expression of dermal fibroblasts from carriers of the 

L68Q-CST3 mutation compared to that of controls. For example, the carrier cells had elevated 

expression of select ECM protein genes.  

A detailed study on the genealogies of HCCAA families has shown that in the beginning of the 19th 

century the life expectancy of HCCAA patients was around 65 years; however, at the beginning of the 

20th century the average life expectancy of carriers had dropped drastically to about 30 years and this 

average has been consistent since then. One plausible explanation for this reduction is a gradual 

change in some environmental factors that began around 1825 and reached saturation around 1900. 

One of the large environmental changes in Iceland during the 19th century was in the diet of 

Icelanders, before the 19th century the Icelandic diet could be roughly classified as a ketogenic diet. A 

ketogenic diet is defined as a diet that induces the production of ketone bodies as alternative energy 

sources. One such ketone body is ß-hyroxybutyrate, which has recently been shown to be a histone 

deacetylases inhibitor (HDACi). This raised the question whether epigenetic gene control, specifically 

histon acetylation, could be a factor in HCCAA pathogenesis.  

In this study eight HDACi of various specificity were used to evaluate if it was possible to “correct” 

the expression of a selected group of genes that were differently expressed in L68Q-CST3 dermal 

fibroblasts (compared to controls) in previous experiments, with special emphasis on genes that were 

highly up- or down regulated and/or where there was no overlap in expression pattern between carrier 

and control cells. Examples of this are ACAN and HOXD10. ACAN encodes for the proteoglycan 

aggrecan and it was the most up-regulated gene in untreated carrier fibroblasts. HOXD10 encodes for 

a transcriptional factor and it was the most downregulated gene in untreated carrier fibroblasts. 

Furthermore, two specific micro-RNAs, miR-145 and miR-10b, have been shown to influence 

expression levels of ACAN and HOXD10, respectively. We evaluated if the difference in the 

expression pattern of these genes could be a result of modified expression of miR-145 and miR-10b in 

the carrier fibroblasts. 

The results of this project revealed that the expression of several of the genes analyzed could be 

modulated with HDACi e.g. ACAN and HOXD10, and suggested that the reason for the difference in 

the expression pattern of certain genes between carrier and control fibroblasts might be explained by 

differences in histone acetylation. Whether this was due to acetylation in the promoters of the genes 

themselves was not addressed in the study. The first point mentioned, adds to the growing body of 

evidence regarding the epigenetic control of genes by histone acetylation. The variable inhibitory 
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range of the HDACi used allowed us to narrow down the possible HDAC enzymes involved. A specific 

HDAC1 inhibitor gave the same result as the pan inhibitors used in the study, suggesting that it was 

involved in regulation of histone acetylation in the genes affected by inhibition. Of the genes affected 

by inhibition, the treatment had a statistically significant different effect, between controls and carriers, 

on the expression of eight genes, ACAN, ACTA2, HDAC6, HOXD10, RARB, LAMB1, KRT7 and 

SORBS2.  

Measurements of the levels of miR-145 and miR-10b in untreated samples from controls and 

carriers revealed no significant difference in their levels, suggesting that the difference in the levels of 

ACAN and HOXD10 gene expression between carriers and controls could not be explained by 

alterations in miR-145 or miR-10b. The levels of miR-145 and miR-10b were also examined in cells 

treated with the pan-inhibitor (TSA) and the specific HDAC1 inhibitor. MiR-10b expression was 

differently affected in controls and carriers after treatment with both inhibitors; the difference was 

however only statistically significant with in TSA treated cells. This could suggest a difference in the 

control of miR-10b expression in controls and carriers.  

The protein product of ACAN, aggrecan, is involved in the pathology of the disease as it has been 

shown to accumulate in cerebral arteries of L68Q-CST3 carriers, along with laminin and COLIV. The 

role of other genes in the pathology, e.g. HOXD10, is unknown. Overall our results suggest that there 

is a difference in histone acetylation status of some genes in carrier cells. The reason is still unknown, 

but our hypothesis regarding dietary involvement in modified gene expression in HCCAA has not been 

rejected.  
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Þakkir 

Ekki nóg með að hafa fengið spennandi og skemmtilegt verkefni þá eru ákveðin forréttindi að fá að 

vinna með fólki eins og Birki Þór Bragasyni og Ástríði Pálsdóttur. Þau er einstaklega hæf í sínu starfi 

og kenndu mér mjög margt á þessum tveimur árum. Birkir Þór á skilið sérstakar þakkir, hann var alltaf 

til staðar og tilbúinn að hjálpa. Einnig vil ég þakka Þórarni Guðjónssyni fyrir hans innlegg og fyrir 

yfirferð á þessari ritgerð.  

 

Verkefnið var framkvæmt á Tilraunastöð Háskóla Íslands í meinafræðum að Keldum þar sem ég 

kynnist mikið af góðu fólki sem ég hlakka til að kynnast enn betur á komandi árum. Einnig vil ég þakka 

eiginmanni mínum og fjölskyldu sem lögðu sig öll fram við að skilja um hvað verkefnið mitt snérist, þó 

svo að þau viti það ekki enn þá er það hugurinn sem gildir. 

 

Síðast en ekki síst þá vil ég þakka Heilavernd fyrir að styrkja þetta verkefni. Án þess styrks hefði 

verkefnið ekki verið mögulegt.  
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1 Introduction  

1.1 Amyloid diseases 
Amyloid diseases, or amyloidosis, are characterized by aggregation of insoluble extracellular proteins 

that deposit in various organs - amyloid (Merlini & Bellotti, 2003). A number of proteins can form 

amyloid, and to this date 31 different proteins are known to cause amyloidosis in humans (table 1). 

Amyloidosis can be systemic and/or localized and either acquired and/or hereditary (Sipe et al., 2014). 

Table 1 - Amyloid fibril proteins and their precursors in humans 

This table shows the 31 different proteins known to cause amyloidosis in humans. The table lists the fibril protein 

involved and their precursor protein, what the target organs are and if the disease is systemic and/or localized or 

if it is acquired and/or hereditary (Sipe et al., 2014). 

 
Fibril protein 

 
Precursor protein 

Systemic and/or 
localized 

Acquired 
and/or 

hereditary 

 
Target organs 

AL Immunoglobulin Light Chain S, L A, H All organs except CNS 

AH Immunoglobulin Heavy Chain S, L A All organs except CNS 
AA (Apo) Serum Amyloid A S A All organs except CNS 
ATTR Transthyretin, wild type 

 
Transthyretin, variants 

S 
 
S 

A 
 
H 

Heart mainly in males, Ligaments, 
Tenosynovium 
PNS, ANS, heart, eye, leptomen. 

Aβ2M β2- Microglobulin, wild type 
β2-Microglobulin, variant 

L 
S 

A 
H 

Musculoskeletal System 
ANS 

AApoAI Apolipoprotein A I, variants S H Heart, liver, kidney, PNS, testis, larynx (C 
terminal variants), skin (C terminal variants) 

AApoAII Apolipoprotein A II, variants S H Kidney 
AApoAIV Apolipoprotein A II, wild type S A Kidney medulla and systemic 
AGel Gelsolin, variants S H PNS, cornea 
ALys Lysozyme, variants S H Kidney 
ALECT2 Leukocyte Chemotactic Factor-2 S A Kidney, primarily 
AFib Fibrinogen α, variants S H Kidney, primarily 
ACys Cystatin C, variants S H CNS, skin 
ABri ABriPP, variants S H CNS 
ADan* ADanPP, variants L H CNS 
Aβ Aβ protein precursor, wild type 

Aβ protein precursor, variant 
L 
L 

A 
H 

CNS 
CNS 

APrP Prion protein, wild type 
Prion protein, variants 

L 
L 

A 
H 

CNS 
CNS 

ACal (Pro)calcitonin L A C-cell thyroid tumors 
AIAPP Islet Amyloid Polypeptide † L A Islets of Langerhans, Insulinomas 
AANF Atrial Natriuretic Factor L A Cardiac atria 
APro Prolactin L A Pituitary prolactinomas, aging pituitary 
AIns Insulin L A Iatrogenic, local injection 
ASPC‡ Lung Surfactant Protein L A Lung  
AGal7 Galectin 7 L A Skin 
ACor Corneodesmosin L A Cornified epithelia, Hair follicles 
AMed Lactadherin L A Senile aortic, Media 
AKer Kerato-epithelin L A Cornea, hereditary 
ALac Lactoferrin L A Cornea 
AOAAP Odontogenic Ameloblast-

Associated Protein 
L A Odontogenic tumors 

Asem1 Semenogelin 1 L A Vesicular seminalis  
AEnf Enfurvitide L A Iatrogenic 
a Proteins are listed, when possible, according to relationship. Thus, apolipoproteins are grouped togeather, as are polypeptide hormones. 
* Adan is the product of the same gene as Abri 
† Also called amylin ‡ Not proven by amino acid sequence analysis 
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Alzheimer´s disease (AD) is an example of a well-known disease caused by amyloid formation. In 

familial AD, ß-amyloid (Aß), a product from abnormal cleavage of the amyloid precursor protein (APP), 

becomes insoluble and deposits in the brain, causing cell damage. Patients suffer from memory loss 

and cognitive decline (Zhang et al., 2013). Huntington´s disease (HD) is another example, caused by 

an autosomal dominant mutation in the Huntingtin gene (HTT), resulting in expansion of repeated 

cytosine-adenine-guanine base triplets in the gene. The protein product becomes insoluble, provoking 

multiple intracellular mechanisms leading to cell damage (Dayalu & Albin, 2015). Both AD and HD are 

neurodegenerative disorders; HD is a familial disease while AD can be either sporadic or familial. 

Another neurodegenerative disorder is Parkinson´s disease (PD). PD is usually sporadic, but about 

10% of diagnosed patients have a family history of the disease (Thomas & Beal, 2007). By comparing 

the genome of patients with the familial form of PD, six different genes associated with the disorder 

have been identified (Klein & Westenberger, 2012). Patients lose fine motor skills, due to loss of 

dopamine producing cells that are responsible for communication between brain areas. The reasons 

for the loss of these cells are unknown; however, it is though common to see Lewy bodies in brain 

cells of patients caused by deposition of the protein alpha-synuclein. It is believed that both genetic 

and environmental factors are involved (Thomas & Beal, 2007). 

Sporadic amyloidosis are random and age related and can often be associated with inadequate 

protein clearance. Familial amyloidosis, however, are inherited and stem from a gene mutation leading 

to misfolding of the protein product of the mutant gene (Revesz et al., 2002). Infection of a pathogen 

can also lead to amyloidosis as is the case in the prion diseases, which are caused by a transmissible 

proteinaceous infectious particle (prion) that influences the abnormal folding of the endogenous prion 

protein of the host to a pathological form leading to brain damage and eventually death (Westermark & 

Westermark, 2009). Recently some evidence came to light suggesting that prion behavior might be 

more widespread that initially believed. Accumulation of aggregates in diseases such as AD and PD 

have been shown to be set of by seeds of the pathogenic proteins, Aß and α-synuclein (Jucker & 

Walker, 2013). 

Although the majority of known pathogenic proteins in amyloidosis affect the central nervous 

system (CNS), amyloid formation, in general, can occur in various organs causing numerous diseases 

e.g. pulmonary amyloidosis and cardiac amyloidosis (Thenappan et al., 2014; Vieira et al., 2009). In 

localized amyloidosis the amyloid is formed and deposits near the site of the protein synthesis. In 

systemic amyloidosis the precursor of the amyloid can be expressed in one or multiple tissues and be 

distributed to other organs throughout the body via the vascular system (Westermark & Westermark, 

2009). 

Not much is known about how and why amyloid precursors leave the vascular system and settle 

into specific tissues. A common effect of amyloid deposition in tissue is an increased inflammatory 

response, toxic effects and structural changes of tissues e.g. reduced vessel strength and abnormal 

organ function (Yan et al., 2000). Amyloid diseases are difficult to prevent and treat but with increased 

knowledge of the mechanisms involved in motivating amyloid deposition and clearance of defected 

protein products, possible therapeutic strategies could be discovered. 
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1.1.1 Amyloid formation 
Under the right circumstances any protein can form amyloid (Merlini & Bellotti, 2003) and no structural 

differences are between those that induce amyloidosis and those that do not (Cecchi et al., 2005). 

Although amyloid forming proteins vary in size, the resulting aggregated amyloid fibril structure is in all 

cases structurally similar, i.e. 70 to 120 Å in diameter (Sunde et al., 1997). Amyloid fibrils are rigid, and 

consist of non-branching ß-sheets that show birefringence in polarized light when bound to the Congo-

red dye (Sipe et al., 2014). Normal proteins that are soluble become insoluble when misfolded. 

Exposure of amide groups in the protein backbone are an essential start for emerging amyloid 

formation (Eisenberg & Jucker, 2012). The reasons for amide exposure can be of different origin. 

Protein denaturation is a common tool used for amyloid induction in vitro. Denaturation can be 

achieved by changes in pH, destabilizing solvents, heat, or agitation. In vivo, denaturation of normal 

proteins due to outside factors like those used in vitro can result in the onset of amyloid formation 

(Eisenberg & Jucker, 2012). There are a number of factors involved in amyloid formation and in some 

cases the reason is not fully understood. Examples are, abnormal cleavage of proteins, e.g. Aß in AD, 

expression of malformed proteins e.g. HTT in HD, and glitches in the folding process e.g. chaperone 

function. Misfolded proteins often become more unstable and prone to polymerize (Morimoto et al., 

2012). 

When amide groups in proteins are exposed, hydrogen bonds can be formed between the amide 

groups and other protein chains. For the amyloid fiber spine formation to initiate, a nucleus must be 

formed as a template for the oncoming addition of proteins. The nucleation phase is a rare occurrence 

because the local concentration of the pathogenic protein has to be sufficient and three or four 

proteins molecules must expose their amyloid-forming segments at the same time. When the amyloid 

core has formed, single molecular additions bound by hydrogen bonds and steric interactions become 

possible (Eisenberg & Jucker, 2012). 

It has been suggested that the primary toxic influence seen in amyloid diseases is due to 

precursors of the amyloid fibrils. Although the steps towards amyloid fibril formation are not always the 

same it is usually a multistep reaction where oligomers and protofibrils are formed first (figure 1). They 

are believed to be the primary cause of toxicity. To halt the process it is important to intervene early as 

the potential for reversibility becomes less the further the process proceeds (Huang et al., 2013).  

 

Figure 1 - Amyloid fibril aggregates 

A schematic figure of the formation of amyloid fibril aggregates. It is a multistep reaction which is reversible until a 

certain point is reached (Huang et al., 2013). 
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1.1.2 Cerebral amyloid angiopathy  
Cerebral amyloid angiopathy (CAA) is a term used for amyloid diseases (see table 2) characterized by 

accumulation of amyloid in blood vessels of the brain, usually within the walls of small and/or medium 

sized arteries in the CNS (Vinters, 1987). The amyloid accumulation results in acellular thickening of 

the vessel walls that can lead to abnormalities in vascular function, elimination of smooth muscle cells, 

and a cohesive decline in vessels walls (Zipfel et al., 2009). These alterations cause degenerative 

changes in the blood vessel walls that can lead to brain hemorrhages and/or dementia. The latter is 

often due to small hemorrhages, i.e. microhemorrhages. CAA disorders can be either hereditary or 

sporadic (Revesz et al., 2002).  

The sporadic form of CAA is caused by Aß deposition, which has been linked to abnormal 

clearance or increased production of the protein (Revesz et al., 2002). The cause of abnormalities in 

these pathways is unknown. In addition to old age, certain apolinpoprotein E alleles are the only 

known risk factors for sporadic CAA and they can influence Aß accumulation in several ways 

(Verghese et al., 2011). Many studies have been performed on CAA in post-mortem brains and it has 

been shown that with increased age the probability of acquiring Aß-related CAA is very high. One 

study showed that in the brains of 84 patients aged 60-97, 36 % showed some degree of CAA and the 

percentage rose significantly with each decade of life (Vinters & Gilbert, 1983). 

The familial forms of CAA are caused by deposition of various amyloid-forming proteins and are 

normally associated with mutations in the genes of these proteins that are inherited in an autosomal 

dominant fashion. The familial forms are not as common as the sporadic form but are much more 

diverse (See table 2, (Revesz et al., 2002)). Hereditary Cerebral Hemorrhage with Amyloidosis-

Icelandic type (HCHWA-I) is the first familial forms of CAA described (Revesz et al., 2002) and is the 

focus of this study. 

Table 2 - Sporadic and hereditary cerebral amyloid angiopathies (CAAs) 

This table lists genes involved in cerebral amyloid angiopathies and the diseases they are known to cause 

(Revesz et al., 2002). 

 Sporadic 
CAAs 

Hereditary CAAs 

SCAA   AD HCHWA-D FAD HCHWA-I FAP/MVA FAF PrP-CAA FBD FDD 

Gene 

 

AβPP AβPP AβPP, 

PS1, PS2 

CYST C TTR GEL PRNP BRI2 BRI2 

Chromosome 21 21 21, 14, 1 20 18 9 20 13 13 

Precursor 

molecule 

Aβ precursor 

protein (AβPP) 

Aβ 

precursor 

protein 

(AβPP) 

Aβ 

precursor 

protein 

(AβPP) 

Cystatin 

C  

(Cyst C) 

Transthyretin 

(TTR) 

Gelsolin 

(Gel) 

Prion 

protein 

(PrP) 

ABri 

precursor 

protein 

(AbriPP) 

Adan 

precursor 

protein 

(AdanPP) 

Precursor 

function 

Unknown Unknown Unknown Protease 

inhibitor 

Transport 

protein 

Actin-

binding 

protein 

Unknown Unknown Unknown 

Amyloid 

protein 

Aβ Aβ Aβ ACys ATTR AGel APrP ABri ADan 

SCAA = Sporadic cerebral amyloid angiopathy; AD = Alzheimer’s disease; HCHWA-D = Hereditary cerebral hemorrhage with amyloidosis-Dutch 

type; FAD = familial Alzheimer’s disease; APP = Amyloid - precursor protein gene; PS1 = presenilin-1 gene; PS2 = presenilin-2 gene; A=Amyloid- 
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protein.  

HCHWA-I = Hereditary cerebral hemorrhage with amyloidosis-Icelandic type; CYST C = Cystatin C gene; ACys = Amyloid-cystatin C.  

FAP/MVA = Familial amyloid polyneuropathy/meningo-vascular amyloidoses; TTR = Transthyretin gene; ATTR = Amyloid-transthyretin.  

FAF = Familial amyloidoses Finnish type; GEL = Gelsolin gene; AGel = Amyloid-gelsolin.  

PrP-CAA = Prion disease with cerebral amyloid angiopathy; PRNP = Prion protein gene; APrP = Amyloid-Prion protein.   

FBD = Familial British dementia; FDD = Familial Danish dementia; BRI2 = BRI2 gene; ABri = Amyloid-Bri; ADan = Amyloid-Dan. 

 

1.2 Hereditary Cerebral Hemorrhage with Amylodiosis-Icelandic Type 
(HCHWA-I): 

The observation of strokes in otherwise healthy young adults in the north-west of Iceland was the 

incentive for the first description of HCHWA-I in a doctoral thesis by the country physician Árni 

Árnason in 1935 (Árnason, 1935). In his thesis, Árnason described the investigation of seventeen 

Icelandic families with a total of 1,003 individuals. He concluded that ten of these families had a 

hereditary form of cerebral hemorrhage. 

In a study published in 1972, it was concluded that a dominant hereditary factor was the culprit, 

causing accumulation of amyloid in the cerebral arterioles of patients (Gudmundsson et al., 1972). At 

first, the amyloid accumulation was believed to be limited to the CNS but later studies demonstrated 

accumulation in other tissues as well e.g. lymph nodes and skin, although in lower amounts compared 

to the CNS (Benedikz et al., 1989; Lofberg et al., 1987). 

Although amyloid accumulation is seen in other tissues, the major clinical symptoms are due to the 

CNS pathology. Intracerebral hemorrhages in young patients, usually in their twenties, cause the 

symptoms that can vary between individuals dependent on the location and extent of the hematoma 

(Lofberg et al., 1987). The first stroke is usually not severe enough to cause death and patients suffer 

recurrent strokes, eventually leading to their death. From the first onset of hemorrhage, the estimated 

life expectancy is less than 10 years and the average lifespan of HCHWA-I patients is about 30 years. 

For unknown reasons, there are exceptions to this and a minor subset of carriers lives a normal 

lifespan (Palsdottir et al., 2008). 

1.2.1 Cystatin C  
In 1983 the alkaline micro protein cystatin C (formerly γ-trace) (figure 2) was isolated from amyloid in 

the cerebral arteries of patients, giving the disease the name that will be used hereafter in this thesis, 

Hereditary Cystatin C Amyloid Angiopathy (HCCAA) (Cohen et al., 1983). It is now known that 

HCCAA is an autosomal dominant disease caused by a mutation in the CST3 gene that encodes for 

the cystatin C protein (Palsdottir et al., 1988). Except for one case, the disease causing mutation has 

only been reported in individuals of Icelandic descent (Graffagnino et al., 1995). 
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Figure 2 - Cystatin C 

A 3D image of the tertiary structure of the cystatin C protein, obtained from 

http://en.wikipedia.org/wiki/File:Cystatin_C_1r4c.png (12.03.15). 

 

Cystatins are divided into three families based on their size, amino acid sequence and properties; 

cystatin C belongs to family two of the cystatin superfamily. Family two consists of proteins in the 13-

14 kDa molecular mass range, with two intrachain disulfide bonds and a signaling sequence for import 

into the secretory pathway (Ochieng & Chaudhuri, 2010). Cystatin C functions as a secreted 

proteinase inhibitor and is found in all extracellular fluids, with highest concentrations in seminal 

plasma and cerebral spinal fluid (CSF) (Abrahamson et al., 1986). The functional role of cystatin C is 

of importance, e.g., as a protective protein as it prevents destruction of tissues by inhibiting 

intracellular cysteine protease enzymes that get released from dying or malignant cells (Hall et al., 

1995). 

The cystatin C gene (CST3) is located on chromosome 20, it spans 4.5 kb and the mature form of 

the protein after signal peptide cleavage contains 120 amino acid residues (Abrahamson et al., 1989). 

The active region of cystatin C is located near the N-terminus of the protein and it binds strongly but 

reversibly to its target proteases. There are three amino acid residues conserved in all inhibiting 

cystatins (Abrahamson et al., 1987b). A deciding factor of binding strength (inhibitor/protease) is one 

of those conserved amino acids, a glycine residue at position 11. Gly-11 allows the wild-type cystatin 

C to make a conformational change necessary for high-affinity binding to the binding pocked of its 

target and consequently cause efficient inhibition (Hall et al., 1993). 

The cystatin C amyloid protein variant isolated from amyloid in HCCAA patient tissue lacks its first 

ten amino acids from the N-terminus and has a glutamine amino acid instead of leucine at position 68 

(L68Q) of the mature protein (counted after cleavage of the signal peptide) (Ghiso et al., 1986). Why, 

how, and when the protein is N-terminally truncated is not known. The mutant protein retains its 

inhibitory function in vitro and the removal of the N-terminal amino acids is most likely due to post-

translational modification as DNA sequencing shows that the gene is intact in patients (Abrahamson et 

al., 1990; Abrahamson et al., 1987b). The L68Q substitution destabilizes cystatin C and imparts on it a 

tendency to form dimers (Abrahamson & Grubb, 1994) however evidence suggests that the truncation 

does not influence this tendency (Gerhartz & Abrahamson, 2002). As mentioned, an elevation of local 
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concentrations of amyloid forming proteins favors formation of dimers and higher order aggregates. 

The native form of cystatin C can also form dimers in vitro but at higher concentration, i.e. 250-500 ng 

while concentration in the 75-100 ng range are sufficient for the mutant cystatin C to dimerise (Wei et 

al., 1998). 

1.2.2 Diagnosis 
A diagnosis of HCCAA was at first only possible via post mortem examination; therefore, a better 

diagnostic tool was necessary. Examination of cystatin C concentration in the CSF of HCCAA patients 

and controls revealed significantly lower protein levels in HCCAA patients, i.e. a mean value of 2.5 

mg/l (range 1.7-3.5) whereas the mean value in controls was 7.6 mg/l (3.1-18.5) (Grubb et al., 1984). 

Although there was a minor overlap in concentration, the difference was used as a diagnostic tool as 

no alternative method was available. 

In 1987, human cystatin C cDNA was isolated and sequenced (Abrahamson et al., 1987a). In 1988 

this knowledge was used to demonstrate a restriction fragment length polymorphism in HCCAA 

patients. The mutation in the gene generates a loss of an Alu I restriction site causing patients to have 

one 630 bp and one 600 bp Alu I fragment whereas controls only have the 600 bp fragment (Palsdottir 

et al., 1988). At that time, detection was done by Southern blot. Today, this Alu I restriction site is the 

basis of a fast, easy, and precise PCR/RFLP method used for diagnosis (Abrahamson et al., 1992). 

1.2.3 Pathology and extracellular matrix 
CAA diseases share pathological characteristics, most commonly a distortion of vascular function, 

depletion of SMC in arterial walls and cohesion decline in vessel walls. In HCCAA, cystatin C amyloid 

deposition is mainly observed in small and/or medium sized arteries and arterioles in the CNS. 

Amyloid deposition is associated with severe SMC loss. In addition to this, further details of the 

pathological alterations in HCCAA arteries and arterioles were published in 2013 (Snorradottir et al., 

2013). This study, which focused on leptomeningeal arteries, revealed that in affected arteries there is 

a marked deposition of extracellular matrix (ECM) proteins in addition to the amyloid accumulation and 

SMC loss (figure 3). ECM deposits have also been found in amyloid deposits of both AD and in the 

hereditary CAA disorder Hereditary Cerebral Hemorrhage with Amyloidosis-Dutch type and studies 

suggest that ECM proteins can contribute to the pathogenesis of these diseases (van Duinen et al., 

1995; van Horssen et al., 2001; Zarow et al., 1997).  

The deposition of three major ECM constituents were described in affected arteries of HCCAA 

patients, the proteoglycan aggrecan (ACAN), collagen IV (COLIV) and laminin (Snorradottir et al., 

2013). It has been shown that aggrecan contributes to amyloid formation (Ariga et al., 2010), but its 

role in HCCAA has not been demonstrated. Unpublished results, discussed in further detail below 

(chapter 1.7), from experiments conducted prior to this study suggests that there is abnormal 

expression of several genes in cells from HCCAA carriers compared to controls. Relevant to the 

pathological data ACAN is an example of a gene that is substantially up-regulated in L68Q-CST3 

carriers. 
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Figure 3 – The figure shows extracellular matrix protein deposition in leptomeningeal arteries in HCCAA 
The figure is from a publication by Snorradottir et al. (Snorradottir et al., 2013). (A) Leptomeningeal arteries from 

an HCCAA patient stained with the Masson‘s Trichrome method; the image shows extensive collagen deposition 

(blue). Figure (B) shows leptomeningeal arteries stained with the Masson´s Trichrome method in controls. (C) 

Leptomeningeal arteries in HCCAA stained for COLIV showing COLIV deposition in the entire arterial wall. In 

contrast to this, COLIV immunostaining in control arteries was normal, i.e. located in the arterial basement 

membrane (D). ACAN immunostaining of leptomeningeal arteries in HCCAA showed ACAN deposition in the 

entire arterial wall (E) when compared to arteries in controls which showed no ACAN staining (F).  

 

1.2.4 Increased penetrance of the mutation 
The results of a recent study on HCCAA suggest that the disease causing mutation occurred in a 

common progenitor of present day HCCAA patients 18 generations ago or approximately during the 

16th century (Palsdottir et al., 2008). Arni Arnason (1935) noticed what seemed to be a generational 

difference in the presentation of hemorrhage in affected families, that is, members of new generations 

seemed to have a decreased lifespan compared to the generations before them (Árnason, 1935). A 

detailed study on the genealogies of HCCAA families has shown that in the beginning of the 19th 

century the life expectancy of HCCAA patients was around 65 years, and not significantly different 

from a control group (spouses). However, at the beginning of the 20th century the average life 

expectancy of carriers (males/females) had dropped drastically to about 30 years and this average 

has been consistent since then (figure 4). The reduction in life span took place around the same time 

in all families, with a delay of about 20 years in carriers in the most remote areas, making another 

mutational event unlikely. One plausible explanation for this reduction is a gradual change in some 

environmental factors that began around 1825 and reached saturation around 1900 (Palsdottir et al., 

2008). 



 

23 

 

Figure 4 – Lifespan of carriers by year of birth 

This figure shows the reduction in life span that occurred in L68Q-CST3 carriers during the 19th century. Each dot 

represents a male (black) or a female (red) carrier. The x-axis shows the year of birth of each individual and the y-

axis shows the lifespan in years. This figure is based data from publication by Palsdottir et al. with added 

individuals (Palsdottir et al., 2008). 

 

1.2.5 Environmental factors  
Environmental factors have been linked to many diseases e.g. tobacco and alcohol use, poor diet and 

excessive weight have been associated with cancer (Danaei et al., 2005). One of the large 

environmental changes in Iceland during the 19th century was in the diet of Icelanders (figure 5). 

Before the 19th century the diet was high in fat and relatively low in carbohydrates (Palsdottir et al., 

2008). A combination of a diet high in fat and low in carbohydrates suggests that Icelanders were on a 

diet akin to ketogenic diet. Such a diet in addition to hard work and inadequate food intake (all food 

was rationed in households) is today known to lead to increased production of ketone bodies (KBs), 

i.e. acetone, acetoacetic acid and ß-hydroxybutyric acid (Newman & Verdin, 2014).  

KBs are short chain fatty acids produced in the liver that serve as an energy source during 

prolonged fasting and when glucose levels in the blood are low (Kimura et al., 2011). In healthy 

individuals the concentration of KBs in the blood is in the low micromolar range. During a ketogenic 

diet, fasting, or 90 minutes of intense exercise, the concentration of KBs in the blood can go above 2 

millimolar (Kim do & Rho, 2008; Newman & Verdin, 2014). ß-hydroxybutyrate is the most common KB 

in the blood and it has been shown to have diverse effects on gene expression (see 1.6.1) (Shimazu 

et al., 2013). 

 



 

24 

 

Figure 5 – Schematic figure of the change in diet during the 19th century 

This figure shows how consumption of fat, proteins and carbohydrates changed in Iceland during the 19th century. 

The x-axis shows the year and y-axis shows % of dietary energy obtained from carbohydrates (green line), 

protein (red line) or fat (blue line) (Palsdottir et al., 2008). 

 

In the 19th century a big change occurred in the import of various foods to Iceland, e.g. import of 

sugars and grains increased greatly (Palsdottir et al., 2008). If the diet of Icelanders was ketogenic 

prior to this period the import of these food items, and an increase in their consumption, could have 

led to decreased levels of ketone bodies in the blood of Icelanders and consequently altered gene 

expression patterns. Such changes are types of epigenetic changes that are reversible and might 

have something to do with e.g. the change in life expectancy that occurred in the 19th century in L68Q-

CST3 carriers. 

1.3 Epigenetics  

In 1942, Conrad Waddington defined the term epigenetics as “The branch of biology which studies the 

causal interactions between genes and their products, which bring the phenotype into being” 

(Goldberg et al., 2007). In recent years this field of research has become of great interest and with 

technological advances researchers have been able to define the term more precisely. The term now 

includes any changes in gene activity without changes in the DNA sequence. Epigenetic changes are 

caused by environmental factors such as diet and are normally reversible (Rajendran et al., 2011). 

Modifications such as methylation, acetylation, phosphorylation and ubiquitylation have been identified 

as types of epigenetic processes (figure 6) (Rajendran et al., 2011). 
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Figure 6 – Post-translational epigenetic modifications 

Known post-translational modifications (on the right) and the amino acid residues they modify (on the left) 
(Latham & Dent, 2007) 

 
 

Eukaryotic DNA is packed around a core of four different histone proteins, H2A, H2B, H3 and H4. 

Together, DNA and two units of each histone protein form the nucleosome. H1 is the link between 

nucleosome structures that together form chromatin (Howell et al., 2009). DNA is packed on histone 

proteins for protection and to reduce its volume within the cell. The NH2-terminal of histone proteins 

protrudes from the core of the nucleosome as a charged “histone tail”. The histone tails bind the 

negatively charged DNA phosphate backbone but are also available for post-translational 

modifications (Howell et al., 2009). 

The chromatin structure has a large influence on gene expression. Accessibility of regulatory 

proteins and transcriptional factors to promoter sites of genes is controlled by chromatin structure. 

Covalent and non-covalent changes on chromatin, such as methylation and acetylation influence 

chromatin structure and therefore gene expression (Goldberg et al., 2007). Defects in control of gene 

expression can lead to imbalance of cell homeostasis that can lead to diseases. 

1.4 Histone Acetyltransferases 
Histone Acetyltransferases (HATs) are enzymes that transfer acetyl groups to ε-N-acetyl lysine amino 

acids on histone tails, making the gene site more open. An open chromatin structure allows binding of 

transcription factors that usually leads to increased gene expression on that site (figure 7) (Howell et 

al., 2009; Roth et al., 2001). HATs are categorized into families based on sequence similarities and 

their mechanism of enzyme activity, five families have been most extensively studied; HAT1, 

Gcn5/PCAF, MYST, p300/CBPs and Rtt109. HATs are known to regulate many non-histone proteins 

as well and are involved in numerous biological processes e.g. cell cycle progression and DNA 

damage repair (Yuan & Marmorstein, 2013). HAT inhibitors are being studied as possible drug targets 

as HATs have been implicated in many diseases including several cancer types. However, regarding 
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these inhibitors there are several obstacles including lack of specificity and low potency of both 

naturally occurring inhibitors and those that have been synthetically produced (Dekker & Haisma, 

2009; Yuan & Marmorstein, 2013).  

1.5 Histone Deacetylation 
Acetyl groups are dislodged from proteins by enzymes called histone deacetylases (HDACs) (Figure 

7). Removal of acetyl groups (O=C-CH3) from ε-N-acetyl lysine amino acids on histone proteins 

prompts gene sites to “close” as DNA binds more rigidly to histones, therefore reducing gene 

expression on that site (figure 7). Direct and indirect effects of HDACs affect many biological 

processes. HDACs functions are not restricted to histone modifications as they regulate many non-

histone proteins as well (Howell et al., 2009). There needs to be a balance between acetylation and 

deacetylation to maintain normal function within an organism. 

Eighteen different HDAC enzymes are currently known and they belong to four classes of HDACs, 

i.e. class I, II, III and IV. HDACs are categorized in these classes based on structural homology to 

yeast HDACs, their mechanism of enzyme activity and cellular localization (Howell et al., 2009). 

Members of class III are called Sirtuins (SIRT 1- 7) and differ from the other classes by their 

nicotinamide adenine dinucleotide (NAD+) cofactor-dependent catalytic activity. The eleven members 

of classes I, II and IV have Zn2+ cofactor-dependent catalytic activity and are referred to as the 

“classical” HDAC family (Howell et al., 2009); classes I, II and IV were the focus of this study. 

 

Figure 7 - Role of histone acetyltransferases and histone deacetylases 

This figure shows how histone acetylatransferas (HATs) and histone deacetylases (HDACs) affect the binding of 

DNA to the histone complex. HATs acetylate histone tails on histone proteins so the DNA unwinds making it 

available for transcription. In contrast, HDACs remove acetyl groups leading to decreased 

transcription/expression. Figure obtained from http://www.di.uq.edu.au/proj6background (12.03.15). 

 

1.5.1 HDAC class I 
The HDACs 1, 2, 3 and 8, enzymes belong to class I. They are mainly located in the nucleus and are 

crucial for transcriptional repression. HDAC1 and HDAC2 are exclusively located in the nucleus 
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whereas HDAC3 uses the chromosome region maintenance 1 mediated pathway to travel to the 

cytoplasm (Rajendran et al., 2011; Yao & Yang, 2011). The evidence regarding the location of HDAC8 

is contradicting; some say it is exclusively located in the nucleus whereas others suggest its main 

location is in the cytoplasm (Hu et al., 2000; Waltregny et al., 2004).  

Cell survival and proliferation are believed to be a classical function of proteins belonging to the 

HDAC class I family (Dokmanovic et al., 2007). Members of class I (except HDAC8) are found in 

various multiprotein complexes that can either be made up from homo- or heterodimers of HDACs. 

The amount and the nature of these multiprotein complexes varies between cell types (Yang & Seto, 

2008). 

1.5.2 HDAC class IIa 
HDACs 4, 5, 6, 7, 9, and 10 belong to class II which is divided into class IIa (4, 5, 7, and 9) and class 

IIb (6 and 10) (Dokmanovic et al., 2007; Parra, 2014).  

The class IIa enzymes are located either in the cytoplasm or the nucleus and can travel between 

the two locations acting as signal transducers (Yang & Seto, 2008). Members of class IIa have a 

unique N-terminal domain with no similarity to the other Zn2+ dependent HDAC enzymes (Grozinger et 

al., 1999; Parra, 2014). The N-terminal domain is responsible for binding transcriptional factors 

necessary for their gene-target interactions (Parra, 2014; Wang et al., 1999). Specific signals are then 

used for phosphorylation of serine residues on the N-terminal domain, leading to export out of the 

nucleus. The N-terminal is not the only unique aspect of class IIa members, as they show very little 

deacetylases activity (Parra, 2014). Enzymatic function of class IIa members is attained when 

admitted to specific multiprotein complexes containing HDAC3 (Grozinger et al., 1999; Parra, 2014). 

1.5.3 HDAC class IIb 
There are only two HDAC enzymes in class IIb, i.e. HDAC6 and HDAC10. The members of this class 

have roles in the regulation of cytoplasmic processes (Yang & Seto, 2008). Both enzymes have two 

catalytic domains that separate them from the rest of identified HDACs. It has been suggested that the 

resistance of HDAC6 and HDAC10 to some pan-HDAC inhibitors is attributed to the location of their C-

terminal (Guardiola & Yao, 2002). Members of class IIb are ubiquitously expressed but higher 

expression of them can be detected in certain tissues. HDAC6 and HDAC10 can shuttle between the 

nucleus and the cytoplasm but their main functions are cytoplasmic and their primary targets are non-

histone proteins (Dokmanovic et al., 2007). HDAC6 has been studied significantly more than HDAC10. 

1.5.4 HDAC class IV  
HDAC11 is the lone member of class IV and shows sequence similarity to both class I and II HDAC 

enzymes but is separated from the two based on phylogenetic analysis. Of the known HDACs, 

HDAC11 was discovered last and relatively little is known of its functions compared to some of the 

other HDACs. HDAC11 is primarily found in brain, kidney, heart, skeletal muscle and testis and is 

mainly located in the nucleus. HDAC11 has been found to be highly expressed in cancer cell lines and 

is often located in a multiprotein complexes containing HDAC6 (Gao et al., 2002). As it is highly 

expressed in cancer cell lines, HDAC11 has been studied in relation to some cancer types. Blockage 
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of HDAC11 expression has been shown to have antitumor effects in number of carcinoma cell lines. 

The changes that are seen are specific to the cancer cell lines, as blockage of HDAC11 in normal cells 

does not prompt the same response that is behind the antitumor effect (Deubzer et al., 2013). 

1.6 Histone Deacetylase inhibitors  
Many well-known cellular oncogenes and tumour-suppressor genes have been linked to misregulated 

HDAC expression (de Ruijter et al., 2003) emphasizing the importance of regulating HDAC function. 

One efficient mode of HDAC regulation is via inhibition with HDAC inhibitors, HDACi (figure 8). HDACi 

influence gene expression in connection to transcription in a specific subset of genes (de Ruijter et al., 

2003). Today there is a wide array of commercially available HDAC inhibitors (HDACi), which is 

steadily increasing, and their potential in the regulation of gene expression makes them an exciting 

field of study (table 3). Diseases such as AD and many types of cancer could reap major therapeutic 

benefits from HDACi treatment as long as inhibitors are specific for particular complexes (Millard et al., 

2013). Few diseases are presently being treated with HDACi but clinical trials are being carried out on 

a number of inhibitors in connection to many different diseases (Dinarello et al., 2011), Romidepsin 

and Vorinostat have been approved and are currently being used in treatment of cutaneous T cell 

lymphoma (Chen et al., 2013; Millard et al., 2013). For decades now, Valproic acid has been used 

therapeutically for several types of seizure disorders, further beneficial effects of Valproic acid were 

discovered later on, see below (Johannessen, 2000).  

 

Figure 8 - Function of Histone Deacetylase Inhibitors 

Histone deacetylases inhibitors (HDACi) inhibit histone deacetylases (HDACs) that are responsible for the 

removal of acetyl groups on histones in the promoter site of genes. Histone acetyl transferase (HATs) are 

responsible for placing acetyl groups on histones in DNA leading to increased expression as DNA is more open 

for transcription. HATs and HDACs work together in the control of gene expression and inhibition of HDACs leads 

to hyper acetylation of histones in DNA leading to increased expression. Figure obtained from 

http://www.di.uq.edu.au/proj6background (12.03.15). 

 

To this day, the lack of specificity of HDAC inhibitors has been obstacle to their use, i.e. many of 

them inhibit more than one HDAC enzyme (table 3). Furthermore, the literature contains contradictory 
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information regarding their selectivity, which is also problematic. The commercially available HDACi 

can roughly be categorized based on their chemical structure and belong to classes such as butyrate 

analogs, hydroxamates, benzamides, and trifluoromethyloxadiazoles (TMFOs) (figure 9) (Chou et al., 

2008; de Ruijter et al., 2003; Lobera et al., 2013). When considering which inhibitor to use, and at 

what concentration, the literature search can be challenging due to the factors mentioned above. 

Research papers show a variety of IC50 values (concentration of inhibitor where the response is 

reduced by half) for each inhibitor and its target dependent on the experimental system. This is 

believed to be due to variation in experimental conditions and presently it is more common to present 

potency of HDAC inhibitors in connection to the equilibrium-constant (K) of the reaction (Chou et al., 

2008). HDACi can either be isolated from natural organisms or synthetically produced and can have a 

wide range of inhibitory activity, i.e. from a single HDAC isoform to a whole class or multiple classes of 

HDACs. A common method to employ when studying effects of HDACi is to slightly change the 

chemical structure of a naturally occurring HDACi systematically to see which changes make the 

inhibitor a stronger candidate for HDAC inhibition. HDAC from classes I, II and IV have Zn2+ cofactor-

dependent catalytic activity and are therefore inhibited by binding of the inhibitory molecule to the Zn2+ 

cofactor (Kozikowski et al., 2008). 

Table 3 – HDAC inhibitors and their specificity 

The table lists histone deacetylases inhibitors and their specificities (Bantscheff et al., 2011; Chou et al., 2008; 

Galletti et al., 2014; Gurvich et al., 2004; Haggarty et al., 2003; Lobera et al., 2013). 

Class HDAC TSA SB Bufexamac Tubacin TCH-106 Valproic TMP269 HDAC1-i 
I HDAC1 X X   X X  X 
I HDAC2 X X   X X   
I HDAC3 X    X X   
I HDAC8 X    X X   
IIa HDAC4       X  
IIa HDAC5       X  
IIa HDAC7  X     X  
IIa HDAC9       X  
IIb HDAC6 X  X X     
IIb HDAC10 X  X      
IV HDAC11         

 

As mentioned, HDAC enzymes in vivo are present in large multiprotein complexes but many in vitro 

studies on HDACi inhibition selectivity are done with purified recombinant HDAC proteins, or their 

protein domains, as targets for the HDACi in question. Although such systems can give information 

they do not represent biological reality, e.g. in terms of the access of the HDACi to the HDAC in 

question which might be different when the HDAC is in the multiprotein complexes compared to the 

simple in vitro system. Different mechanisms of action lie behind inhibition of HDACs with HDACi and 

inhibitors have different affinities for different complexes (Bantscheff et al., 2011). More accurate 

measurements on selectivity and affinity of HDACi have been done in cell extracts with mass 

spectrometry. In 2011 a research paper in Nature Biotechnology came out by Bantscheff and 

colleagues (Bantscheff et al., 2011) describing experiments studying a chemoproteomic binding 

profiling of 16 different HDAC inhibitors on several HDAC enzymes. The results of this study provided 

a clearer picture regarding the in vivo selectivity of 16 commonly used inhibitors, for example 

Trichostatin A and Valproic acid. Interestingly, this study confirmed what another study had previously 
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reported, i.e. that HDAC class IIa proteins are not targeted by these commonly used pan HDAC 

inhibitors (Bantscheff et al., 2011; Bradner et al., 2010). 

 

Figure 9 – Structure of HDAC inhibitors from table 3. 

This figure shows the structure of the histone deacetylase inhibitors that were used in this study. These inhibitors 

belong to four different classes. Figures were obtained from http://www.sigmaaldrich.com (SB, VPA, TSA, 

Tubacin and Bufexamac), http://www.scbt.com (HDAC1-i and TCH-106) and http://www.biovision.com (TMP269). 

 

1.6.1 Histone deacetylase inhibitors: butyrate analogues 
Butyrate is a plain, 4-carbon short-chain fatty acid synthesized naturally in the body with a very short 

half-life (McNeil et al., 1978). Butyrate has diverse physiological effects and for that reason it has been 

studied for decades. For one, butyrate is an HDACi but in addition butyrate can induce apoptosis and 

cell differentiation in vitro (Davie, 2003; Ooi et al., 2010). Butyrate has also been studied in connection 

to cancer where it is able to repress cell growth of some cancer cells. Butyrate has many analogues, 

both natural and synthetically produced, and their effects in multicellular organism are not always 

comparable (Ooi et al., 2010; Rocchi et al., 1998). 

The KB, ß-hydroxybutyrate is an example of a butyrate analogue that is a HDAC inhibitor. ß-

hydroxybutyrate has been shown to inhibit HDAC 1, 3 and 4 with an IC50 between 2 to 5 mM, which is 

the same concentration range as detected for ß-hydroxybutyrate in the body of individuals that are 
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fasting or are on a ketogenic diet (Shimazu et al., 2013). So with dietary modulation, ß-

hydroxybutyrate concentrations in the body can rise to a level that affects gene expression. 

Two butyrate analogues with HDACi function were used in this study sodium butyrate (SB) and 

valproic acid (VPA). 

1.6.1.1 Sodium Butyrate 
SB (Na+C3H7COO-) belongs to the class of butyrate analogues or more specifically aliphatic acids. SB 

is a naturally synthesized butyrate analogue that has been shown to have diverse effects. SB hinders 

DNA synthesis, blocks cell proliferation and alters cell morphology along with its effect on gene 

expression (Prasad & Sinha, 1976). The effects of SB on gene expression were noticed in the mid-

1970s but the mechanism by which it was altering expression was not clear (Prasad & Sinha, 1976). 

Cells treated with SB show an increased degree of acetylated histones (Davie, 2003). SB inhibits 

HDAC activity in the millimolar (mm) range both in vivo and in vitro (Candido et al., 1978) and as it has 

such diverse effects, SB is not a very selective HDACi. SB inhibits HDAC1, HDAC2 and HDAC7 

(Gurvich et al., 2004). 

1.6.1.2 Valproic Acid 
VPA (2-propylpentanoic acid - C8H16O2) has the same classification as SB, i.e. it is a butyrate 

analogue and aliphatic acid (Narotsky et al., 1994). VPA is a short chain fatty acid synthesized from 

valeric acid, a natural compound found in the plant valerian (Eadie, 2004). VPA is able to penetrate 

the blood brain barrier and its anticonvulsant properties have long been known (Cornford et al., 1985). 

As mentioned previously, VPA has been used therapeutically for several types of seizure disorders for 

many years now. Further therapeutic uses of the drug have been discovered, such as its beneficial 

effects in treatment of bipolar disorders, neuropathic pain and as a migraine prophylaxis 

(Johannessen, 2000). VPA can cause serious side effects and intake during pregnancy, for example, 

it can cause serious birth defects in mice and rats (Narotsky et al., 1994). Valproic acid has been 

shown to inhibit HDACs in the mm range. HDAC1 and HDAC2 are affected with high affinity but 

HDAC3 and HDAC8 with ca. tenfold less affinity (Bantscheff et al., 2011). 

1.6.2 Histone deacetylase inhibitors: hydroxamates 
Hydroxamate (-CONHOH) is a chemical group common to many chemical substances. When a 

hydroxamate group is located on a chemical substance it can acts as a functional group for HDAC 

inhibition. It depends on the side chain if, how, and what the inhibitory function is (Falkenberg & 

Johnstone, 2014). Hydroxamate compounds can be very selective; one example is Tubacin, a 

selective HDAC6 inhibitor. But some hydroxamates can have a broad HDAC inhibitory function, for 

example Trichostatin A (TSA) (de Ruijter et al., 2003; Haggarty et al., 2003). Hydroxamates can be 

either aliphatic or aromatic and the inhibitory function is achieved through binding of the hydroxamate 

group to the zinc atom on HDACs (Di Fiore et al., 2012; Falkenberg & Johnstone, 2014). Although 

hydroxamates are among the strongest zinc binding groups, they are not very convenient as 

pharmaceutical agents because they are toxic and are rapidly cleared from the body (Chen et al., 
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2013). Four hydroxamates with variable HDACi function were used in this study, TSA, tubacin, 

bufexamac and 4-(dimethylamino)-N-[6-hydroxyamino)-6-oxohexyl]-benzamide. 

1.6.2.1 Trichostatin A  
Trichostatin A (TSA) is a complex natural compound isolated from Streptomyces and an example of a 

broad-spectrum HDACi (de Ruijter et al., 2003; Yoshida et al., 1990). In various mammalian cell lines 

it has been shown that a very low concentration of TSA causes a drastic increase in histone 

acetylation (Yoshida et al., 1990). Although TSA is a broad-spectrum HDACi it is very selective in its 

inhibitory function, i.e. TSA does not affect other enzyme activities such as protein kinases, protein 

phosphatases, DNA topoisomerases, or calmodulin in vitro, which makes TSA an excellent tool in the 

research of histone acetylation as adverse side effects on other enzymes in the system will not skew 

the results (Yoshida et al., 1990). It has been shown that TSA, along with other hydroxamates can 

have toxic effects on a range of tumor cells without affecting normal cells, although the toxic activity of 

TSA was only seen in vitro (Qiu et al., 1999). According to the Bantscheff and colleagues (Bantscheff 

et al., 2011), TSA inhibits class I and class IIb HDACs in the µM range, HDAC8 and HDAC10 are 

inhibited with much lower affinity then the other HDACs. 

1.6.2.2 Tubacin 
Tubacin (Tubulin acetylation inducer) is a small molecule with HDAC inhibitory function. Tubacin is a 

very selective inhibitor as it specifically inhibits HDAC6 without affecting levels of histone acetylation. 

HDAC6 is normally located in the cytoplasm of mammalian cells, where it is targeted by tubacin 

(Haggarty et al., 2003). When HDAC6 is inhibited by tubacin there is an increase in the cell of 

acetylated tubulin (Hubbert et al., 2002). The pan-HDAC inhibitor Vorinostat (an FDA approved 

hydroxamate) and the topoisomerase II inhibitors, etoposide and doxorubicin, induce cell death and 

are used as anticancer agents. By treating simultaneously with tubacin and one of those inhibitors, an 

increased therapeutic efficacy can be achieved as cell death within normal cells is avoided due to 

alteration of cytotoxic effects of DNA damaging agents (Namdar et al., 2010). 

1.6.2.3 Bufexamac 
Bufexamac (p-butoxyphenylacethydroxamic acid) is an HDACi that is selective for class IIb (HDAC 6 

and 10). Bufexamac does not affect levels of histone acetylation in chromatin because the main 

location of HDAC6 and HDAC10 is in the cytoplasm. Similar to tubacin, bufexamac treatment also 

leads to increased acetylation of tubulin (Bantscheff et al., 2011). In addition to its HDACi activity, 

bufexamac has been used for many years as a topically administered anti-inflammatory drug (Wolf-

Jurgensen, 1979). 

1.6.2.4 4-(dimethylamino)-N-[6-(hydroxyamino)-6-oxohexyl]-benzamide  
4-(dimethylamino)-N-[6-(hydroxyamino)-6-oxohexyl]-benzamide is a selective HDAC1 inhibitor due to 

its long name it will hereafter be referred to as HDAC1-i (Galletti et al., 2014). HDAC1-i was 

synthesized from TSA in an attempt to make a simple HDACi with possible therapeutic roles in cancer 

therapy (Jung et al., 1997). HDAC1-i has been shown to inhibit MCF-7 breast cancer cells in the µM 

range (Schmidt et al., 1999). Recently, HDAC1-i has also shown great promise in the treatment of 



 

33 

Pulmonary Arterial Hypertension. Arterial walls of patients go through remodeling leading to thickening 

of the vascular walls. Pulmonary Artery Smooth Muscle Cells (PASMCs) are affected by platelet-

derived growth factor leading to increased proliferation and migration. Dose depentent treatment of 

PASMCs with HDAC1-i reduced both proliferation and migration without affecting the number of plated 

cells (Galletti et al., 2014). 

1.6.3 Histone deacetylase inhibitors: benzamides 
The chemical class of benzamides (C6H5CONH2) has many members, both natural and synthetically 

produced. Members of the benzamide family have been shown to have HDAC inhibitory function and 

some antitumor efficacy through HDAC inhibition (Saito et al., 1999). It has also been suggested that 

members of this class are relatively non-toxic compared to the family of hydroxamates. Benzamide 

treatments in cell-based and mouse models of the neurodegenerative diseases Friedreich ataxia (FA) 

and HD have revealed beneficial effects of benzamides (Chou et al., 2008). One beneficial agent in 

treatment of FA is the benzamide pimelic diphenylamide 106 (Rai et al., 2008), which was the only 

inhibitor of the benzamide class used in this study. 

1.6.3.1 Pimelic diphenylamide 106 
Pimelic diphenylamide 106 (TCH-106) is a specific HDAC class I inhibitor with large differences in 

HDAC preference. It has been shown that unlike hydroxamates, TCH-106 is a slow, tight binding 

inhibitor with different mechanisms of action for members of the class I HDACs (Chou et al., 2008). FA 

is an incurable disease, where the gene that encodes for frataxin is silenced by hypoacetylation and 

methylation. By treating lymphocytes from FA patients with benzamide derivatives an increase in 

acetylation followed by increase frataxin levels was seen and no signs of toxicity (Herman et al., 

2006). The same was seen in mouse models when treated with TCH-106 and the overall effect on 

gene expression suggested that severe side effects are unlikely. TCH-106 is able to penetrate the 

blood brain barrier. Valproic acid and TSA are examples of HDACi that have been tried in regards to 

increase frataxin levels, with no luck (Rai et al., 2008). 

1.6.4 Histone deacetylase inhibitors: trifluoromethyloxadiazole  
Trifluoromethyloxadiazoles (TMFO) have recently been discovered as a substances that are able to 

specifically inhibit class IIa HDACs (Lobera et al., 2013). Inhibition of HDACs from classes I, II and IV 

is done via interactions with the Zn2+ (Chen et al., 2013). TMFOs have a metal-binding group 

responsible for their selectivity. In this study we used one TMFO inhibitor, i.e. TMP269 (N-((4-(4-

Phenylthiazol-2-yl)tetrahydro-2H-pyran-4-yl)methyl)-3-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-

yl)benzamide) (Lobera et al., 2013). 

1.6.4.1 TMP269 
TMP269 has a TMFO group that inhibits detrifluoroacetylation of class IIa substrates. Not much is 

known of this compound but it has been shown to inhibit in the µM range. CD4+ cells were treated with 

the inhibitor with concentration up to 10 µM and no effects were seen on mitochondrial activities or 

viability of the cells (Lobera et al., 2013). 
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1.7 Micro RNA 
In multicellular organisms there are several means of influencing gene expression. Noncoding RNAs, 

such as transfer RNA, ribosomal RNA and regulatory RNAs are examples of factors involved in gene 

regulation (Ambros, 2001). MicroRNAs (miRNAs) are also an example of noncoding RNAs that take 

part in gene regulation and they are believed to be one of the more abundant class of regulators 

(Bartel, 2004). 

miRNAs are small RNA molecules, usually about 22 nucleotides in length, that control the amount 

of proteins in cells. miRNAs pair to messenger RNA (mRNA) molecules with a similar base sequence 

and either prevent translation of the mRNA or promote its degradation (figure 10) (Bartel, 2004, 2009). 

“Developmental timing, differentiation, proliferation, cell death and metabolism” are all examples of 

processes influenced by miRNAs (Davis & Hata, 2009). 

In humans, more than 400 miRNAs have been identified (Bartel, 2009). Genomic organization 

places about 50 % of miRNA genes in regions of non-coding RNA transcripts and around 40 % within 

introns of protein coding genes (Davis & Hata, 2009). miRNAs are usually transcribed by RNA 

polymerase (RNA pol) II, but in some cases by RNA pol III. Transcription generates polyadenylated 

and capped primary miRNA that is cropped by the Drosha complex to generate precursor miRNAs. 

Pre-miRNAs are exported from the nucleus into the cytoplasm by exportin 5 where the dicer complex 

produces the mature miRNA (Davis & Hata, 2009). 

The RNA induced silencing complex is responsible for pairing the anti-sense part of miRNAs to the 

corresponding sense part of its target mRNA. Sense-anti-sense RNA is then tagged for either 

inhibition or degradation, depending on the degree of complementary paring of the miRNA to the 

target mRNA. With computational approaches, identifications of miRNA-mRNA pairs have been made 

possible (Davis & Hata, 2009). The control of the protein levels of both ACAN and HOXD10 (most up- 

and down- regulated genes in L68Q-CST3 carrier dermal fibroblast according to gene expression 

data) can be achieved through miRNA mechanisms (Ma, 2010; Yang et al., 2011). 

 

Figure 10 - MicroRNA biogenesis and RNA-induced gene silencing 

A schematic picture showing the processing of microRNA within the cell (Joshi et al., 2011) 
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1.8 Prior results that form the foundation of this project 

1.8.1 Gene expression analyses of L68Q-CST3 fibroblasts 
Prior to the study described here, dermal fibroblasts have been cultured from skin biopsies of L68Q-

CST3 carriers via the explant method. The gene expression profile of such cells from nine carriers has 

been compared to that of dermal fibroblast from six controls by microarray and RTqPCR analyses. 

The microarray results revealed that there were significant gene expression differences between the 

carrier and control cells.  

The gene with the most elevated expression in the carrier fibroblasts was ACAN, of the chondroitin 

proteoglycan aggrecan. The most down-regulated gene in the carrier fibroblasts was that of the 

transcription factor HOXD10. In addition to these genes, the genes for collagen IV (COL4A1 and 

COL4A2) and the smooth muscle actin gene, ACTA2, were among the genes with significantly 

elevated expression.  

The upregulated expression of ACAN and the COL4 genes is relevant to published pathological 

data (Snorradottir et al., 2013). ACTA2 upregulation is suggestive of a myofibroblast phenotype, a 

profibrotic cell type that can be derived from fibroblasts and other cell types, such as epithelia or 

endothelia, due to a phenotypic shift termed epithelial (or endothelial) mesenchymal transition (EMT).  

Myofibroblasts are characterized by increased cell migration and invasive ability and are involved in 

production of ECM proteins in wound healing (Eyden, 2008; Hinz, 2007). HOXD10 suppresses 

transcription of genes that are involved in extracellular matrix remodelling and cell migration (Myers et 

al., 2002). Reduction of HOXD10 expression, like that seen in the L68Q-CST3 fibroblasts, is 

documented to result in increased migratory and invasive properties of cells (Ma et al., 2007) which is 

consistent with EMT. In summary, the gene expression data suggests that the carrier fibroblasts have 

a fibrotic/myofibroblastic phenotype. 

 

The following genes were chosen, ACAN, ACTA2, COLIV1, F2RL2, FGF9, HAND2, HAPLN1, 

HOXD10, KRT7, LAMB1, PRKG2, RARB, RGCC, SORBS2, and TBX5 based on a) those that were 

very up/down regulated or b) were no overlap was seen (see figure 11). Two additional genes were 

measured, HDAC6 (based on proteomics data) and HDAC1 (based on results from this study).  
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Figure 11 – The gene expression profile genes that were differentially expressed in L68Q-CST3 dermal 
fibroblasts compared to controls in previous microarray and RTqPCR analyses  

Prior to the study described here, the global gene expression in L68Q-CST3 dermal fibroblasts had been 

analyzed using expression microarrays and RTqPCR. This figure shows data from RTqPCR analyses of the gene 

expression of genes that were differentially expressed in carrier dermal fibroblasts compared to controls. The bar 

graphs in the panels show relative expression (RTqPCR) levels (y-axis, RQ, RQ: relative quantity) in 9 carriers 

(CC1, CC2, CC3, CC4, CC5, CC6, CC7, CC8, and CC9) and 6 controls (CT1, CT2, CT3, CT4, CT5, and CT6) 

and relative to that of the expression levels in untreated CT2 (control individual) cells. On the x-axis of the bar 

graphs controls are indicated with the prefix CT and carriers with CC.  
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2 Aims of the study 
Unpublished data has shown that there are differences in the gene expression of dermal-fibroblasts 

from carriers of the L68Q-CST3 mutation compared to that of controls. For example, the carrier cells 

have elevated expression of extracellular matrix protein genes. This is of relevance to the pathology of 

the disease due to observed accumulation of extracellular matrix proteins in cerebral arteries of 

patients. The aims of this study were:  

1. Examine the effects of histone deacetylases inhibitors on gene expression in dermal-

fibroblasts of L68Q-CST3 carriers, i.e. evaluate if it is possible to “correct” their gene 

expression with such inhibitors, with special emphasis on extracellular matrix protein 

genes. 

2. See if the effects of histone deacetylases inhibitors on the cells are mediated through 

changes of the levels of a specific microRNA molecule, miR-145.  
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3 Materials and Methods 

3.1 Cell cultures and treatments 
Dermal fibroblasts from four carriers and four controls were used. All necessary permits for use of 

those samples and patient information have been obtained previously from the National Bioethics 

Committee and the Data Protection Authorities in Iceland. Information on age and gender can be seen 

in table 4. The code starting with CC are carriers of the L68Q-CST3 mutation and code starting with 

CT are controls. We chose to work with cells from age and gender matched controls and carriers, e.g. 

CC1 was age and gender matched to CT2 etc. Furthermore, the passage number of age and gender 

matched cells was similar.  

Table 4 - Information on participants in the study 

Information about the age and gender of the individuals from which the dermal fibroblasts used this study were 

obtained. Each carrier was gender and age matched to a control; furthermore during the experiments the passage 

number for each carriers individual was matched to that of its age and gender matched control.  

Sample Gender Age 

CC1 Female 25 

CC2 Male 61 

CC3 Female 18 

CC8 Male 48 

CT2 Female 26 

CT4 Female 14 

CT6 Male 53 

CT5 Male 43 

 

Dermal fibroblasts were cultured in Dulbecco’s Modified Eagles Medium (DMEM, 

Invitrogen/GIBCO) supplemented with 2 mM glutamine, 100 IU/mL penicillin, 100 IU/mL streptomycin, 

and 10 % fetal bovine serum (FBS; Invitrogen/GIBCO) in a humidified incubator (37 °C, 5 % CO2). For 

experiments, fibroblasts were seeded at a density of 25,000 cells cm-2 in culture flasks or plates from 

Nunc A/S, Denmark. The day after seeding the growth media was replaced with growth media 

containing histone deacetylase inhibitors at various concentrations, one well per concentration (table 

5). The cells were incubated with the inhibitors for 24 hours. This procedure was performed three 

times. The first cell culture experiments were done with TSA and SB, the second with TCH-106 (0 µM 

5 µM, and 10 µM), bufexamac and tubacin and the third with TCH-106 (0 µM 15 µM, and 30 µM), 

VPA, TMP269 and HDAC1-i. The concentrations applied were based on published data from studies 

that used the inhibitors (Aslan et al., 2013; Bantscheff et al., 2011; Haggarty et al., 2003; Jung et al., 

2006; Jung et al., 1999; Lobera et al., 2013). After treatment, and prior to harvesting, the cells were 

monitored for toxic effects; no toxic influence of the HDACi were detected at any concentrations. 
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Table 5 – Information of the histone deacetylase inhibitors used in this research 

The table shows the concentrations of the HDACi inhibitors that were used in the experiments.  

HDACi Concentration 

Trichostatin A (TSA) 0.25 µM and 0.5 µM 

Sodium Butyrate (SB) 0.5 mM and 1.0 mM 

TCH-106 5 µM, 10 µM, 15 µM and 30 µM. 

Bufexamac 30 µM and 100 µM 

Tubacin 10 µM and 20 µM 

Valproic Acid (VPA) 1 mM and 5 mM 

TMP269 0.5 µM and 1 µM 

HDAC1-i 20 µM and 40 µM 

 

3.2 Gene expression analysis 

3.2.1 RNA isolation 
RNA for reverse transcription and quantitative real time PCR assay (RT-qPCR) was isolated with the 

NucleoSpin® RNA or NucleoSpin® RNA/Protein kit (Macherey-Nagel, Germany). For samples treated 

with TSA, SB, TCH-106 (first treatment), Bufexamac, and Tubacin the NucleoSpin® RNA kit was 

used. The manufacturer’s instructions were followed with minor changes. In step 2, 100 µL of RA1 

was used instead of 350 µL, in step 4, 100 µL of 70% EtOH was used instead of 350 µL and in the 

final step (elution off column) 40 µL of RNase-free H2O was used instead of 60 µL to get higher RNA 

concentrations.  

RNA from samples treated with Valproic Acid, TMP269, HDAC1-i and TCH-106 (second treatment) 

was isolated with the NucleoSpin® RNA/Protein kit. This kit makes it possible to isolate both RNA and 

protein from the same samples, so Western Blot analysis could be performed later on. The RNA 

isolation with this kit was according to the manufacturer´s instructions.  

The quantity and purity of the RNA was determined with a NanoDrop ND-1000 spectrophotometer 

(NanoDrop Technologies, NC, USA). The quality (integrity) of the RNA was determined on Agilent 

RNA 6000 nano chips on a 2100 Bioanalyzer according to the manufacturer´s instructions (Agilent, 

USA, CA) (figure 12). RNA integrity numbers (RIN) of eight and higher were taken as a measure of 

acceptable RNA quality for downstream applications. Figure 12 shows an example of RIN 

measurement results from a Bioanalyzer assay. The results of the RNA quantity measurements from 

the NanoDrop ND-1000 spectrophotometer were used to dilute each RNA sample to 250 ng. RNA was 

stored at -80°C. 
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Figure 12 - RNA quality measurements from this research  

An example of the RNA integrity (RIN) measurements done in this study using the Agilent Bioanalyzer. Every 

RNA sample used in the study was analyzed regarding its RNA integrity number and samples with RIN 8 and 

higher were used.  

3.2.2 Removal of genomic DNA from RNA samples 
In the NucleoSpin® RNA (Macherey-Nagel, Germany) there is an on-column DNase digestion step 

where samples are incubated at room temperature for 15 minutes with recombinant DNase (rDNase). 

For the sodium butyrate treated samples CT4 and CC3 that step in the process was only carried out 

for one minute by mistake. To make up for that, the DNA-free™kit (Life Technologies) was used on 

those samples according to the manufacturer´s protocol as follows: RNA samples (20 µL) were mixed 

carefully with 10 x DNase I buffer (1 µL) and rDNase I (1 µL). The solution was then incubated at 37°C 

for 20 min. DNase inactivation Reagent (2 µL) was then added and mixed occasionally for the next 

two minutes. The samples were then centrifuged at 10.000 x g for 1.5 min and the cleaned RNA 

transferred to a fresh tube. Samples were stored at -80°C.    

3.2.3 Synthesis of cDNA 
Each reverse transcription (RT) reaction consisted of total RNA of approximately 250 ng. 

Complementary DNA (cDNA) was prepared with the RevertAid™ H Minus First Strand cDNA 

Synthesis kit (Fermentas, Germany) according to the manufacturer’s instructions. The final RT 

reaction mix consisted of: 

RNA (250ng)    11 µL 

Oligod(dT)18 primer   1 µL 

5 x reaction buffer    4 µL 

10 mM dNTP mix    2 µL 

Ribolock RNase inhibitor (20 U/µL)  1µL 

RT (RevertAid)     1 µL 
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RNA (11 µL) and Oligod(dT)18 primer (1 µL) were mixed together and heated at 65 °C for 5 min and 

then put on ice. The remaining components (8 µL master mix) were mixed with the RNA and 

Oligod(dT)18 mix in PCR tubes. The mix was then incubated in an ABI 2720 Thermal Cycler at 42°C 

for 60 min followed by 5 min at 70°C. Reverse transcribed cDNA was diluted with nuclease free H2O 

before it was used for qPCR reactions and assigned a concentration unit that corresponded to the 

concentration of total RNA in the RT reaction, i.e 1 ng cDNA corresponded to 1 ng of input total RNA 

in the RT reaction. After the RT reaction the cDNA was diluted to 3 ng/µL before storage at -80°C.  

3.3 Primers for qPCR analyses 
With the exclusion of the primers for HDAC1, HDAC6, PCYT1, GUSB, and CLK2, the primers used in 

this study had been designed and validated previously (Bragason et al, unpublished) for the target 

genes examined. The sequence of the primers can be seen in table 6. The reference genes used 

were chosen based on a study by de Brouwer et al. that evaluated reference genes for dermal 

fibroblasts (de Brouwer et al., 2006). Two reference genes were used for measurements of TSA and 

SB treated samples, i.e. CLK2 and PCYT1. One reference gene was added for all remaining 

treatments, i.e. GUSB. Primer efficiency had been measured for all primers prior to this study except 

for the HDAC1, HDAC6 and PCYT1 primers. Their efficiency was measured on a dilution series of 

cDNA. Briefly, 5-fold serial dilutions were made by diluting a cDNA from one individual in the study; 

qPCR on this serial dilution generated data used to make a standard curve from which primer 

efficiency was calculated using standard procedures. All primers used in the study had amplification 

efficiencies > 90%.  

 

Table 6 – Sequence of primers used in this research 
The table shows the sequences of the primers that were used for RTqPCR analyses of gene expression, as well 

as the final concentration of the primers in the RTqPCR reaction. All primers, except those for COLIVA1, HDAC1, 

and HDAC6, were designed and validated at Keldur previously (Bragason et al., unpublished). The primers for 

COLIVA1, HDAC1, and HDAC6  were based on published reports (see footnotes below table).  

Gene Forward seq (5´- 3´) Reverse seq (5´- 3´) Concentr. 
(nM) 

ACAN AGGGCACAGCCACCACCTACA GCGACAAGAAGAGGACACCGTC 200 

ACTA2 GCCAAGCACTGTCAGGAATC TTACAGAGCCCAGAGCCATT 900 

CLK2 TCGTTAGCACCTTAGGAGAGG TGATCATCAGGGCAACTCG 900 

COLIV1A11 ACTCTTTTGTGATGCACACCA AAGCTGTAAGCGTTTGCGTA 900 

CST3 CGGCGAGTACAACAAAGCC CAGCTCCACGTCCAAGAAGT 900 

F2RL2 TGTCAGAGTGGCATGGAAAA AAGGCAGAAAAGGGGAACTC 900 

FGF9 CCAGGAAAGACCACAGCCGATTT CCCCTTCTCATTCACCCGAGGTA 900 

GUSB AGAGTGGTGCTGAGGATTGG CCCTCATGCTCTAGCGTGTC 300 

HAND2 AGAAGAGGAAGAAGGAGCTGAACGA CCCGTCCGGGCCTTTGGTTTT 900 

HAPLN1 AGCACTGGACTTACAAGGTGT CCTGCTGCGCCTCGTGAAAAT 900 

HDAC12 CCAAGTACCACAGCGATGAC TGGACAGTCCTCACCAACG 300 

HDAC63 CAGAACTGGTGCTGGTCTCAG TATGTGCGATGGACTTGGATG 300 

HOXD10 GCAGGAGAAGGAAAGCAAAG CGCTCGCGGGTGAGGTACATATT 300 
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KRT7 TGGCGCTCAAGGATGCTCGT ATCTCCAGCCAACCGGCTCT 300 

LAMB1 AAAGCTGCCCAAAACTCCGGGG GGCTTTCCTTCTGGCATCAGCTG 300 

PCYT1  ACCGGATTGATTTTGTAGCC AACATGCCTGCCTCCTTG 300 

PRKG2 AGCTCCTAACGGGCAACCCA TGCCTGCAAAGCCTCCGAATC 900 

RARB CCAGGAATCGATGCCAATAC CTCTGTGCATTCTTGCTTCG 900 

RGCC GCCACTGTCACTCCTCAGAAA ACGTCTTTGTCCCCTCTGGCA 900 

SORBS2 GGCCCACTGACTCCTACTTCCTCTGA TGACTGAGAATCACGCCCTGTGT 900 

TBX5 TGAGCCCTGCTCTCCAGCGA CGCGCAAGGTTCTGCTCTCCA 900 

 1 (Chen et al., 2005)   
2 (Kallsen et al., 2012)  

3 (Sakuma et al., 2006) 

3.4 Analyses of miR-10b and miR-145 expression  
The same RNA as was used to prepare the cDNA for miR expression measurements as for the qPCR 

of the target genes in table 7. RNA samples from TSA and HDAC1-i treated samples were used in this 

part of the project in addition to untreated samples from the SB treatments. The RNA samples were 

diluted to 2 ng/µL. The TaqMan® MicroRNA Reverse Transcription Kit (ABI) was used to prepare 

cDNA with the appropriate 5 x RT primer mix for RNU6B, miR-145 and miR10b, according to the 

manufacturer´s instructions; The RT reactions consisted of: 

RNA (2ng/µL)    5 µL 

5 x RT primer mix   3 µL 

dNTP mix (100 mM total)  0,15 µL 

Multiscribe™ RT enzyme (50 U/µL) 1,00 µL 

10 x RT Buffer    1,5 µL 

Rnase Inhibitor (20 U/µL)  0,19 µL 

Nuclease free water   4,16 µL 

The small non-coding RNA RNU6B was used as reference gene and to confirm that the RNA 

previously prepared was adequate for the micro-RNA measurements, i.e. that there was a sufficient 

quantity of small RNA molecules in the samples. The components were placed into PCR tubes, mixed 

and placed on ice for 5 minutes. The mix was then incubated in an ABI 2720 Thermal Cycler for 30 

min at 16°C, 30 min at 42°C and finally at 85°C for 5 min. The cDNA samples were then stored at -

80°C.  

3.5 Real-time quantitative PCR (RTqPCR) 
Real-time quantitative PCR measurements were done on a StepOnePlus™ realtime-PCR instrument 

(ABI). Two technical replicates were done on samples treated with SB and TSA and three technical 

replicates on samples that were treated with the other inhibitors.   

3.5.1 RTqPCR analyses of gene expression  
The power SYBR Green/ROX qPCR Master Mix (2x) (Thermo Scientific) was used for all qPCR 

reactions of target gene expression. The reaction conditions were 2 min at 50°C, 10 min at 95°C, 40 
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cycles of 15 sec at 95°C and 1 min at 60°C. This was followed by a melting curve step to evaluate the 

selectivity of the reaction, i.e. only a single PCR product. The melting curve analysis conditions were 

according to the default settings on the StepOnePlus™ instrument, i.e. 15 sec at 95°C followed by 1 

min incubations starting at 60°C and increasing with 0.3°C increments to 95°C with a fluorescence 

read after each 1 min incubation. qPCR reactions consisted of the following components: 

cDNA template (3ng/µL)   4 µL (5µL for TSA and SB treatments) 

Forward primer (20 µM)   Concentration seen in table 7 

Reverse primer (20 µM)   Concentration seen in table 7 

PCR master mix    10 µL 

ddH2O Dependet upon concentration of primers, final volume 
of the reaction was 19 µL (20 µL for TSA and SB 
treatments) 

3.5.2 RTqPCR of miRs 
Maxima Probe/ROX qPCR Master Mix (2X) (Thermo Scientific) was used for all reactions. Identical 

reaction conditions on the StepOnePlus™ instrument were used for miR measurements as for the 

gene expression measurements. The qPCR reaction consisted of the following components (The 

TaqMan Small RNA assay master mixes, hsa-miR-145-5p, hsa-miR-10b-5p and RNU6B were 

purchased from Life Technologies): 

Product from RT reaction   1,33 µL 

TaqMan® Small RNA assay master mix (20x) 1 µL 

PCR master mix     10 µL 

ddH2O      7,67 µL 

3.6 Data analysis 
Gene expression levels were measured on a StepOnePlus™ realtime-PCR instrument (ABI). 

Expression data was exported to Microsoft® Office Excel for further calculations. The qPCR 

expression data for each target gene in a samples was normalized using the expression profiles of 

three reference genes, CLK2, PCYT1 and GUSB that are stably expressed in dermal fibroblasts (de 

Brouwer et al., 2006). The relative quantity of gene expression was calculated using the ΔΔCt method 

(Livak & Schmittgen, 2001). Relative quantity data was LOG10 transformed to normalize data prior to 

statistical analyses. The Student´s T-test was performed in Microsoft® Office Excel. The GraphPad 

Prism software, version 6.0f (demo version), was used for ANOVA calculations between treatments 

followed by Tukey´s multiple comparison tests to locate significant differences in gene expression 

between treatments. The cut off for significance in all statistical calculations was p = 0.05. Image 

processing was done in Microsoft® Office Excel and Swift Publisher 3.3.7. Statistical tests were done 

to answer the following questions: 
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1. Was there a difference in gene expression levels between untreated controls vs. untreated 
carriers? (Student´s T-test) 

2. Was there a difference in gene expression levels between untreated controls vs. treated 
carriers? (Student´s T-test), i.e. did the treatment “correct” the expression in the carriers to 
that in the controls.  

3. Was there a difference in gene expression levels between contols vs. carriers within 
treatment levels? (Student´s T-test) 

4. Was there a difference in gene expression changes (up- or downregulation) between 
controls and carriers within treatment concentrations? (Student´s t-test). 

5. Was there a difference in gene expression levels between treatment concentrations 
within the controls and carriers? (ANOVA) 

6. If the answer to 5. was positive (i.e. p < 0.05) where was the difference between 
treatments within controls and carriers in ANOVA? (Tukey´s multiple comparisons test) 
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4 Results 

4.1 HDACs inhibitor treatments 
Eight HDAC inhibitors (trichostatin A (TSA), sodium butyrate (SB), TCH-106, bufexamac, tubacin, 

TMP269, valproic acid (VPA), and HDAC1-i, see table 5) were used to evaluate if it was possible to 

influence the expression of genes that were differently expressed in L68Q-CST3 dermal fibroblasts 

(compared to controls) according to previous experiments (Bragason et al., unpublished results). We 

started with two inhibitors, TSA and SB. The former is known for its broad, and strong, range of 

inhibition, i.e. it inhibits many HDAC enzymes; the latter is related to a ß-hydroxybutyrate, the naturally 

occurring HDACi that can be modulated by diet (Shimazu et al., 2013) and was the incentive for this 

part of the project as detailed in the Introduction. Dermal fibroblasts from three controls (CT2, CT4, 

and CT6) and three carriers (CC1, CC3, and CC8) were used for the TSA and SB treatments, 

whereas fibroblasts from four controls (CT2, CT4, CT5, and CT6) and four carriers (CC1, CC2, CC3, 

and CC8) were used for all other inhibitor treatments (see Materials and Methods, table 4). RTqPCR 

was used to measure gene expression in the treated samples. All data shown in the following figures 

(chapters 4.1 and 4.3.) are normalized expression levels relative to reference genes. For the samples 

from the TSA and SB treatments, the RTqPCR data was normalized to the expression of the reference 

genes CLK2 and PCYT1A, for the subsequent treatments the data was normalized to the reference 

genes CLK2, PCYT1A, and GUSB.  

 

4.1.1 Trichostatin A and Sodium Butyrate treatments 
The dermal fibroblasts were treated with 0 µM, 0.25 µM and 0.5 µM TSA or 0 mM, 0.5 mM, and 1 mM 

SB. The expression of the following genes was evaluated in the TSA and SB treated samples: ACAN, 

ACTA2, COLIV1, HAPLN1, HDAC6, HOXD10, RARB, RGCC, and TBX5. All genes except HDAC6 

were chosen based on previous data (microarray and RTqPCR) that showed that their expression 

levels differed significantly in L68Q-CST3 dermal fibroblasts compared to controls. The HDAC6 gene 

was chosen based on preliminary iTRAQ proteomics data that indicated that there was a difference in 

HDAC6 protein levels in L68Q-CST3 dermal fibroblasts compared to controls. The results of the TSA 

and SB treatments on the genes listed above are described below alphabetically.  

 

ACAN expression levels before and after treatments with TSA or SB are shown in figure 13. 

Measurements of ACAN expression in untreated samples confirmed previous observations (figure 11, 

Bragason et al., unpublished results) of significantly higher ACAN expression levels in carrier cells 

when compared to controls (figure 13, panel A:  p = 0.0067 and panel C: p = 0.0137). The results 

showed that ACAN expression in the carriers and controls within treatments did not differ as a result of 

SB treatments (figure 13, panel D). Furthermore, no change in expression levels between treatments 

was seen in the carriers or controls (figure 13, ANOVA table). However, the TSA treatments affected 

ACAN expression differently in the carriers and controls, i.e. TSA increased expression in controls 
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between treatments (p = 0.0338, figure 13, ANOVA table). In addition there was a significant 

difference between the response of carriers and controls with 0.25 µM TSA (p < 0.01, figure 13, panel 

B) but not in cells treated with 0.5 µM.  

 

Gene	   Treatment	   One-‐way	  ANOVA	  

Controls	  
	  

Carriers	  

ACAN	   TSA	   F(2,6)	  =	  6.281,	  P	  =	  0.03381	   F(2,6)	  =	  0.5583,	  P	  =	  0.5993	  

	  
SB	   Too	  few	  values	   F(2,6)	  =	  0.1598,	  P	  =	  0.8558	  

	  1	  0	  µM	  vs.	  0.5	  µM	  *	  

 

Figure 13 – The effects of TSA and SB treatments on ACAN expression levels 

The bar graphs in panels A and C show relative expression levels (y-axis, LOG10(RQ), RQ: relative quantity) in all 

carriers and controls relative to that of the expression levels in untreated CT2 (control individual) cells. On the x-

axis of the bar graphs controls are indicated with the prefix CT and carriers with CC. The graphs in panels B and 

D show means of LOG10(RQ) compared to untreated within controls and carriers, in these graphs the levels of 

expression in all untreated samples is set as 1 (LOG10(1)=0). T-tests were performed on gene expression levels 

(LOG10RQ) between controls and carriers for each treatments concentration (t-test results shown in table under 

bar graphs in panels A and C) and on gene expression changes (directionality, i.e. up- or downregulation) 

between controls and carriers within treatment concentrations (panels B and D). The results from the t-tests (in 

panels B and D) are noted as n.s. = not significant, or significant: p<0.05 = *, p<0.01 = **, p<0.001 = ***, p<0.0001 

= ****. A t-test value was not calculated for 1.0 mM in panel D as no data was obtained for 1.0 mM treated CT4 

cells. One-way ANOVA was used to evaluate treatment effects within carriers and controls followed by Tukey´s 

multiple comparisons test. The results are shown in the table below the image panels.  

 

ACTA2 expression levels before and after treatments with TSA or SB are shown in figure 14. 

Untreated samples showed no significant difference in ACTA2 expression in carrier cells when 

compared to controls (figure 14, panel A:  p = 0.7397 and panel C: p = 0.6200). There was no 
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significant change in the expression levels of the controls or carriers between treatments with TSA or 

SB (figure 14, ANOVA table). However, there was a significant difference in the response of the 

carriers and controls within one TSA treatment concentration, i.e. with 0.25 µM TSA (p < 0.05, figure 

14, panel B). 

 

Gene	  
	  

Treatment	  
	  

One-‐way	  ANOVA	  

Controls	   Carriers	  

ACTA2	   TSA	   F(2,6)	  =	  0.07233,	  P	  =	  0.9310	   F(2,6)	  =	  0.1107,	  P	  =	  0.8970	  

	  	   SB	   F(2,6)	  =	  0.01996,	  P	  =	  0.9803	   F(2,6)	  =	  0.1073,	  P	  =	  0.8999	  

 

Figure 14 – The effects of TSA and SB on ACTA2 expression levels 
The bar graphs in panels A and C show relative expression levels (y-axis, LOG10(RQ), RQ: relative quantity) in all 

carriers and controls relative to that of the expression levels in untreated CT2 (control individual) cells. On the x-

axis of the bar graphs controls are indicated with the prefix CT and carriers with CC. The graphs in panels B and 

D show means of LOG10(RQ) compared to untreated within controls and carriers, in these graphs the levels of 

expression in all untreated samples is set as 1 (LOG10(1)=0). T-tests were performed on gene expression levels 

(LOG10RQ) between controls and carriers for each treatments concentration (t-test results shown in table under 

bar graphs in panels A and C) and on gene expression changes (directionality, i.e. up- or downregulation) 

between controls and carriers within treatment concentrations (panels B and D). The results from the t-tests (in 

panels B and D) are noted as n.s. = not significant, or significant: p<0.05 = *, p<0.01 = **, p<0.001 = ***, p<0.0001 

= ****. One-way ANOVA was used to evaluate treatment effects within carriers and controls. The results are 

shown in the table below the image panels.  

 

COLIVA1 expression levels before and after treatments with TSA or SB are shown in figure 15. 

Untreated samples showed no significant difference of COLIVA1 expression in carrier cells when 

compared to controls (figure 15, panel A:  p = 0.4629 and panel C: p = 0.9511). There was no 
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significant change in COLIVA1 expression between treatments in the controls or carriers (figure 15, 

ANOVA table), nor was there any significant difference in the response of the carriers and controls 

regarding COLIVA1 expression levels within the SB and TSA treatments.  

 

Gene	  
	  

Treatment	  
	  

One-‐way	  ANOVA	  

Controls	   Carriers	  

COLIV1	   TSA	   F(2,6)	  =	  0.04534,	  P	  =	  0.9560	   F(2,6)	  =	  3.971,	  P	  =	  0.0797	  

	  	   SB	   F(2,6)	  =	  0.05685,	  P	  =	  0.9452	   F(2,6)	  =	  0.7569,	  P	  =	  0.5092	  

 

Figure 15 – The effects of TSA and SB treatments on COLIVA1 expression levels 
The bar graphs in panels A and C show relative expression levels (y-axis, LOG10(RQ), RQ: relative quantity) in all 

carriers and controls relative to that of the expression levels in untreated CT2 (control individual) cells. On the x-

axis of the bar graphs controls are indicated with the prefix CT and carriers with CC. The graphs in panels B and 

D show means of LOG10(RQ) compared to untreated within controls and carriers, in these graphs the levels of 

expression in all untreated samples is set as 1 (LOG10(1)=0). T-tests were performed on gene expression levels 

(LOG10RQ) between controls and carriers for each treatments concentration (t-test results shown in table under 

bar graphs in panels A and C) and on gene expression changes (directionality, i.e. up- or downregulation) 

between controls and carriers within treatment concentrations (panels B and D). The results from the t-tests (in 

panels B and D) are noted as n.s. = not significant, or significant: p<0.05 = *, p<0.01 = **, p<0.001 = ***, p<0.0001 

= ****. One-way ANOVA was used to evaluate treatment effects within carriers and controls. The results are 

shown in the table below the image panels.  

 

HAPLN1 expression levels before and after treatments with TSA or SB are shown in figure 16. 

Untreated samples showed a significant difference of HAPLN1 expression in carrier cells when 

compared to controls within the TSA treated series (figure 16, panel A:  p = 0.0342) whereas the 

difference between untreated cells in the SB series was not significant difference (figure 16, panel C: p 
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= 0.1244). There was no significant change in HAPLN1 expression between treatments in the controls 

or carriers (figure 16, ANOVA table); it should be noted that it was not possible to perform ANOVA on 

SB treated controls due to lack of amplification data for CT4. There was no significant difference in the 

response of the carriers and controls regarding HAPLN1 expression levels within the TSA treatments. 

It was not possible compare (t-test) expression levels of the carriers and controls within SB treatments 

due to lack of amplification data for CT4. The higher treatment concentration of TSA (0.5 µM) was 

sufficient to modulate the HAPLN1 expression levels of the carriers to that of untreated controls, i.e. it 

“corrected” the expression levels in the carriers (p = 0.084). 

 

Gene	  
	  

Treatment	  
	  

One-‐way	  ANOVA	  

Controls	   Carriers	  

HAPLN1	   TSA	   F(2,6)	  =	  0.001057,	  P	  =	  0.9989	   F(2,6)	  =	  0.7665,	  P	  =	  0.5053	  

	  	   SB	   Too	  few	  values	   F(2,6)	  =	  0.1629,	  P	  =	  0.8533	  

 

Figure 16 – The effects of TSA and SB treatments on HAPLN1 expression levels 

The bar graphs in panels A and C show relative expression levels (y-axis, LOG10(RQ), RQ: relative quantity) in all 

carriers and controls relative to that of the expression levels in untreated CT2 (control individual) cells. On the x-

axis of the bar graphs controls are indicated with the prefix CT and carriers with CC. The graphs in panels B and 

D show means of LOG10(RQ) compared to untreated within controls and carriers, in these graphs the levels of 

expression in all untreated samples is set as 1 (LOG10(1)=0). T-tests were performed on gene expression levels 

(LOG10RQ) between controls and carriers for each treatments concentration (t-test results shown in table under 

bar graphs in panels A and C) and on gene expression changes (directionality, i.e. up- or downregulation) 

between controls and carriers within treatment concentrations (panels B and D). T-test values were not calculated 

in panel D due to lack of amplification in CT4 cells. The results from the t-tests (in panel B) is noted as n.s. = not 

significant, or significant: p<0.05 = *, p<0.01 = **, p<0.001 = ***, p<0.0001 = ****. One-way ANOVA was used to 

evaluate treatment effects within carriers and controls. The results are shown in the table below the image panels.  
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HDAC6 expression levels before and after treatments with TSA or SB are shown in figure 17. 

Untreated samples showed no significant difference in HDAC6 expression levels in carrier cells when 

compared to controls (figure 17, panel A: p = 0.7397 and panel C: p = 0.2576). There was no 

significant change in HDAC6 expression between TSA treatments in the controls or carriers (figure 17, 

ANOVA table). There was a significant difference in HDAC6 expression levels between SB treatments 

(down-regulation in 1.0 mM vs 0 mM), in the controls (p = 0.0151, figure 17, ANOVA table) but not the 

carriers. There was no significant difference in the response of the carriers and controls regarding 

HDAC6 expression levels within the TSA treatments. There was a significant difference in the 

response of carriers and controls within the 1.0 mM SB treatment, i.e. expression levels in the controls 

were significantly more downregulated (p < 0.01, figure 17, panel D). 

 

Gene	  
	  

Treatment	  
	  

One-‐way	  ANOVA	  

Controls	   Carriers	  

HDAC6	   TSA	   F(2,6)	  =	  0.7759,	  P	  =	  0.5015	   F(2,6)	  =	  0.06425,	  P	  =	  0.9384	  

	  	   SB	   F(2,6)	  =	  9,126,	  P	  =	  0.01511	   F(2,6)	  =	  0.7704,	  P	  =	  0.5038	  

1	  0	  mM	  vs.	  1.0	  mM	  *	  
 

Figure 17 – The effects of TSA and SB treatments on HDAC6 expression levels 
The bar graphs in panels A and C show relative expression levels (y-axis, LOG10(RQ), RQ: relative quantity) in all 

carriers and controls relative to that of the expression levels in untreated CT2 (control individual) cells. On the x-

axis of the bar graphs controls are indicated with the prefix CT and carriers with CC. The graphs in panels B and 

D show means of LOG10(RQ) compared to untreated within controls and carriers, in these graphs the levels of 

expression in all untreated samples is set as 1 (LOG10(1)=0). T-tests were performed on gene expression levels 

(LOG10RQ) between controls and carriers for each treatments concentration (t-test results shown in table under 

bar graphs in panels A and C) and on gene expression changes (directionality, i.e. up- or downregulation) 

between controls and carriers within treatment concentrations (panels B and D). The results from the t-tests (in 
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panels B and D) are noted as n.s. = not significant, or significant: p<0.05 = *, p<0.01 = **, p<0.001 = ***, p<0.0001 

= ****. One-way ANOVA was used to evaluate treatment effects within carriers and controls followed by Tukey´s 

multiple comparisons test. The results are shown in the table below the image panels.  

 

HOXD10 expression levels before and after treatments with TSA or SB are shown in figure 18. 

Measurements of expression levels in untreated samples confirmed previous observations (figure 11) 

of significantly lower levels of HOXD10 expression in carrier cells when compared to controls (figure 

18, panel C: p = 0.0148) (a t-test could not be performed on values from untreated cells from the TSA 

treatment series (figure 18, panel A) as only two of three carriers had measurable values due to low 

gene expression). There was a significant change in HOXD10 expression between TSA treatments in 

the controls (decrease at 0.5 µM vs. 0.25 µM, p = 0.0308, figure 18, ANOVA table); it should be noted 

that it was not possible to perform ANOVA on TSA treated carriers due to lack of amplification data for 

CC1 (0 µM). Due to the same reason it was not possible to compare (t-test) the response of the 

carriers and controls within the TSA treatments. There was no significant change in the expression 

levels of HOXD10 between the SB treatments (figure 18, ANOVA table), nor was there any difference 

in the response of the carriers and controls within treatments (figure 18, panel D). 

Overall, the results of the TSA treatments (figure 18, panel A) indicated that HOXD10 

expression levels of carrier cells could be modulated to similar levels as in the controls, and at 0.5 µM 

TSA the difference in expression levels was non-significant (p = 0.1541, panel A) between carriers and 

controls. However, treatment with 0.5 µM TSA was not sufficient to elevate HOXD10 expression levels 

in the carriers to that of untreated controls (p < 0.05). 
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Gene	  
	  

Treatment	  
	  

One-‐way	  ANOVA	  

Controls	  
	  

Carriers	  

HOXD10	   TSA	   F(2,6)	  =	  6.572,	  P	  =	  0.03081	   Too	  few	  values	  

	  
SB	   F(2,6)	  =	  0.0448,	  P	  =	  0.9565	   F(2,6)	  =	  1.037,	  P	  =	  0.4015	  

1	  0.25	  µM	  vs.	  0.5	  µM	  *	  

 

Figure 18 – The effects of TSA and SB treatments on HOXD10 expression levels 

The bar graphs in panels A and C show relative expression levels (y-axis, LOG10(RQ), RQ: relative quantity) in all 

carriers and controls relative to that of the expression levels in untreated CT2 (control individual) cells. On the x-

axis of the bar graphs controls are indicated with the prefix CT and carriers with CC. The graphs in panels B and 

D show means of LOG10(RQ) compared to untreated within controls and carriers, in these graphs the levels of 

expression in all untreated samples is set as 1 (LOG10(1)=0). T-tests were performed on gene expression levels 

(LOG10RQ) between controls and carriers for each treatments concentration (t-test results shown in table under 

bar graphs in panels A and C) and on gene expression changes (directionality, i.e. up- or downregulation) 

between controls and carriers within treatment concentrations (panels B and D). T-test values were not calculated 

in panel B due to lack of amplification in CC1 cells. The results from the t-tests (in panel D) is noted as n.s. = not 

significant, or significant: p<0.05 = *, p<0.01 = **, p<0.001 = ***, p<0.0001 = ****. One-way ANOVA was used to 

evaluate treatment effects within carriers and controls followed by Tukey´s multiple comparisons test. The results 

are shown in the table below the image panels. 

 

RARB expression levels before and after treatments with TSA or SB can be seen in figure 19. 

Comparisons of RARB expression levels in untreated samples from both the SB treated series and the 

TSA treated series confirmed previous observations (figure 11) of significantly higher levels of RARB 

expression in carrier cells when compared to controls (figure 19, panel A: p = 0.0011 and panel C: p = 

0.0058). There was a significant change in RARB expression between TSA treatments (p = 0.0010, 

figure 19, ANOVA table) in the controls (increase between 0 µM vs. 0.25 µM and 0 µM vs. 0.5 µM). 

There was a significant difference in RARB expression in the controls and carriers within TSA 

treatments, i.e. the amplitude of increase in the controls was higher than in the carriers at 0.25 µM (p < 

0.05) and 0.5 µM (p < 0.05) (figure 19, panel B). There was no significant change in the expression 

levels of RARB between the SB treatments (figure 19, ANOVA table), nor was there any difference in 

the response of the carriers and controls within treatments (figure 19, panel D). 
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Gene	  
	  

Treatment	  
	  

One-‐way	  ANOVA	  

Controls	   Carriers	  

RARB	   TSA	   F(2,6)	  =	  27.27,	  P	  =	  0.00101	   F(2,6)	  =	  4.726,	  P	  =	  0.0585	  

	  	   SB	   F(2,6)	  =	  0.9815,	  P	  =	  0.4246	   F(2,6)	  =	  0.7088,	  P	  =	  0.5293	  
1	  0	  µM	  vs.	  0.25	  µM	  **	  and	  0	  µM	  vs.	  0.5	  µM	  **	  

 

Figure 19 – The effects of TSA and SB treatments on RARB expression levels 

The bar graphs in panels A and C show relative expression levels (y-axis, LOG10(RQ), RQ: relative quantity) in all 

carriers and controls relative to that of the expression levels in untreated CT2 (control individual) cells. On the x-

axis of the bar graphs controls are indicated with the prefix CT and carriers with CC. The graphs in panels B and 

D show means of LOG10(RQ) compared to untreated within controls and carriers, in these graphs the levels of 

expression in all untreated samples is set as 1 (LOG10(1)=0). T-tests were performed on gene expression levels 

(LOG10RQ) between controls and carriers for each treatments concentration (t-test results shown in table under 

bar graphs in panels A and C) and on gene expression changes (directionality, i.e. up- or downregulation) 

between controls and carriers within treatment concentrations (panels B and D). The results from the t-tests (in 

panels B and D) are noted as n.s. = not significant, or significant: p<0.05 = *, p<0.01 = **, p<0.001 = ***, p<0.0001 

= ****. One-way ANOVA was used to evaluate treatment effects within carriers and controls followed by Tukey´s 

multiple comparisons test. The results are shown in the table below the image panels.  

 
RGCC expression levels before and after treatments with TSA or SB are shown in figure 20. 

Comparisons of expression levels in untreated samples from the SB series showed a significant 

difference in RGCC expression levels in carrier cells when compared to controls (figure 20, panel C:  p 

= 0.0281) whereas the difference was marginally insignificant in untreated samples from the TSA 

series (figure 20, panel A: p = 0.0607). There was a significant change in RGCC expression between 

TSA treatments (p = 0.0376, figure 20, ANOVA table) in the controls (increase between 0 µM vs. 0.25 
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µM) but not in the carriers. No significant change was seen in expression levels between SB 

treatments in the controls or carriers (figure 20, ANOVA table). Comparisons of the directionality of the 

gene expression response in controls and carriers within treatments was not significant (figure 20, 

panels B and D).  

   

Gene	  
	  

Treatment	  
	  

One-‐way	  ANOVA	  

Controls	   Carriers	  

RGCC	   TSA	   F(2,6)	  =	  5.951,	  P	  =	  0.03761	   F(2,6)	  =	  1.693,	  P	  =	  0.2612	  

	  	   SB	   F(2,6)	  =	  0.6957,	  P	  =	  0.5349	   F(2,6)	  =	  0.2356,	  P	  =	  0.7971	  

1	  0	  µM	  vs.	  0.25	  µM	  *	  
 

Figure 20 – The effects of TSA and SB treatments on RGCC expression levels 

The bar graphs in panels A and C show relative expression levels (y-axis, LOG10(RQ), RQ: relative quantity) in all 

carriers and controls relative to that of the expression levels in untreated CT2 (control individual) cells. On the x-

axis of the bar graphs controls are indicated with the prefix CT and carriers with CC. The graphs in panels B and 

D show means of LOG10(RQ) compared to untreated within controls and carriers, in these graphs the levels of 

expression in all untreated samples is set as 1 (LOG10(1)=0). T-tests were performed on gene expression levels 

(LOG10RQ) between controls and carriers for each treatments concentration (t-test results shown in table under 

bar graphs in panels A and C) and on gene expression changes (directionality, i.e. up- or downregulation) 

between controls and carriers within treatment concentrations (panels B and D). The results from the t-tests (in 

panels B and D) are noted as n.s. = not significant, or significant: p<0.05 = *, p<0.01 = **, p<0.001 = ***, p<0.0001 

= ****. One-way ANOVA was used to evaluate treatment effects within carriers and controls followed by Tukey´s 

multiple comparisons test. The results are shown in the table below the image panels.  
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TBX5 expression levels before and after treatments with TSA or SB are shown in figure 21. 

Comparisons of expression levels in untreated samples from both the TSA and SB series confirmed 

previous observations (figure 11) of lower values of TBX5 expression in carrier cells when compared 

to controls, i.e. there was no overlap in the TBX5 expression levels between carrier and control cells; 

however, t-tests could not be performed on the TBX5 values from the untreated cells (figure 21, panel 

A and B) as only two of three carriers (CC1 and CC3) had measurable values due to low gene 

expression. Similarly, t-tests could not be performed to compare the results of the treatments (TSA or 

SB) between the carriers and controls. According to one-way ANOVA analyses, the TBX5 expression 

levels did not differ significantly in the control cells between treatments (figure 21, ANOVA table).  

 

Gene	  
	  

Treatment	  
	  

One-‐way	  ANOVA	  

Controls	   Carriers	  

TBX5	   TSA	   F(2,6)	  =	  2.208,	  P	  =	  0.1912	   Too	  few	  values	  

	  	   SB	   F(2,6)	  =	  0.1713,	  P	  =	  0.8466	   Too	  few	  values	  
 

Figure 21 – TBX5 expression after TSA and SB treatment 
The bar graphs in panels A and C show relative expression levels (y-axis, LOG10(RQ), RQ: relative quantity) in all 

carriers and controls relative to that of the expression levels in untreated CT2 (control individual) cells. On the x-

axis of the bar graphs controls are indicated with the prefix CT and carriers with CC. The graphs in panels B and 

D show means of LOG10(RQ) compared to untreated within controls and carriers, in these graphs the levels of 

expression in all untreated samples is set as 1 (LOG10(1)=0). There were no statistical analyses performed due to 

lack of measurement data for CC8 in the TSA and SB series. One-way ANOVA was used to evaluate treatment 

effects within controls. The results are shown in the table below the image panels.  
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4.1.1.1 Summary of the TSA and SB treatments 
The data from the SB and TSA treatments suggested that there could be a difference in histone 

acetylation status between the L68Q-CST3 and control cells, possibly due to different HDAC activity 

(tables 7 and 8). As mentioned in the introduction SB and TSA have a broad range of activity (table 3). 

Six further HDAC inhibitors (TCH-106, bufexamac, tubacin, TMP269, valproic acid, and HDAC1-i, see 

table 5) were chosen for further experiments to try to determine on which HDAC enzymes the 

inhibitors (TSA and SB) were acting. Based on the results from the TSA and SB treatments, we chose 

to monitor the effects of these HDAC inhibitors on the gene expression of ACAN, HOXD10 and RARB 

as they were the most clearly affected by the TSA treatments. Furthermore, we decided to add one 

control and one carrier (see materials and methods, table 4) to the study to increase the power of the 

statistical analyses.  

Table 7 – Summary of the effects of the TSA treatment 

Trichostatin A 
treatment  

Was there a difference in gene 
expression levels between 
untreated controls vs. treated 
carriers? (Students T-test) 

Was there a difference in gene 
expression changes (up- or down-
regulation) between controls and 
carriers within treatment 
concentrations? (Students T-test) 

Was there a difference in gene 
expression levels between 
treatment concentrations within 
the controls and carriers? 
(ANOVA) 

ACAN Yes (p < 0.05) Yes (p < 0.05) Controls (p < 0.05) 

ACTA2 * Yes (p < 0.05) No 

COLIV1 * No No 

HAPLN1 No (p = 0.084) No No 

HDAC6 * No No 

HOXD10 Yes (p < 0.05) Too few values Controls (p < 0.05) 
Carriers have too few values 

RARB Yes (p < 0.01) Yes (p < 0.05) Controls (p < 0.001) 

RGCC * No Controls (p < 0.05) 

TBX5 Too few values Too few values No  
Carriers have too few values 

* No difference in untreated controls and carriers 

Table 8 – Summary of the effects of the SB treatment 

Sodium 
Butyrate 
treatment  

Was there a difference in gene 
expression levels between 
untreated controls vs. treated 
carriers? (t-test) 

Was there a difference in gene 
expression changes (up- or down-
regulation) between controls and 
carriers within treatment 
concentrations? (t-test) 

Was there a difference in gene 
expression levels between 
treatment concentrations within 
the controls and carriers? 
(ANOVA) 

ACAN Yes (p < 0.05) Too few values Controls have too few values  
No 

ACTA2 * No No 

COLIV1 * No No 

HAPLN1 * Too few values Controls have too few values 
No 

HDAC6 * Yes (p < 0.01) Controls (p < 0.05) 

HOXD10 Yes (p < 0.01) No No 

RARB Yes (p < 0.01) No No 

RGCC Yes (p < 0.05) No No 

TBX5 Too few values Too few values No  
Carriers have too few values 

* No difference in untreated controls and carriers 



 

59 

4.1.2 TCH-106 
ACAN, HOXD10 and RARB expression levels before and after treatments with TCH-106 are shown in 

figure 22. Overall, the treatments with TCH-106 affected the expression levels of these genes in a 

manner similar to that seen with the TSA treatments described above, however, the amplitude of the 

changes observed were larger. 

Measurements of ACAN expression levels in untreated samples from the TCH-106 series 

confirmed previous observations (figure 11) of significantly higher expression levels in carrier cells 

when compared to controls (figure 22, panel A:  p = 0.0007). The results for the treated samples 

showed that TCH-106 affected ACAN expression differently in the carriers compared to the controls 

i.e. expression levels decreased in the carriers but increased in the controls (figure 22, panel B). This 

difference was statistically significant in cells treated with 10 µM TCH-106 (figure 22, panel B: p < 

0.05). The change in expression levels between treatments within controls and carriers was not 

statistically significant (figure 22, ANOVA table). 

Measurements of HOXD10 expression levels in untreated samples from the TCH-106 series 

confirmed previous observations (figure 11) of significantly lower expression levels in carrier cells 

when compared to controls (figure 22, panel C:  p = 0.0003). The results for the treated samples 

showed that TCH-106 affected HOXD10 expression differently in the carriers and controls, i.e. it 

increased expression levels in the carriers but decreased expression levels in the controls (figure 22, 

panel D). This difference between the carriers and controls was statistically significant in cells treated 

with both 5 µM and 10 µM TCH-106 (figure 22, panel D: p < 0.01 and p < 0.0001, respectively). The 

change in expression levels between treatments within carriers was statistically significant between 

the 0 µM and 10 µM treatments (figure 22, ANOVA table: p = 0.0101).  

Measurements of RARB expression levels in untreated samples from the TCH-10 series confirmed 

previous observations (figure 11) of significantly higher expression levels in carrier cells when 

compared to controls (figure 22, panel E:  p = 0.0007). Overall, the results for the treated samples 

showed that RARB expression was differently affected in the carriers and controls, i.e. it decreased in 

the carriers but increased in the controls (figure 22, panel F). This difference between the carriers and 

controls was statistically significant in cells treated with both 5 µM and 10 µM TCH-106 (figure 22, 

panel F: p < 0.01 and p < 0.001, respectively). The change in expression levels between treatments 

within controls was marginally insignificant (figure 22, ANOVA table: p = 0.0504).   
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Gene	  
	  

Treatment	  
	  

One-‐way	  ANOVA	  

Controls	   Carriers	  

ACAN	   TCH-‐106	   F(2,9)	  =	  0.1935,	  P	  =	  0.8274	   F(2,9)	  =	  0.1906,	  P	  =	  0.8297	  

HOXD10	  	   TCH-‐106	   F(2,9)	  =	  2.363,	  P	  =	  0.1497	   F(2,9)	  =	  7.992,	  P	  =	  0.01011	  

RARB	   TCH-‐106	   F(2,9)	  =	  4.241,	  P	  =	  0.0504	   F(2,9)	  =	  0.7335,	  P	  =	  0.5068	  
1	  0	  µM	  vs.	  10	  µM	  *	  

 

Figure 22 – The effects of TCH-106 treatments on ACAN, HOXD10, and RARB expression levels 

The bar graphs in panels A, C, and E show relative expression levels (y-axis, LOG10(RQ), RQ: relative quantity) in 

all carriers and controls relative to that of the expression levels in untreated CT2 (control individual) cells. On the 

x-axis of the bar graphs controls are indicated with the prefix CT and carriers with CC. The graphs in panels B, D, 

and F show means of LOG10(RQ) compared to untreated within controls and carriers, in these graphs the levels of 

expression in all untreated samples is set as 1 (LOG10(1)=0). T-tests were performed on gene expression levels 

(LOG10RQ) between controls and carriers for each treatments concentration (t-test results shown in table under 

bar graphs in panels A, C, and D) and on gene expression changes (directionality, i.e. up- or downregulation) 

between controls and carriers within treatment concentrations (panels B, D and F). The results from the t-tests (in 

panels B, D and F) are noted as n.s. = not significant, or significant: p<0.05 = *, p<0.01 = **, p<0.001 = ***, 
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p<0.0001 = ****. One-way ANOVA was used to evaluate treatment effects within carriers and controls followed by 

Tukey´s multiple comparisons test. The results are shown in the table below the image panels.  

 

Because the results from the treatments with 5 µM and 10 µM TCH-106 indicated that there was a 

significant difference in its effect on the expression levels of ACAN, HOXD10, and RARB expression 

levels between controls and carriers, we wanted to see if the amplitude of these changes could be 

increased with higher doses of TCH-106. We treated cells again with TCH-106 but with higher 

concentrations, i.e. 15 µM and 30 µM. Again, the results confirmed previous observations of significant 

differences (figure 11) in gene expression levels between controls and carriers in untreated samples 

(figure 23, panel A: p = 0.0012, panel C: p = 0.0007, panel E: p = 0.0063). The higher treatment 

concentrations of TCH-106 modulated HOXD10 expression to similar levels in the controls and 

carriers (figure 23, panel C: 15 µM p = 0.4590 and 30 µM p = 0.2622); however, the higher treatment 

concentration (30 µM) was not sufficient to modulate the HOXD10 expression levels of the carriers to 

that of untreated controls, i.e. it did not “correct” the expression levels in the carriers completely (p = 

0.046). When the expression level changes (directionality) were compared between the carriers and 

controls the difference was significant for all the genes, both in samples treated with 15 µM and 30 µM 

(figure 23, panel B, panel D, and panel F). The change in expression levels between treatments within 

controls and carriers was statistically significant between 0 µM and 15 µM and 0 µM and 30 µM in the 

HOXD10 gene in both controls and carriers (figure 23, ANOVA table). In RARB the change in 

expression levels between treatments within controls was statistically significant between 0 µM and 15 

µM and 0 µM and 30 µM (figure 23, ANOVA table: p = 0.0003). 
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Gene	  
	  

Treatment	  
	  

One-‐way	  ANOVA	  

Controls	   Carriers	  

ACAN	   TCH-‐106	   F(2,9)	  =	  2.699,	  P	  =	  0.1207	   F(2,9)	  =	  0.8413,	  P	  =	  0.4624	  

HOXD10	  	   TCH-‐106	   F(2,9)	  =	  8.617,	  P	  =	  0.00811	   F(2,9)	  =	  36.03,	  P	  <	  0.00012	  

RARB	   TCH-‐106	   F(2,9)	  =	  23.38,	  P	  =	  0.00033	   F(2,9)	  =	  0.3982,	  P	  =	  0.6828	  
1	  	  0	  µM	  vs.	  15	  µM	  *	  and	  0	  µM	  vs.	  30	  µM	  *	  
2	  0	  µM	  vs.	  15	  µM	  ***	  and	  0	  µM	  vs.	  30	  µM	  ***	  
3	  0	  µM	  vs.	  15	  µM	  ***	  and	  0	  µM	  vs.	  30	  µM	  ***	  

 

Figure 23 – The effects of higher concentrations of TCH-106 on ACAN, HOXD10 and RARB expression 

levels 

The bar graphs in panels A, C, and E show relative expression levels (y-axis, LOG10(RQ), RQ: relative quantity) in 

all carriers and controls relative to that of the expression levels in untreated CT2 (control individual) cells. On the 

x-axis of the bar graphs controls are indicated with the prefix CT and carriers with CC. The graphs in panels B, D, 

and F show means of LOG10(RQ) compared to untreated within controls and carriers, in these graphs the levels of 

expression in all untreated samples is set as 1 (LOG10(1)=0). T-tests were performed on gene expression levels 

(LOG10RQ) between controls and carriers for each treatments concentration (t-test results shown in table under 

bar graphs in panels A, C, and D) and on gene expression changes (directionality, i.e. up- or downregulation) 
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between controls and carriers within treatment concentrations (panels B, D and F). The results from the t-tests (in 

panels B, D and F) are noted as n.s. = not significant, or significant: p<0.05 = *, p<0.01 = **, p<0.001 = ***, 

p<0.0001 = ****. One-way ANOVA was used to evaluate treatment effects within carriers and controls followed by 

Tukey´s multiple comparisons test. The results are shown in the table below the image panels. 

 

4.1.2.1 Summary of TCH-106 treatment 
The summary of the effects of the TCH-106 treatments on ACAN, HOXD10 and RARB gene 

expression in the carriers and controls can be seen in table 9.  

Table 9 – Summary of the effects of TCH-106 treatment 

TCH-106 
treatment  

Was there a difference in gene 
expression levels between 
untreated controls vs. treated 
carriers? (Students t-test) 

Was there a difference in gene 
expression changes (up- or down-
regulation) between controls and 
carriers within treatment 
concentrations? (Students t-test) 

Was there a difference in gene 
expression levels between 
treatment concentrations within 
the controls and carriers? 
(ANOVA) 

ACAN Yes (p < 0.01) Yes (p < 0.05) No 

HOXD10 Yes (p < 0.05) Yes (p < 0.001) Controls (p < 0.01)  
Carriers (p < 0.0001) 

RARB Yes (p < 0.01) Yes (p < 0.01) Controls (p < 0.001) 

 

4.1.3 Valproic acid 
ACAN, HOXD10 and RARB expression levels before and after treatments with VPA are shown in 

figure 24.  

Measurements of ACAN expression in untreated samples confirmed previous observations (figure 

11) of significantly higher levels in carrier cells when compared to controls (figure 24, panel A:  p = 

0.0069). The results showed that ACAN expression in the carriers and controls did not differ within 

treatments as a result of VPA treatments, nor was there any significant change in expression between 

treatments in the controls or the carriers  (figure 24, panel A and panel B and ANOVA table). 

Measurements of HOXD10 expression in untreated samples confirmed previous observations 

(figure 11) of significantly lower levels in carrier cells when compared to controls (figure 24, panel C:  p 

= 0.0009). The results showed that HOXD10 expression was differently affected in the carriers and 

controls; VPA treatments increased expression significantly between treatments (between 1 mM and 5 

mM, p = 0.0495) in the carriers (figure 24, ANOVA table) while the expression levels in the controls did 

not differ between treatments. This increase in HOXD10 expression within treatments in the carriers, 

compared to the controls, was statistically significant in cells treated with both 1.0 mM and 5.0 mM 

VPA (figure 24, panel D: p < 0.01 and p < 0.0001).  

Measurements of RARB expression in untreated samples confirmed previous observations (figure 

11) of significantly higher levels in carrier cells when compared to controls (figure 24, panel E: p = 

0.0031). The results indicated that RARB expression in the carriers and controls were up-regulated as 

a result of VPA treatments (figure 24, panel F), however this increase was not significant (figure 24, 

ANOVA table) between treatments. There was no significant difference in the response to VPA 

treatments between the carriers and controls within treatments (figure 24, panel F). 
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Gene	  
	  

Treatment	  
	  

One-‐way	  ANOVA	  

Controls	   Carriers	  

ACAN	   VPA	   F(2,9)	  =	  0.09696,	  P	  =	  0.9085	   F(2,9)	  =	  0.1129,	  P	  =	  0.8945	  

HOXD10	  	   VPA	   F(2,9)	  =	  0.1687,	  P	  =	  0.8474	   F(2,9)	  =	  4.278,	  P	  =	  0.04951	  

RARB	   VPA	   F(2,9)	  =	  3.312,	  P	  =	  0.0835	   F(2,9)	  =	  0.5843,	  P	  =	  0.5773	  
1	  1	  mM	  vs.	  5	  mM	  *	  

 

Figure 24 –The effects of valproic acid treatments on ACAN, HOXD10 and RARB expression levels 

The bar graphs in panels A, C, and E show relative expression levels (y-axis, LOG10(RQ), RQ: relative quantity) in 

all carriers and controls relative to that of the expression levels in untreated CT2 (control individual) cells. On the 

x-axis of the bar graphs controls are indicated with the prefix CT and carriers with CC. The graphs in panels B, D, 

and F show means of LOG10(RQ) compared to untreated within controls and carriers, in these graphs the levels of 

expression in all untreated samples is set as 1 (LOG10(1)=0). T-tests were performed on gene expression levels 

(LOG10RQ) between controls and carriers for each treatment concentration (t-test results shown in table under bar 

graphs in panels A, C, and D) and on gene expression changes (directionality, i.e. up- or downregulation) 

between controls and carriers within treatment concentrations (panels B, D and F). The results from the t-tests (in 
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panels B, D and F) are noted as n.s. = not significant, or significant: p<0.05 = *, p<0.01 = **, p<0.001 = ***, 

p<0.0001 = ****. One-way ANOVA was used to evaluate treatment effects within carriers and controls followed by 

Tukey´s multiple comparisons test. The results are shown in the table below the image panels. 

 

4.1.3.1 Summary of the valproic acid treatment 
The summary of the effects of valproic acid treatments on ACAN, HOXD10 and RARB gene 

expression in the carriers and controls can be seen in table 10.  

Table 10 – Summary of the effects of valproic acid treatment 

Valproic Acid 
treatment  

Was there a difference in gene 
expression levels between 
untreated controls vs. treated 
carriers? (Students t-test) 

Was there a difference in gene 
expression changes (up- or down-
regulation) between controls and 
carriers within treatment 
concentrations? (Students t-test) 

Was there a difference in gene 
expression levels between 
treatment concentrations within 
the controls and carriers? 
(ANOVA) 

ACAN Yes (p < 0.01) No  No 

HOXD10 Yes (p < 0.01) Yes (p < 0.001) Carriers (p < 0.05) 

RARB Yes (p < 0.01) No    No  

 

4.1.4 TMP269 
ACAN, HOXD10, and RARB expression levels before and after treatments with TMP269 are shown in 

figure 25.  

Measurements of ACAN expression in untreated samples confirmed previous observations (figure 

11) of significantly higher levels in carrier cells when compared to controls (figure 25, panel A:  p = 

0.0014). The results showed that ACAN expression in the carriers and controls did not differ between 

TMP269 treatments (figure 25, ANOVA table) nor was there a difference in the response of the 

carriers and controls within treatments (figure 25, panel B). 

Measurements of HOXD10 expression in untreated samples confirmed previous observations 

(figure 11) of significantly lower levels in carrier cells when compared to controls (figure 25, panel C:  p 

= 0.0182). The results showed that HOXD10 expression in the carriers and controls did not differ 

between TMP269 treatments (figure 25, ANOVA table) nor was there a difference in the response of 

the carriers and controls within treatments (figure 25, panel D). 

Measurements of RARB expression in untreated samples confirmed previous observations (figure 

11) of significantly higher levels in carrier cells when compared to controls (figure 25, panel E: p = 

0.0059). The results showed that RARB expression in the carriers and controls did not differ between 

TMP269 treatments (figure 25, ANOVA table). Within treatments, there was a significant difference in 

the response of carriers and controls in cells treated with 0.25 µM (p < 0.05, figure 25, panel F).  
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Gene	  
	  

Treatment	  
	  

One-‐way	  ANOVA	  

Controls	   Carriers	  

ACAN	   TMP269	   F(2,9)	  =	  0.003942,	  P	  =	  0.9615	   F(2,9)	  =	  0.09113,	  P	  =	  0.9909	  

HOXD10	  	   TMP269	   F(2,9)	  =	  0.03778,	  P	  =	  0.9631	   F(2,8)	  =	  0.09122,	  P	  =	  0.9138	  

RARB	   TMP269	   F(2,9)	  =	  0.07808,	  P	  =	  0.9255	   F(2,9)	  =	  0.004890,	  P	  =	  0.9951	  

 

Figure 25 – The effects of TMP269 treatments on ACAN, HOXD10 and RARB expression levels 

The bar graphs in panels A, C, and E show relative expression levels (y-axis, LOG10(RQ), RQ: relative quantity) in 

all carriers and controls relative to that of the expression levels in untreated CT2 (control individual) cells. On the 

x-axis of the bar graphs controls are indicated with the prefix CT and carriers with CC. The graphs in panels B, D, 

and F show means of LOG10(RQ) compared to untreated within controls and carriers, in these graphs the levels of 

expression in all untreated samples is set as 1 (LOG10(1)=0). T-tests were performed on gene expression levels 

(LOG10RQ) between controls and carriers for each treatment concentration (t-test results shown in table under bar 

graphs in panels A, C, and D) and on gene expression changes (directionality, i.e. up- or downregulation) 

between controls and carriers within treatment concentrations (panels B, D and F). The results from the t-tests (in 

panels B, D and F) are noted as n.s. = not significant, or significant: p<0.05 = *, p<0.01 = **, p<0.001 = ***, 

p<0.0001 = ****. One-way ANOVA was used to evaluate treatment effects within carriers and controls. The results 

are shown in the table below the image panels. 
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4.1.4.1 Summary of the TMP269 treatment 
The summary of the effects of TMP269 treatments on ACAN, HOXD10 and RARB gene expression in 

the carriers and controls can be seen in table 11.  

Table 11 – Summary of the effects of TMP269 treatment  

TMP269 
treatment –  

Was there a difference in gene 
expression levels between 
untreated controls vs. treated 
carriers? (Students t-test) 

Was there a difference in gene 
expression changes (up- or down-
regulation) between controls and 
carriers within treatment 
concentrations? (Students t-test) 

Was there a difference in gene 
expression levels between 
treatment concentrations within 
the controls and carriers? 
(ANOVA) 

ACAN Yes (p < 0.01) No  No 

HOXD10 Yes (p < 0.001) No No 

RARB Yes (p < 0.01) Yes (p < 0.05) No  

 

4.1.5 Bufexamac 
ACAN, HOXD10 and RARB expression levels before and after treatments with bufexamac are shown 

in figure 26.  

Measurements of ACAN expression in untreated samples confirmed previous observations (figure 

11) of significantly higher levels in carrier cells when compared to controls (figure 26, panel A:  p = 

0.0024). The results showed that ACAN expression in the carriers and controls did not differ between 

bufexamac treatments (figure 26, ANOVA table) nor was there a difference in the response of the 

carriers and controls within treatments (figure 26, panel B). 

Measurements of HOXD10 expression in untreated samples confirmed previous observations 

(figure 11) of significantly lower levels in carrier cells when compared to controls (figure 26, panel C:  p 

= 0.0009). The results showed that HOXD10 expression in the carriers and controls did not differ 

between bufexamac treatments (figure 26, ANOVA table). Within treatments, there was a significant 

difference in the response of carriers and controls in cells treated with 30 µM (p < 0.05, figure 26, 

panel D)  

Measurements of RARB expression in untreated samples confirmed previous observations (figure 

11) of significantly higher levels in carrier cells when compared to controls (figure 26, panel E:  p = 

0.0006). The results showed that RARB expression in the controls differed (p = 0.0474, figure 26, 

ANOVA table),	   between bufexamac treatments (decreased expression between 0 µM and 100 µM). 

There was no significant difference in the response of the carriers and controls within treatments 

(figure 26, panel F). 
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Gene	  
	  

Treatment	  
	  

One-‐way	  ANOVA	  

Controls	   Carriers	  

ACAN	   Bufexamac	   F(2,9)	  =	  0.02246,	  P	  =	  0.9778	   F(2,9)	  =	  0.01429,	  P	  =	  0.9858	  

HOXD10	  	   Bufexamac	   F(2,9)	  =	  0.03924,	  P	  =	  0.9617	   F(2,9)	  =	  0.06464,	  P	  =	  0.9378	  

RARB	   Bufexamac	   F(2,9)	  =	  4.363,	  P	  =	  0.04741	   F(2,9)	  =	  1.735,	  P	  =	  0.2304	  
1	  0	  µM	  vs.	  100	  µM	  *	  

 

Figure 26 – The effects of bufexamac treatments on ACAN, HOXD10 and RARB expression levels 

The bar graphs in panels A, C, and E show relative expression levels (y-axis, LOG10(RQ), RQ: relative quantity) in 

all carriers and controls relative to that of the expression levels in untreated CT2 (control individual) cells. On the 

x-axis of the bar graphs controls are indicated with the prefix CT and carriers with CC. The graphs in panels B, D, 

and F show means of LOG10(RQ) compared to untreated within controls and carriers, in these graphs the levels of 

expression in all untreated samples is set as 1 (LOG10(1)=0). T-tests were performed on gene expression levels 

(LOG10RQ) between controls and carriers for each treatments concentration (t-test results shown in table under 

bar graphs in panels A, C, and D) and on gene expression changes (directionality, i.e. up- or downregulation) 

between controls and carriers within treatment concentrations (panels B, D and F). The results from the t-tests (in 

panels B, D and F) t-tests are noted as n.s. = not significant, or significant: p<0.05 = *, p<0.01 = **, p<0.001 = ***, 
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p<0.0001 = ****. One-way ANOVA was used to evaluate treatment effects within carriers and controls followed by 

Tukey´s multiple comparisons test. The results are shown in the table below the image panels. 

 

4.1.5.1 Summary of the bufexamac treatment 
The summary of the effects of bufexamac treatments on ACAN, HOXD10 and RARB gene expresion 

can be seen in table 12.  

Table 12 – Summary of the effects of bufexamac treatment 

Bufexamac 
treatment 

Was there a difference in gene 
expression levels between 
untreated controls vs. treated 
carriers? (Students t-test) 

Was there a difference in gene 
expression changes (up- or down-
regulation) between controls and 
carriers within treatment 
concentrations? (Students t-test) 

Was there a difference in gene 
expression levels between 
treatment concentrations within 
the controls and carriers? 
(ANOVA) 

ACAN Yes (p < 0.01) No  No 

HOXD10 Yes (p < 0.001) Yes (p < 0.05) No 

RARB Yes (p < 0.01) No  Controls (p < 0.05) 

 

4.1.6 Tubacin 
ACAN, HOXD10 and RARB expression levels before and after treatments with tubacin are shown in 

figure 27.  

Measurements of ACAN expression in untreated samples confirmed previous observations (figure 

11) of significantly higher levels in carrier cells when compared to controls (figure 27, panel A:  p = 

0.0011). The results showed that ACAN expression in the carriers and controls did not differ between 

tubacin treatments (figure 27, ANOVA table) nor was there a difference in the response of the carriers 

and controls within treatments (figure 27, panel B). 

Measurements of HOXD10 expression in untreated samples confirmed previous observations 

(figure 11) of significantly lower levels in carrier cells when compared to controls (figure 27, panel C:  p 

= 0.0027). The results showed that HOXD10 expression in the carriers and controls did not differ 

between tubacin treatments (figure 27, ANOVA table) nor was there a difference in the response of 

the carriers and controls within treatments (figure 27, panel D). 

Measurements of RARB expression in untreated samples confirmed previous observations (figure 

11) of significantly higher levels in carrier cells when compared to controls (figure 27, panel E:  p = 

0.0012). The results showed that RARB expression in the controls differed (p = 0.0204, between 0 µM 

and 20 µM, figure 27, ANOVA table) and carriers (p = 0.0026 between 0 µM vs. 10 µM, and 0 µM vs. 

20 µM, figure 27, ANOVA table). There was no difference in the response of the carriers and controls 

within treatments (figure 27, panel F). 
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Gene	  
	  

Treatment	  
	  

One-‐way	  ANOVA	  

Controls	   Carriers	  

ACAN	   Tubacin	   F(2,7)	  =	  0.1243,	  P	  =	  0.8851	   F(2,9)	  =	  0.009825,	  P	  =	  0.9902	  

HOXD10	  	   Tubacin	   F(2,9)	  =	  0.1488,	  P	  =	  0.8638	   F(2,9)	  =	  0.1137,	  P	  =	  0.8938	  

RARB	   Tubacin	   F(2,9)	  =	  6.185,	  P	  =	  0.02041	   F(2,9)	  =	  12.38,	  P	  =	  0.00262	  
1	  0	  µM	  vs.	  20	  µM	  *	  
2	  0	  µM	  vs.	  10	  µM	  *	  and	  0	  µM	  vs.	  20	  µM	  **	  

 

Figure 27 –The effects of tubacin treatments on ACAN, HOXD10 and RARB expression levels 

The bar graphs in panels A, C, and E show relative expression levels (y-axis, LOG10(RQ), RQ: relative quantity) in 

all carriers and controls relative to that of the expression levels in untreated CT2 (control individual) cells. On the 

x-axis of the bar graphs controls are indicated with the prefix CT and carriers with CC. The graphs in panels B, D, 

and F show means of LOG10(RQ) compared to untreated within controls and carriers, in these graphs the levels of 

expression in all untreated samples is set as 1 (LOG10(1)=0). T-tests were performed on gene expression levels 

(LOG10RQ) between controls and carriers for each treatments concentration (t-test results shown in table under 

bar graphs in panels A, C, and D) and on gene expression changes (directionality, i.e. up- or downregulation) 

between controls and carriers within treatment concentrations (panels B, D and F). The results from the t-tests (in 

panels B, D and F) are noted as n.s. = not significant, or significant: p<0.05 = *, p<0.01 = **, p<0.001 = ***, 
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p<0.0001 = ****. One-way ANOVA was used to evaluate treatment effects within carriers and controls followed by 

Tukey´s multiple comparisons test. The results are shown in the table below the image panels. 

 

4.1.6.1 Summary of the tubacin treatment 
The summary of the effects of tubacin treatments on ACAN, HOXD10 and RARB gene expression can 

be seen in table 13.  

Table 13 – Summary of the effects of tubacin treatment 

Tubacin 
treatment 

Was there a difference in gene 
expression levels between 
untreated controls vs. treated 
carriers? (t-test) 

Was there a difference in gene 
expression changes (up- or down-
regulation) between controls and 
carriers within treatment 
concentrations? (t-test) 

Was there a difference in gene 
expression levels between 
treatment concentrations within 
the controls and carriers? 
(ANOVA) 

ACAN Yes (p < 0.01) No  No 

HOXD10 Yes (p < 0.001) No  No 

RARB No (p = 0.132) No  Controls (p < 0.05) 
Carriers (p < 0.01) 

 

4.1.7 HDAC1-i (4-(dimethylamino)-N-[6-hydroxyamino)-6-oxohexyl]-benzamide) 
ACAN, HOXD10 and RARB expression levels before and after treatments with HDAC1-i are shown in 

figure 28.  

Measurements of ACAN expression in untreated samples confirmed previous observations (figure 

11) of significantly higher levels in carrier cells when compared to controls (figure 28, panel A:  p = 

0.0010). The results showed that there was a significant difference in the response to HDAC1-i 

treatments between the carriers and controls at 20 µM and 40 µM HDAC1-i (figure 28, panel B: p < 

0.05 and p < 0.05). However, ANOVA analyses did not detect a significant change in expression within 

the controls or carriers between treatments (figure 28, ANOVA table).   

Measurements of HOXD10 expression in untreated samples confirmed previous observations 

(figure 11) of significantly lower levels in carrier cells when compared to controls (figure 28, panel C:  p 

= 0.0003). The results showed that there was a statistically significant difference in HOXD10 

expression in response to the HDACi treatments in cells treated with both 20 µM and 40 µM HDAC1-i 

(figure 28, panel D: p < 0.001 and p < 0.0001). ANOVA analyses showed that HOXD10 expression 

increased significantly between treatments in the carriers (figure 28, ANOVA table: p < 0.0001) while it 

decreased significantly in the controls (figure 28, ANOVA table: p = 0.0417). HDAC1-i modulated 

HOXD10 expression to similar levels in the controls and carriers (figure 28, panel C: 20 µM p = 0.6130 

and 40 µM p = 0.5420); however, at the highest concentration (40 µM) there was still a significant 

difference in HOXD10 gene expression levels between untreated controls and carriers (p = 0.046).  

Measurements of RARB expression in untreated samples confirmed previous observations (figure 

11) of significantly higher levels in carrier cells when compared to controls (figure 28, panel E:  p = 

0.0065). The results showed that RARB expression was differently affected in the carriers and 

controls; the treatments increased expression significantly between treatments in the controls (p < 

0.00001, figure 28, ANOVA table), while RARB expression in carriers between treatments was not 

affected (figure 28, ANOVA table). The difference in the response between the carriers and controls 
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was statistically significant in cells treated with both 20 µM and 40 µM HDAC1-i (figure 28, panel F: p < 

0.01 and p < 0.01).  

 

Gene	  
	  

Treatment	  
	  

One-‐way	  ANOVA	  

Controls	   Carriers	  

ACAN	   HDAC1-‐i	   F(2,9)	  =	  2.916,	  P	  =	  0.1056	   F(2,9)	  =	  0.2423,	  P	  =	  0.7898	  

HOXD10	  	   HDAC1-‐i	   F(2,9)	  =	  4.619,	  P	  =	  0.04171	   F(2,9)	  =	  42.16,	  P	  <	  0.00012	  

RARB	   HDAC1-‐i	   F(2,9)	  =	  61.27,	  P	  <	  0.00013	   F(2,9)	  =	  0.03878,	  P	  =	  0.9621	  
1	  	  0	  µM	  vs.	  40	  µM	  *	  
2	  0	  µM	  vs.	  20	  µM	  ****	  and	  0	  µM	  vs.	  40	  µM	  ****	  
3	  0	  µM	  vs.	  20	  µM	  ****	  and	  0	  µM	  vs.	  40	  µM	  ****	  

 

Figure 28 – The effects of HDAC1-i treatments on ACAN, HOXD10 and RARB expression levels 

The bar graphs in panels A, C, and E show relative expression levels (y-axis, LOG10(RQ), RQ: relative quantity) in 

all carriers and controls relative to that of the expression levels in untreated CT2 (control individual) cells. On the 

x-axis of the bar graphs controls are indicated with the prefix CT and carriers with CC. The graphs in panels B, D, 

and F show means of LOG10(RQ) compared to untreated within controls and carriers, in these graphs the levels of 

expression in all untreated samples is set as 1 (LOG10(1)=0). T-tests were performed on gene expression levels 

(LOG10RQ) between controls and carriers for each treatments concentration (t-test results shown in table under 
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bar graphs in panels A, C, and D) and on gene expression changes (directionality, i.e. up- or downregulation) 

between controls and carriers within treatment concentrations (panels B, D and F). The results from the t-tests (in 

panels B, D and F) are noted as n.s. = not significant, or significant: p<0.05 = *, p<0.01 = **, p<0.001 = ***, 

p<0.0001 = ****. One-way ANOVA was used to evaluate treatment effects within carriers and controls followed by 

Tukey´s multiple comparisons test. The results are shown in the table below the image panels. 

4.1.8 HDAC1-i 
The effects of HDAC1-i on the expression levels of ACAN, HOXD10, and RARB were similar to those 

observed with the pan inhibitors TSA and TCH-106. Whereas, the other inhibitors did not have similar 

effects. Because HDAC1-i is a specific inhibitor of HDAC1, these results suggested that the effects of 

the pan inhibitors were due to inhibition of HDAC1. We chose measure the effects of HDAC1-i 

treatment on the expression of the following genes, that were differently expressed in dermal 

fibroblasts of L68Q–CST3 carriers according to previous results: F2RL2, FGF9, HAND2, HAPLN1, 

LAMB1, KRT7, PRKG2, and SORBS2.  

4.1.8.1 Other genes affected by HDAC1-i treatments 
FGF9 expression levels before and after treatments with HDAC1-i are shown in figure 29. FGF9 

expression levels in untreated samples from the HDAC1-i treatment confirmed previous observations 

(figure 11) of lower values of FGF9 expression in untreated carrier cells when compared to untreated 

controls, i.e. there was no overlap in the FGF9 expression levels between carrier and control cells; 

however, t-tests could not be performed on the FGF9 values from the untreated cells (figure 29, panel 

D) as only two of four carriers (CC2 and CC3) had measurement data due to low gene expression 

levels. Similarly, t-tests could not be performed to compare the results of the treatments between the 

carriers and controls. According to one-way ANOVA analyses, the FGF9 expression levels did not 

differ significantly in the control cells between treatments (figure 29, ANOVA table). The higher 

treatment concentration (40 µM) was sufficient to modulate the FGF9 expression levels of the carriers 

to that of untreated controls, i.e. it “corrected” the expression levels in the carriers completely (p = 

0.56). 

 

Gene	  
	  

Treatment	  
	  

One-‐way	  ANOVA	  

Controls	   Carriers	  

FGF9	   HDAC1-‐i	   F(2,9)	  =	  2.347,	  P	  =	  0.1512	   Too	  few	  values	  
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Figure 29 - FGF9 expression with HDAC1-i treatment 

The bar graphs in panel A shows relative expression levels (y-axis, LOG10(RQ), RQ: relative quantity) in all 

carriers and controls relative to that of the expression levels in untreated CT2 (control individual) cells. On the x-

axis of the bar graphs controls are indicated with the prefix CT and carriers with CC. The graph in panel B shows 

means of LOG10(RQ) compared to untreated within controls and carriers, in these graphs the levels of expression 

in all untreated samples is set as 1 (LOG10(1)=0). T-tests were performed on gene expression levels (LOG10RQ) 

between controls and carriers for each treatments concentration (t-test results shown in table under bar graph in 

panel A). T-test values were not calculated in panel B due to lack of amplification in CC1 and CC8 cells. One-way 

ANOVA was used to evaluate treatment effects within controls. The results are shown in the table below the 

image panels.  

 

KRT7 expression levels before and after treatments with HDAC1-i are shown in figure 30. 

Measurements of KRT7 expression in untreated samples confirmed previous observations (figure 11) 

of significantly higher levels in carrier cells when compared to controls (figure 30, panel A: p = 0.0128). 

There was a significant difference in KRT7 expression levels between HDAC1-i treatments (down-

regulation in 20 and 40 µM vs. 0 µM), in the carriers (p = 0.0084, figure 30, ANOVA table) but not the 

controls. There was a significant difference in the response of carriers and controls i.e. expression 

levels in the controls were significantly more downregulated (p < 0.05, figure 30, panel B). The higher 

treatment concentration (40 µM) was sufficient to modulate the KRT7 expression levels of the carriers 

to that of untreated controls, i.e. it “corrected” the expression levels in the carriers completely (p = 

0.63). 

 

Gene	  
	  

Treatment	  
	  

One-‐way	  ANOVA	  

Controls	   Carriers	  

KRT7	   HDAC1-‐i	   F(2,9)	  =	  3.013,	  P	  =	  0.0996	   F(2,9)	  =	  8.520,	  P	  =	  0.00841	  
1	  	  0	  µM	  vs.	  20	  µM	  *	  and	  0	  µM	  vs.	  40	  µM	  **	  

 

Figure 30 – KRT7 expression with HDAC1-I treatments 
The bar graph in panel A shows relative expression levels (y-axis, LOG10(RQ), RQ: relative quantity) in all carriers 

and controls relative to that of the expression levels in untreated CT2 (control individual) cells. On the x-axis of the 

bar graphs controls are indicated with the prefix CT and carriers with CC. The graph in panel B show means of 

LOG10(RQ) compared to untreated within controls and carriers, in these graphs the levels of expression in all 

untreated samples is set as 1 (LOG10(1)=0). T-tests were performed on gene expression levels (LOG10RQ) 

between controls and carriers for each treatments concentration (t-test results shown in table under bar graph in 
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panel A) and on gene expression changes (directionality, i.e. up- or downregulation) between controls and 

carriers within treatment concentrations (panel B). The results from the t-tests (in panel B )are noted as n.s. = not 

significant, or significant: p<0.05 = *, p<0.01 = **, p<0.001 = ***, p<0.0001 = ****. One-way ANOVA was used to 

evaluate treatment effects within carriers and controls followed by Tukey´s multiple comparisons test. The results 

are shown in the table below the image panels. 

 

LAMB1 expression levels before and after treatments with HDAC1-i are shown in figure 31. 

Measurements of LAMB1 expression in untreated samples confirmed previous observations (figure 

11) of significantly lower levels in carrier cells when compared to controls (figure 31, panel A: p = 

0.0360). There was a significant difference in LAMB1 expression levels between HDAC1-i treatments 

(down-regulation in 20 and 40 µM vs. 0 µM), in the controls (p = 0.0005, figure 31, ANOVA table) but 

not the carriers. There was a significant difference in the response of carriers and controls i.e. 

expression levels in the controls were significantly more downregulated (p < 0.05, figure 31, panel B). 

The higher treatment concentration (40 µM) of HDAC1-i modulated LAMB1 expression to similar 

levels in the controls and carriers (figure 31, panel C: 40 µM p = 0.0779); however, they were not 

sufficient to modulate the LAMB1 expression levels of the carriers to that of untreated controls, i.e. it 

did not “correct” the expression levels in the carriers completely (p = 0.0025). 

 

Gene	  
	  

Treatment	  
	  

One-‐way	  ANOVA	  

Controls	   Carriers	  

LAMB1	   HDAC1-‐i	   F(2,9)	  =	  19.72,	  P	  =	  0.00051	   F(2,9)	  =	  1.376,	  P	  =	  0.3009	  
1	  	  0	  µM	  vs.	  20	  µM	  **	  and	  0	  µM	  vs.	  40	  µM	  ***	  

 

Figure 31 – LAMB1 expression with HDAC1-I treatments 

The bar graph in panel A shows relative expression levels (y-axis, LOG10(RQ), RQ: relative quantity) in all carriers 

and controls relative to that of the expression levels in untreated CT2 (control individual) cells. On the x-axis of the 

bar graphs controls are indicated with the prefix CT and carriers with CC. The graph in panel B show means of 

LOG10(RQ) compared to untreated within controls and carriers, in these graphs the levels of expression in all 

untreated samples is set as 1 (LOG10(1)=0). T-tests were performed on gene expression levels (LOG10RQ) 

between controls and carriers for each treatments concentration (t-test results shown in table under bar graph in 

panel A) and on gene expression changes (directionality, i.e. up- or downregulation) between controls and 

carriers within treatment concentrations (panel B). The results from the t-tests (in panel B) are noted as n.s. = not 

significant, or significant: p<0.05 = *, p<0.01 = **, p<0.001 = ***, p<0.0001 = ****. One-way ANOVA was used to 
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evaluate treatment effects within carriers and controls followed by Tukey´s multiple comparisons test. The results 

are shown in the table below the image panels. 

 

SORBS2 expression levels before and after treatments with HDAC1-i are shown in figure 32. 

Measurements of SORBS2 expression in untreated samples confirmed previous observations (figure 

11) of significantly higher levels in carrier cells when compared to controls (figure 32, panel A: p = 

0.0322). There was a significant difference in SORBS2 expression levels between HDAC1-i 

treatments (down-regulation in 20 and 40 µM vs. 0 µM), in the carriers (p = 0.0001, figure 32, ANOVA 

table) and the controls (p = 0.0018, figure 32, ANOVA table). There was a significant difference in the 

response of carriers and controls i.e. expression levels in the carriers were significantly more 

downregulated at 40 µM (p < 0.01, figure 32, panel B). Both treatment concentrations (20 and 40 µM) 

were sufficient to modulate SORBS2 expression to similar levels in the controls and carriers (figure 32, 

panel A: 20 µM p = 0.0542 and 40 µM p = 0.1201); however, they were not sufficient to modulate the 

SORBS2 expression levels of the carriers to that of untreated controls, i.e. it did not “correct” the 

expression levels in the carriers completely (p = 0.0090). 

 

Gene	  
	  

Treatment	  
	  

One-‐way	  ANOVA	  

Controls	   Carriers	  

SORBS2	   HDAC1-‐i	   F(2,9)	  =	  13.84,	  P	  =	  0.00181	   F(2,9)	  =	  38.34,	  P	  <	  0.00012	  
1	  0	  µM	  vs.	  20	  µM	  **	  and	  0	  µM	  vs.	  40	  µM	  **	  
2	  0	  µM	  vs.	  20	  µM	  ***	  and	  0	  µM	  vs.	  40	  µM	  ****	  

 

Figure 32 – SORBS2 expression with HDAC1-I treatments 

The bar graph in panel A shows relative expression levels (y-axis, LOG10(RQ), RQ: relative quantity) in all carriers 

and controls relative to that of the expression levels in untreated CT2 (control individual) cells. On the x-axis of the 

bar graphs controls are indicated with the prefix CT and carriers with CC. The graph in panel B show means of 

LOG10(RQ) compared to untreated within controls and carriers, in these graphs the levels of expression in all 

untreated samples is set as 1 (LOG10(1)=0). T-tests were performed on gene expression levels (LOG10RQ) 

between controls and carriers for each treatments concentration (t-test results shown in table under bar graph in 

panel A) and on gene expression changes (directionality, i.e. up- or downregulation) between controls and 

carriers within treatment concentrations (panel B). The results from the t-tests (in panel B) are noted as n.s. = not 

significant, or significant: p<0.05 = *, p<0.01 = **, p<0.001 = ***, p<0.0001 = ****. One-way ANOVA was used to 

evaluate treatment effects within carriers and controls followed by Tukey´s multiple comparisons test. The results 

are shown in the table below the image panels. 
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4.1.8.2 Genes where expression was not affected by HDAC1-i treatments 
F2RL2, HAND2, HAPLN1, and PRKG2 expression levels before and after treatments with HDAC1-i 

are shown in figure 33.  

Measurements of F2RL2 expression in untreated samples confirmed previous observations (figure 

11) of significantly higher levels in carrier cells when compared to controls (figure 33 panel A:  p = 

0.0354). The results showed that F2RL2 expression in the carriers and controls did not differ between 

HDAC1-i treatments (figure 33, ANOVA table) nor was there a difference in the response of the 

carriers and controls within treatments (figure 33, panel B). 

 Measurements of HAND2 expression in untreated samples showed no significant difference in 

HAND2 expression in untreated carrier cells when compared to untreated controls (figure 33, panel C:  

p = 0.0783). The results showed that HAND2 expression in the carriers and controls did not differ 

between HDAC1-I treatments (figure 33, ANOVA table) nor was there a difference in the response of 

the carriers and controls within treatments (figure 33, panel D). 

 Measurements of HAPLN1 expression in untreated samples showed no significant difference 

in HAPLN1 expression in untreated carrier cells when compared to untreated controls (figure 33, panel 

E:  p = 0.1989). The results showed that HAPLN1 expression in the carriers and controls did not differ 

between HDAC1-i treatments (figure 33, ANOVA table) nor was there a difference in the response of 

the carriers and controls within treatments (figure 33, panel F). 

Measurements of PRKG2 expression in untreated samples showed no significant difference in 

PRKG2 expression in carrier cells when compared to controls (figure 33, panel G:  p = 0.0649). The 

results showed that PRKG2 expression in the carriers and controls did not differ between HDAC1-i 

treatments (figure 33, ANOVA table) nor was there a difference in the response of the carriers and 

controls within treatments (figure 33, panel H). 
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 Gene	  
	  

Treatment	  
	  

One-‐way	  ANOVA	  

Controls	   Carriers	  

F2RL2	   HDAC1-‐I	   F(2,9)	  =	  3.265,	  P	  =	  0.0858	   F(2,9)	  =	  0.09066,	  P	  =	  0.9142	  

HAND2	   HDAC1-‐I	   F(2,9)	  =	  1.874,	  P	  =	  0.2087	   F(2,9)	  =	  0.2299,	  P	  =	  0.7991	  

HAPLN1	   HDAC1-‐i	   F(2,9)	  =	  0.05227,	  P	  =	  0.9494	   F(2,9)	  =	  1.287,	  P	  =	  0.3225	  

PRKG2	   HDAC1-‐i	   F(2,9)	  =	  4.099,	  P	  =	  0.0543	   F(2,8)	  =	  0.3750,	  P	  =	  0.6988	  
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Figure 33 - The effects of HDAC1-i treatments on F2RL2, HAND2, HAPLN1 and PRKG2 expression levels 

The bar graphs in panels A, C, E and G show relative expression levels (y-axis, LOG10(RQ), RQ: relative quantity) 

in all carriers and controls relative to that of the expression levels in untreated CT2 (control individual) cells. On 

the x-axis of the bar graphs controls are indicated with the prefix CT and carriers with CC. The graphs in panels 

B, D, F and H show means of LOG10(RQ) compared to untreated within controls and carriers, in these graphs the 

levels of expression in all untreated samples is set as 1 (LOG10(1)=0). T-tests were performed on gene 

expression levels (LOG10RQ) between controls and carriers for each treatments concentration (t-test results 

shown in table under bar graphs in panels A, C, D, and E) and on gene expression changes (directionality, i.e. up- 

or downregulation) between controls and carriers within treatment concentrations (panels B, D, F, and H). The 

results from the t-tests (in panels B, D, F, and H) are noted as n.s. = not significant, or significant: p<0.05 = *, 

p<0.01 = **, p<0.001 = ***, p<0.0001 = ****. One-way ANOVA was used to evaluate treatment effects within 

carriers and controls. The results are shown in the table below the image panels. 

 

4.1.8.3 Summary of the HDAC1-i treatment 
The summary of the effects of HDAC1-i treatments on ACAN, HOXD10, RARB, F2RL2, FGF9, 

HAND2, HAPLN1, KRT7, LAMB1, PRKG2, and SORBS2 gene expression can be seen in table 14.  

Table 14 – Summary of the effects of HDAC1-i treatment 

HDAC1- i 
treatment  

Was there a difference in gene 
expression levels between 
untreated controls vs. treated 
carriers? (Students T-test) 

Was there a difference in gene 
expression changes (up- or down-
regulation) between controls and 
carriers within treatment 
concentrations? (Students T-test) 

Was there a difference in gene 
expression levels between 
treatment concentrations within 
the controls and carriers? 
(ANOVA) 

ACAN Yes (p < 0.01) Yes (p < 0.05) No 

HOXD10 Yes (p < 0.05) Yes (p < 0.001) Controls (p < 0.05) 
Carriers (p < 0.0001) 

RARB Yes (p < 0.001) Yes (p < 0.01) Controls (p < 0.0001) 

F2RL2 Yes (p < 0.05) No No 

FGF9 No (p = 0.56) Too few values No  
Carriers too few values 

HAND2 * No No 

HAPLN1 * No No 

KRT7 No (p = 0.63) Yes (p < 0.05) Carriers (p < 0.01) 

LAMB1 Yes (p < 0.01) Yes (p < 0.05) Controls (p < 0.001) 

PRKG2 * No No 

SORBS2 Yes (p < 0.01) Yes (p < 0.01) Controls (p < 0.01) 
Carriers (p < 0.0001) 

* No difference in untreated controls and carriers 

 

4.1.8.4 HDAC1 expression 
Because HDAC1 seemed to play a role in modulation of gene expression in the cells from carriers of 

the L68Q-CST3 mutation, we decided to measure gene expression levels of HDAC1 in untreated 

samples from controls and carriers. Three biological replicates (untreated) from the HDAC1-i 

experiment and two biological replicates (untreated) from the VPA experiment (four controls and four 

carriers) were used and no significant difference was seen (p = 0.08), although carriers seemed to 

have a little higher concentration of HDAC1 (figure 34). 
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Figure 34 – Average levels of HDAC1 gene expression in controls and carriers. 

This bar graph shows the results of RTqPCR analyses expression of HDAC1 in untreated carrier and control 

dermal fibroblasts.  

4.1.9 Cystatin C  
Because cystatin C plays a central role in the pathogenesis of HCCAA, we decided to examine if the 

expression of its gene, CST3, could be modified with HDAC inhibitors. We chose to monitor changes 

in samples treated with the HDAC inhibitors TCH-106 and TMP269.  

 

CST3 expression levels before and after treatments with TCH-106 are shown in figure 35. 

Measurements of CST3 expression in untreated samples showed no difference in carrier cells when 

compared to controls (figure 35, panel A: p = 0.0548). The results showed that CST3 expression in the 

carriers differed (p = 0.0044, between 0 µM and 30 µM, figure 35, ANOVA table) but not in the 

controls. There was no significant difference in the response of the carriers and controls within 

treatments (figure 35, panel B). 

 

Gene	  
	  

Treatment	  
	  

One-‐way	  ANOVA	  

Controls	   Carriers	  

CST3	   TCH-‐106	   F(2,9)	  =	  0.2630,	  P	  =	  0.7744	   F(2,9)	  =	  10.49,	  P	  =	  0.00441	  
1	  0	  µM	  vs.	  30	  µM	  **	  

 

Figure 35 - Cystatin C expression with TCH-106 treatments 

The bar graph in panel A shows relative expression levels (y-axis, LOG10(RQ), RQ: relative quantity) in all carriers 

and controls relative to that of the expression levels in untreated CT2 (control individual) cells. On the x-axis of the 
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bar graphs controls are indicated with the prefix CT and carriers with CC. The graph in panel B show means of 

LOG10(RQ) compared to untreated within controls and carriers, in these graphs the levels of expression in all 

untreated samples is set as 1 (LOG10(1)=0). T-tests were performed on gene expression levels (LOG10RQ) 

between controls and carriers for each treatments concentration (t-test results shown in table under bar graph in 

panel A) and on gene expression changes (directionality, i.e. up- or downregulation) between controls and 

carriers within treatment concentrations (panel B). The results from the t-tests (in panel B) are noted as n.s. = not 

significant, or significant: p<0.05 = *, p<0.01 = **, p<0.001 = ***, p<0.0001 = ****. One-way ANOVA was used to 

evaluate treatment effects within carriers and controls followed by Tukey´s multiple comparisons test. The results 

are shown in the table below the image panels. 

 

CST3 expression levels before and after treatments with TMP269 are shown in figure 36. 

Measurements of CST3 expression in untreated samples showed no significant difference in carrier 

cells when compared to controls (figure 36, panel A: p = 0.6211). Overall, the results showed that 

CST3 is not affected as a result of TMP269 treatments.  

 

Gene	  
	  

Treatment	  
	  

One-‐way	  ANOVA	  

Controls	   Carriers	  

CST3	   TMP269	   F(2,9)	  =	  0.01833,	  P	  =	  0.9819	   F(2,9)	  =	  0.7074,	  P	  =	  0.5184	  

 

Figure 36 - Cystatin C expression with TMP269 treatments 

The bar graph in panel A shows relative expression levels (y-axis, LOG10(RQ), RQ: relative quantity) in all carriers 

and controls relative to that of the expression levels in untreated CT2 (control individual) cells. On the x-axis of the 

bar graphs controls are indicated with the prefix CT and carriers with CC. The graph in panel B show means of 

LOG10(RQ) compared to untreated within controls and carriers, in these graphs the levels of expression in all 

untreated samples is set as 1 (LOG10(1)=0). T-tests were performed on gene expression levels (LOG10RQ) 

between controls and carriers for each treatments concentration (t-test results shown in table under bar graph in 

panel A) and on gene expression changes (directionality, i.e. up- or downregulation) between controls and 

carriers within treatment concentrations (panel B). The results from the t-tests (in panel B) are noted as n.s. = not 

significant, or significant: p<0.05 = *, p<0.01 = **, p<0.001 = ***, p<0.0001 = ****. One-way ANOVA was used to 

evaluate treatment effects within carriers and controls followed by Tukey´s multiple comparisons test. The results 

are shown in the table below the image panels. 

4.2 Summary of the results from the HDACi treatments 
The results from HDACi treatments on ACAN, HOXD10 and RARB are taken together in table 7. A 

indicates that that the treatment with the HDACi in question had a significant (ANOVA) effect on gene 
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expression comparing treatments, i.e. the expression increased or decreased with treatment. B 

indicates that there was a significant difference in the direction (t-test) of the response in the carriers 

and controls, e.g. an increase in controls but decrease in carriers or vice versa. 

Table 15 – Summary of the results from the HDACi treatments 

The table shows a summary of the results from the HDACi experiments on ACAN, HOXD10 and RARB.  A 

indicates that treatments with an HDACi had significant effects between treatment strengths in either controls or 

carriers (ANOVA). B indicates that there was difference in the gene expression response within treatments in 

controls and carriers (t-test). A 0 denotes no treatment effect.  

Inhibitors Specificity ACAN HOXD10 RARB 

TSA Class I, (Class IIa)* and Class IIb A,B A,(B) A,B 

SB HDAC1, HDAC2 and HDAC7 0 0 0 

TCH-106 Class I B A,B A,B 

VPA Class I 0 A,B 0 

TMP269 Class IIa 0 0 A 

Bufexamac Class IIb 0 B A 

Tubacin HDAC6 0 0 A 

HDAC1-i HDAC1 B A,B A,B 
    * Contradicting evidence on homepages of manufacturers.  

4.3 micro-RNA 
The expression levels of two micro-RNAs, miR-145 and miR-10b, were measured to see if their 

expression levels differed in untreated dermal fibroblasts from L68Q-CST3 carriers compared to 

controls. Subsequently, two HDAC inhibitors, TSA and HDAC1-i were then used to evaluate if it was 

possible to influence their expression with HDACi treatments. Dermal fibroblasts from three controls 

(CT2, CT4, and CT6) and three carriers (CC1, CC3, and CC8) were used for the TSA treatments, 

whereas fibroblasts from four controls (CT2, CT4, CT5, and CT6) and four carriers (CC1, CC2, CC3, 

and CC8) were used for HDAC1-i treatments. The RTqPCR data was normalized to the expression of 

the small nuclear RNA RNU6B.  

4.3.1 miR-145 and miR-10b expression in untreated cells 
Measurements of miR-145 and miR-10b expression in untreated samples showed no difference in 

carrier cells when compared to controls (figure 37, p = 0.50 and p = 0.51). Two biological replicates 

(untreated) from three different sample sets were used (three controls and three carriers). 
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Figure 37 – Expression of miR-145 and miR-10b in untreated cells 

This bar graph shows the results of RTqPCR analyses expression of miR-145 and miR-10b in untreated carrier 

and control dermal fibroblasts.  

 

4.3.1.1 miR-145 expression in TSA treated cells 
Measurements of miR-145 expression showed that miR-145 expression in the carriers and controls 

did not differ between TSA treatments (figure 38, ANOVA table) nor was there a difference in the 

response of the carriers and controls within treatments (figure 38, panel B). 

 

miR	  
	  

Treatment	  
	  

One-‐way	  ANOVA	  

Controls	   Carriers	  

miR-‐145	   TSA	   F(2,6)	  =	  0.1925,	  P	  =	  0.8298	   F(2,6)	  =	  0.01967,	  P	  =	  0.9806	  

 

Figure 38 – miR-145 expression with TSA treatments 

The bar graph in panel A shows relative expression levels (y-axis, LOG10(RQ), RQ: relative quantity) in all carriers 

and controls relative to that of the expression levels in untreated CT2 (control individual) cells. On the x-axis of the 

bar graphs controls are indicated with the prefix CT and carriers with CC. The graph in panel B show means of 

LOG10(RQ) compared to untreated within controls and carriers, in these graphs the levels of expression in all 

untreated samples is set as 1 (LOG10(1)=0). T-tests were performed on gene expression levels (LOG10RQ) 

between controls and carriers for each treatments concentration (t-test results shown in table under bar graph in 

panel A) and on gene expression changes (directionality, i.e. up- or downregulation) between controls and 

carriers within treatment concentrations (panel B). The results from the t-tests (in panel B) are noted as n.s. = not 

significant, or significant: p<0.05 = *, p<0.01 = **, p<0.001 = ***, p<0.0001 = ****. One-way ANOVA was used to 

evaluate treatment effects within carriers and controls. The results are shown in the table below the image panels. 
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4.3.1.2 miR-145 expression in HDAC1-i treated cells 
Measurements of miR-145 expression showed that miR-145 expression in the carriers and controls 

did not differ between HDAC1-i treatments (figure 39, ANOVA table) nor was there a difference in the 

response of the carriers and controls within treatments (figure 39, panel B). 

 

miR	  
	  

Treatment	  
	  

One-‐way	  ANOVA	  

Controls	   Carriers	  

miR-‐145	   HDAC1-‐i	   F(2,9)	  =	  0.5080,	  P	  =	  0.6180	   F(2,9)	  =	  0.8494,	  P	  =	  0.4593	  

 

Figure 39 – miR-145 expression with HDAC1-i treatments 

The bar graph in panel A shows relative expression levels (y-axis, LOG10(RQ), RQ: relative quantity) in all carriers 

and controls relative to that of the expression levels in untreated CT2 (control individual) cells. On the x-axis of the 

bar graphs controls are indicated with the prefix CT and carriers with CC. The graph in panel B show means of 

LOG10(RQ) compared to untreated within controls and carriers, in these graphs the levels of expression in all 

untreated samples is set as 1 (LOG10(1)=0). T-tests were performed on gene expression levels (LOG10RQ) 

between controls and carriers for each treatments concentration (t-test results shown in table under bar graph in 

panel A) and on gene expression changes (directionality, i.e. up- or downregulation) between controls and 

carriers within treatment concentrations (panel B). The results from the t-tests (in panel B) are noted as n.s. = not 

significant, or significant: p<0.05 = *, p<0.01 = **, p<0.001 = ***, p<0.0001 = ****. One-way ANOVA was used to 

evaluate treatment effects within carriers and controls. The results are shown in the table below the image panels. 

 

4.3.1.3 miR-10b expression in TSA treated cells 
Measurements of miR-10b expression in untreated samples showed that miR-10b expression in the 

carriers and controls did not differ between TSA treatments (figure 40, ANOVA table). Within 

treatments, there was a significant difference in the response of carriers and controls in cells treated 

with 0.5 µM (p < 0.05, figure 40, panel B)  
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miR	  
	  

Treatment	  
	  

One-‐way	  ANOVA	  

Controls	   Carriers	  

miR-‐10b	   TSA	   F(2,6)	  =	  3.524,	  P	  =	  0.0972	   F(2,6)	  =	  0.2006,	  P	  =	  0.8235	  

 

Figure 40 - miR-10b expression with TSA treatments 

The bar graph in panel A shows relative expression levels (y-axis, LOG10(RQ), RQ: relative quantity) in all carriers 

and controls relative to that of the expression levels in untreated CT2 (control individual) cells. On the x-axis of the 

bar graphs controls are indicated with the prefix CT and carriers with CC. The graph in panel B show means of 

LOG10(RQ) compared to untreated within controls and carriers, in these graphs the levels of expression in all 

untreated samples is set as 1 (LOG10(1)=0). T-tests were performed on gene expression levels (LOG10RQ) 

between controls and carriers for each treatments concentration (t-test results shown in table under bar graph in 

panel A) and on gene expression changes (directionality, i.e. up- or downregulation) between controls and 

carriers within treatment concentrations (panel B). The results from the t-tests (in panel B) are noted as n.s. = not 

significant, or significant: p<0.05 = *, p<0.01 = **, p<0.001 = ***, p<0.0001 = ****. One-way ANOVA was used to 

evaluate treatment effects within carriers and controls. The results are shown in the table below the image panels. 

 

4.3.1.4 miR-10b expression in HDAC1-i treated cells 
Measurements of miR-10b expression showed that miR-10b expression in the carriers and controls 

did not differ between HDAC1-i treatments (figure 41, ANOVA table) nor was there a difference in the 

response of the carriers and controls within treatments (figure 41, panel B). 

 

miR	  
	  

Treatment	  
	  

One-‐way	  ANOVA	  

Controls	   Carriers	  

miR-‐10b	   HDAC1-‐i	   F(2,9)	  =	  0.3970,	  P	  =	  0.6849	   F(2,9)	  =	  0.2572,	  P	  =	  0.7787	  
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Figure 41 - miR-10b expression with HDAC1-i treatments 

The bar graph in panel A shows relative expression levels (y-axis, LOG10(RQ), RQ: relative quantity) in all carriers 

and controls relative to that of the expression levels in untreated CT2 (control individual) cells. On the x-axis of the 

bar graphs controls are indicated with the prefix CT and carriers with CC. The graph in panel B show means of 

LOG10(RQ) compared to untreated within controls and carriers, in these graphs the levels of expression in all 

untreated samples is set as 1 (LOG10(1)=0). T-tests were performed on gene expression levels (LOG10RQ) 

between controls and carriers for each treatments concentration (t-test results shown in table under bar graph in 

panel A) and on gene expression changes (directionality, i.e. up- or downregulation) between controls and 

carriers within treatment concentrations (panel B). The results from the t-tests (in panel B) are noted as n.s. = not 

significant, or significant: p<0.05 = *, p<0.01 = **, p<0.001 = ***, p<0.0001 = ****. One-way ANOVA was used to 

evaluate treatment effects within carriers and controls. The results are shown in the table below the image panels. 
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5 Disscusion  
Previous results that were obtained from microarray (and RTqPCR) analyses of gene expression in 

dermal fibroblast of L68Q-CST3 carriers suggested that they had a different gene expression profile 

compared to controls (figure 11, Bragason et al, unpublished results). The research questions 

addressed in this study were based on a hypothesis that a change in the diet of Icelanders was partly 

to blame for the reduction in the life span seen in L68Q-CST3 carriers during the 19th century, and that 

this might be due to alterations in the amounts of dietary histone deacetylase inhibitors (HDACi), e.g. 

the ketone body β-hydroxybutyrate, and ultimately changes in gene expression (figure 42). 

 

Figure 42 – Schematic figure of the hypothesis (left) 

This figure shows our research hypotheses (right pathway), i.e. that the ketogenic diet of Icelanders in the 19th 

century led to increased production of butyrate, which is a histone deacetylases inhibitor and that this affected 

gene expression in carriers. Histone deacetylases inhibitors have global affect on gene expression. We know that 

the gene expression of carriers is altered in comparison of controls now a day and that there was a reduction in 

L68Q carrier life span in the 19th century. Could the diet of Icelanders have modified gene expression in carriers 

to similar levels of controls?  

 

The first aim of this study as stated in chapter 2	  “Aims of the study” was to  “Examine the effects of 

histone deacetylases inhibitors on gene expression in dermal-fibroblasts of L68Q-CST3 carriers, i.e. 

evaluate if it is possible to “correct” their gene expression with such inhibitors, with special emphasis 

on extracellular matrix protein genes”. To see if HDAC inhibitors could modulate (or “correct”) the gene 

expression profile of carrier cells to that of controls we decided to examine their effects on sixteen 

genes that were differentially expressed in L68Q-CST3 dermal fibroblasts in the previous study (figure 

11). The choice of which genes to look at was in some cases straightforward as the distribution of their 

protein products has been demonstrated to be affected in the pathology of the disease, i.e. ACAN, 

LAMB1 and COLIVA1 (Snorradottir et al., 2013). Other genes were chosen because they were highly 

up- or down regulated in carriers and/or there was no overlap in their expression pattern between 
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carrier and control cells. Regarding these genes, their roles in HCCAA pathology are unknown at 

present. 

We started the experiments with TSA, an inhibitor that is known to be a potent HDAC inhibitor as 

well as for its broad-spectrum HDAC inhibitory function; TSA is also known to be very selective in its 

inhibitory activities, i.e. selective in that it targets HDAC enzymes very specifically (Yoshida et al., 

1990) (low “off-target” effects). The other inhibitor tested in the first experiments was sodium butyrate, 

which is related to the dietary induced HDAC inhibitor ß-hydroxybutyrate (Shimazu et al., 2013) but is 

more potent. 

Overall, the results of this project revealed that the expression of several of the genes analyzed 

could be modulated with HDACi treatment, and that the reason for the difference in the expression 

pattern of certain genes between carrier and control fibroblasts might be explained by differences in 

histone acetylation. 

In the first experiments performed, we saw that TSA treatments affected ACAN expression 

differently in controls and carriers. These results made us hopeful that our research hypothesis might 

be true and therefore we measured the expression of eight more genes (ACTA2, COLIV1, HAPLN1, 

HDAC6, HOXD10, RARB, RGCC and TBX5) in the TSA treated samples. Two additional genes, 

HOXD10 and RARB, were also differently affected in controls and carriers. Based on these results we 

chose ACAN, HOXD10 and RARB, as “indicator genes” for further experiments with six other HDAC 

inhibitors (tubacin, bufexamac, TCH-106, TMP269, valproic acid, and HDAC1-i) with various degrees 

of specificity, i.e. ranging from broad-spectrum to very specific. As detailed in table 15, the 

experiments with these inhibitors allowed us to narrow down the range of HDAC enzymes involved, 

and although the SB treatment effects were statistically inconclusive they indicated that the effects 

were due to either inhibition of HDAC1 or HDAC2. To determine between them, we used a specific 

HDAC1 inhibitor; at the time of the experiment no specific HDAC2 inhibitor had been discovered. The 

HDAC2 protein is nearly identical to the HDAC1 protein but their functional activities diverge (Yang & 

Seto, 2008). Because of their likeness it has been a struggle to design a specific inhibitor for HDAC2, 

but recently two specific HDAC2 inhibitors were synthesized and described (Wagner et al., 2015). The 

specific HDAC1 inhibitor we used was able to achieve the same impact on gene expression of ACAN, 

HOXD10, and RARB, with a similar degree of response amplitude as the inhibitors with a broader 

spectrum of inhibitory function (including HDAC1 inhibition) (figure 43), i.e. TSA and TCH-106, 

suggesting that the effects we were seeing were due to inhibition of HDAC1, and thus that its activity 

could be different in the cells of the carriers compared to the controls. Based on this we decided to 

compare the gene expression of HDAC1 between the carrier and control cells. The results suggest 

that there is not a significant difference in its expression between carrier and control cells (figure 34).  
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Figure 43 – Comparison of TSA, TCH-106 and HDAC1-I treatments on ACAN, HOXD10 and RARB 

Figure 43 shows how treatments with the specific HDAC1-i had the same effects on the gene expression of 

ACAN, HOXD10 and RARB as the broad-spectrum inhibitors TSA and TCH-106.  

 

This possible involvement of HDAC1 in HCCAA is positive in regards to our hypothesis as the 

dietary HDACi, ß-hydroxybutyrate, is known to inhibit HDAC 1, 3, and 4 (Shimazu et al., 2013). After 

the field had been narrowed down to HDAC1, we decided to study the effects of specific HDAC1 

inhibition on eight further genes, i.e. F2RL2, FGF9, HAND2, HAPLN1, KRT7, LAMB1, PRKG2, and 

SORBS2. The effects of HDAC inhibition on the genes evaluated in this study are discussed in further 

detail in the following chapters.  

The second aim of the study, as stated in chapter 2, was to “See if the effects of histone 

deacetylases inhibitors on the cells are mediated through changes of the levels of a specific microRNA 

molecule, miR-145”. In the previous study on dermal fibroblast gene expression, previous results had 

shown that the HOXD10 gene was the most downregulated gene in untreated carrier fibroblasts while 

ACAN was the most up regulated gene. The micro RNA molecule miR-10b is known to influence 

expression of HOXD10 (Ma, 2010) and miR-145 has been linked to ACAN expression (Yang et al., 

2011) so we decided to measure miR-10b and miR-145 expression levels to see if the differential 

gene expression of HOXD10 and ACAN might be explained with different levels of these microRNAs. 

The results from these measurements with regards to HOXD10 and ACAN are discussed in the 

following chapters.  

5.1 Homeobox D10 (HOXD10) 
Previous observations showed significantly lower levels of HOXD10 expression in untreated samples 

of L68Q-CST3 carrier cells when compared to controls, with no overlap in expression (figure 11, panel 
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H). HOXD10 belongs to a family of genes that encode transcription factors that are involved in 

development. HOXD10 regulates genes involved in cell migration and angiogenesis (Myers et al., 

2002). Although other members of the HOX family are known to be regulated through post-

translational modifications such as acetylation (Kong et al., 2014), we could not find any reports in the 

literature describing the control of HOXD10 expression by histone acetylation. 

Our results suggest that acetylation/deacetylation is indeed involved in the regulation of HOXD10. 

Treatment of the dermal fibroblasts with HDAC1-i led to HOXD10 up-regulation in carriers and down-

regulation in controls. This leads us to hypothesize that histones in the HOXD10 promoter site in 

carriers were hypo-acetylated, perhaps due to enhanced HDAC1 activity in carrier cells (figure 44). 

The reason for down-regulation in controls suggest an involvement of other factors, such as HATs or 

perhaps the HDAC1-i has some global effect leading to retention of acetylation status in the promoter 

of controls. 

 

Figure 44 - Schematic figure of a possible acetylation status in HOXD10 

The lines in the figure above represent the promoter site of HOXD10, and the dots represent acetyl groups. This 

figure is a hypothetical representation of the possible state of acetylation in the HOXD10 promoter of untreated 

carriers and controls (left) and after HDAC1-i treatment (right). We suggest that HDAC1 is more active in carriers 

than in controls.  

 

One hypothetical cause of enhanced HDAC1 activity in carriers could be the observed down-

regulation of RGCC in untreated samples of L68Q-CST3 carrier cells when compared to controls, with 

no overlap (figure 11, panel M). RGCC is a regulator of the cell cycle known for its global effects on 

chromatin acetylation e.g. down-regulation of SIRT1, a member of the class III family of HDACs 

(Vlaicu et al., 2010). Down regulation of RGCC results in an up regulation of SIRT1, which is known to 

deacetylate HDAC1 in mice. Deacetylation of HDAC1 is known to increase its deacetylation activity 

(Dobbin et al., 2013) and therefore it can be speculated that down-regulation of RGCC in carrier cells 

could result in an overactive HDAC1 and thus down-regulation of HOXD10 in untreated carrier cells 

(figure 45). Furthermore, our results suggest that acetylation/deacetylation is involved in the regulation 

of RGCC, as TSA induced up regulation in controls.  

 

Figure 45 – Possible explanation of a hyperactive HDAC1 

RGCC is known to inhibit SIRT1 expression so the down-regulation of RGCC in carrier cells could result in up-

regulation of SIRT1. SIRT1 is known to deacetylases HDAC1 and thus increases HDAC1 enzymatic activity. A 

hyperactive HDAC1 could be responsible for decreased expression of HOXD10, which is seen in carriers of the 

L68Q-CST3 mutation.   
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5.1.1 HOXD10 and miR-10b 
As miR-10b is known to regulate HOXD10 (figure 46) we wanted to see if the effects of histone 

deacetylases inhibitor treatments on gene expression in the cells were mediated through changed 

levels of miR-10b. Twist1 is a transcriptional factor involved in activation of miR-10b transcription, 

which can suppress the synthesis of HOXD10 protein from HOXD10 mRNA (Ma, 2010). Down 

regulation of HOXD10 gene expression has been shown to induce motility in cell cultures resulting in 

metastasis (Reddy et al., 2008) (figure 46). Therefore, HOXD10 down-regulation could play a role in 

the transition of fibroblasts to myofibroblasts, which is relevant because the gene expression profile of 

dermal fibroblasts from carriers has some characteristics of myofibroblast cells which could be 

associated to down-regulation of HOXD10 (Ma, 2010).  

 

Figure 46 - microRNA pathway involved in HOXD10 expression. 

Twist is a transcription factor involved in the regulation of miR-10b expression. MiR-10b inhibits translation of 

HOXD10 mRNA resulting in lower levels of HOXD10 protein which in turn lead to tumour cell motility involved in 

metastasis (Steeg, 2007). 

 

We, however, did not detect any significant difference in the expression of miR-10b in untreated 

carriers compared to controls (figure 37). Our results therefore suggest that miR-10b is not involved in 

the lower HOXD10 expression in the carriers; however, our results do suggest that miR-10b is in some 

way controlled by acetylation/deacetylation as its expression in controls and carriers was differently 

affected after TSA treatment.  

Aside from HCCAA, our results from the HDAC1-i treatment could have important implications in 

the light of HOXD10 involvement in cancer metastasis. Low HOXD10 expression in metastasis could 

be corrected with HDACi treatment, which is important in the battle against cancer (Reddy et al., 2008; 

Xiao et al., 2014). In follow up to our results it would be important to define the acetylation status of the 

HOXD10 promoter directly, e.g. using chromatin immunoprecipitatation (Ch-IP) to determine HDAC1 

interaction. This is important to define whether the effects of HDACi treatments we see on HOXD10 

expression are direct or mediated via some intermediaries.   
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5.2 Aggrecan (ACAN) 
Previous observations showed significantly higher levels of ACAN expression in untreated samples of 

L68Q-CST3 carrier cells when compared to controls (figure 11, panel A). The ACAN gene encodes for 

the proteoglycan aggrecan, which is a multi-domain proteoglycan found in the extracellular matrix 

(ECM) of cartilaginous tissue (Day et al., 2004). Aggrecan is known to form aggregates (Kiani et al., 

2002) and it is one of the ECM proteins that accumulate in affected cerebral arteries of HCCAA 

patients (Snorradottir et al., 2013).  

Increased expression of ACAN can be a result of increased expression of the transcription factor 

SOX9 which is also responsible for decreased SMC differentiation (Cordes et al., 2009; Rajendran et 

al., 2011). Two genes that were differently affected in carriers (compared to controls) are known to 

influence SOX9 (figure 47). RGCC is a regulator of SIRT1 (see 5.1), which regulates the enzymatic 

activity of SOX9 via de-acetylation (Dvir-Ginzberg et al., 2008; Yang et al., 2011). Other gene that 

might be involved is PRKG2. Previous observations showed lower levels of PRKG2 expression in 

untreated samples of L68Q-CST3 carrier cells when compared to controls (figure 11, panel K). The 

PRKG2 gene encodes for the PRKG2 protein, which is a cGMP-dependent type II protein kinase that 

is a member of the serine/threonine protein kinase family. It is a signaling molecule involved in many 

biological functions such as regulation of, for example, Sox9 via phosphorylation (Swartling et al., 

2009). Our results did not suggest that HDAC1 is involved in regulation of PRKG2 (figure 33, panel G 

and panel H) and we have not found any indications in the literature that acetylation/deacetylation is 

involved in controlling its expression. However, based on the literature data discussed above, down-

regulation of these two factors, SOX9 and PRKG2 could be the reason for increased ACAN 

expression.  

Previous observations also showed higher levels of HAPLN1 expression in untreated samples of 

L68Q-CST3 carrier cells when compared to controls (figure 11, panel G). HAPLN1 encodes for 

hyaluronan and proteoglycan link protein 1, which is an ECM protein. HAPLN1 leads to up-regulation 

of aggrecan synthesis and is responsible for its stabilization in cartilage tissue (McKenna et al., 1998; 

Watanabe & Yamada, 1999). Up regulation of HAPLN1 in carrier cells could therefore also affect 

elevated ACAN expression in carriers.   

 

Figure 47 - Possible explanation of increased ACAN expression.  

This figure represents three possible ways of controlling ACAN expression. First PRKG2 is responsible for 

inhibition of SOX9. SOX9 is known to increase expression of ACAN. Carriers of the L68Q-CST3 mutation have 

decreased expression of PRKG2, which could result in increased expression of ACAN. Second, RGCC is known 

to inhibit SIRT1, which is a regulator of SOX9. Decreased expression of RGCC in carriers fibroblast could lead to 
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increased expression of ACAN. Third, HAPLN1 is a regulator of ACAN. HAPLN1 is up-regulated in carriers, which 

could result in increased expression of ACAN in carrier fibroblasts. 

 

Treatments with TSA led to increased expression of ACAN in controls without affecting the gene 

expression in the carriers between treatments, suggesting that acetylation/deacetylation is involved in 

the regulation of ACAN. HDAC1-i resulted in the same expression change, that is, a significant 

difference between controls and carrier cells within treatments; however, ANOVA analyses did not 

reveal a statistically significant change between treatments in controls or carriers. The p-value for the 

ANOVA analyses within the controls was p = 0.1056 (figure 28) suggesting that statistical significance 

might be obtained by adding individuals to the control and carriers groups. Because HDACi treatment 

increased the expression of ACAN in controls (TSA treatment, figure 13) this suggests that the highly 

elevated expression of ACAN in the carriers could be due to a hyper-acetylated promoter site in 

carriers. A hyper-acetylated promoter could be a result of hypoactive HDAC1 but it is also possible 

that HDAC1 is hyperactive in carriers, as our results regarding HOXD10 indicate, but that there is 

another factor involved that outweighs the effects of a hyperactive HDAC1. For example, it could be 

that a member of the HAT family is hyperactive resulting in elevated acetylation and increased 

expression (figure 48), which the hyperactive HDAC1 cannot counteract. SIRT1 is known to be 

involved in the regulation of HDAC1 and in the recruitment of HATs to promoter sites of genes, so this 

theory may not be so far-fetched (Dvir-Ginzberg et al., 2008). To get a clearer picture of this, the 

promoter site of ACAN has to be looked into, both the acetylation status and more importantly if there 

are HAT molecules on the promoter site of the gene. This could be done, for example, using Ch-IP. 

 

Figure 48 - Schematic figure of a possible acetylation status in ACAN 

The line represents the promoter site of genes, and the dots represent acetyl groups. HDAC1-i prevents acetyl 

groups from being removed leading to increased expression. Untreated carriers have increased expression of 

ACAN, this could be due to hyper acetylated promoter site. Inhibition of ACAN with HDAC inhibitors lead to 

increased expression of ACAN in controls, suggesting that the gene expression could be controlled via 

acetylation/deacetylation. If HDAC1 is hyperactive in carriers, there should be increased expression of carrier in 

comparison of controls. This is not the case, however we have not excluded a hyper active HDAC1 as a hyper- 

active HAT could overweigh the effects of a hyper active HDAC1, resulting in increased expression. HDAC1 is 

somehow involved in regulation of ACAN as inhibition of HDAC1 results in up-regulation of controls.  

 

5.2.1 ACAN and miR-145 
As miR-145 is known to regulate ACAN we wanted to see if the effects of histone deacetylase 

inhibitors on the cells were mediated through changed levels of miR-145. Results from previous gene 

expression studies of L68Q-CST3 cells compared to controls showed elevated expressed levels of 
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TGFß3 in carriers, which is a known miR-145 inhibitor (Yang et al., 2011). miR-145 has been shown to 

inhibit SOX9 at the protein level and thus it could be hypothesized that low levels of miR-145 in L68Q-

CST3 carriers would results in increased ACAN expression (Yang et al., 2011). Butyrate has been 

shown to increase expression of miR-145 (La Rocca et al., 2011). As discussed in the Introduction 

(chapter 1.6.1), butyrate is a naturally occurring compound making it possible that environmental 

factors could be at play in regulating miR-145 expression. As butyrate has been shown to be an 

HDACi and it influences miR-145 expression, it is possible that its influence on histone acetylation is 

dependent on a mediatory function of miR-145. There was however no significant difference in miR-

145 expression levels in untreated carrier cells, compared to controls, nor did treatments with TSA or 

HDAC1-i, affect miR-145 suggesting alterations on miR-145 levels are not the reason for elevated 

ACAN expression levels in carrier cells.  

5.3 Retinoic acid receptor, beta (RARB) 
Previous observations showed significantly higher levels of RARB expression in untreated samples of 

L68Q-CST3 carrier cells when compared to controls (figure 11, panel L). RARB encodes for retinoic 

acid receptor, beta, which is a member of the thyroid-steroid hormone receptor superfamily that binds 

retinoic acid. RARB can be localized both in the cytoplasm and the nucleus where it is part of a 

transcriptional complex, responsible for controlling expression of over five hundred genes (Maden, 

2007). RARB is known to down-regulate HDAC1 enzymatic activity and up-regulate the enzymatic 

activity of members of the HAT family, therefore influencing acetylation status (Hayashi et al., 2001).  

Histone H4 acetylation after treatment with TSA has been shown in the RARB promoter (Fazi et al., 

2005). Our data also showed that acetylation/deacetylation had an effect on RARB expression and 

this effect could be achieved through inhibition with HDAC1-i. The scenario could be similar to that 

depicted for ACAN in figure 48, i.e. a hyper acetylated promoter site in untreated carrier cells. Based 

on the documented effects of RARB on HDAC1 and HAT activity mentioned above, this up regulation 

of RARB in carriers could have global effects on the acetylation status through control of HDAC1 and 

HATs. It would be very informative to study the promoter site of RARB directly (Ch-IP) and see if 

HDAC1 or some HAT is involved in its differential gene expression in carriers. It could also be 

informative to selectively inhibit RARB expression, e.g. using siRNA “knockdown” and see how 

expression of genes known to be up- or downregulated in carriers is affected.  

Proteomics data (Bragason et al, unpublished) indicated that protein levels HDAC6 were marginally 

higher in carrier cells (compared to controls). The HDAC6 protein is the largest of the identified 

HDACs and it is known to regulate cytoplasmic processes (Yang & Seto, 2008). Our results suggest 

that HDAC6 gene expression can be modulated by HDAC inhibitor treatment as SB resulted in down 

regulation of HDAC6 gene expression in controls but not carriers. The change in expression could 

therefore be due to difference in acetylation status. Tubacin, a specific HDAC6 inhibitor, significantly 

reduced the expression levels of RARB in both controls and carriers (figure 27). Because HDAC6 is 

cytoplasmically located, the fact that its inhibition affects RARB gene expression suggests that 

acetylation of a cytoplasmic factor affects RARB expression (Yang & Seto, 2008).  
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5.4 Other genes analyzed 
RGCC, PRKG2, HAPLN1, and HDAC6 were discussed in the chapters above. Expression of the 

following genes were also analyzed after treatment with TSA and/or HDAC1-i; ACTA2, COLIV1, 

F2RL2, FGF9, HAND2, KRT7, LAMB1, SORBS2, and TBX5.  

5.4.1 Unaffected genes 
5.4.1.1 Collagen, type IV, alpha 1 (COLIVA1) 
Previous observations showed higher levels of COLIVA1 expression in untreated samples of L68Q-

CST3 carrier cells when compared to controls (figure 11, panel C); furthermore, COLIV was one of 

three major EMC constituents that were deposited in affected cerebral arteries of HCCAA patients 

(Snorradottir et al., 2013). COLIV1A expresses type IV collagen that interacts with other ECM 

components such as proteoglycans and laminins as part of the basement membrane (Laurie et al., 

1982). The inhibition of collagen accumulation could be beneficial in the battle against intracerebral 

hemorrhage. Sodium 4-phebylbutyrate (4PBA) was recently shown to do so and the severity of 

vascular ruptures was significantly reduced, they however did not confirm that the reduction was due 

to a change in the acetylation status of the gene (Jeanne et al., 2015). This observation, however, is 

interesting in regards to our hypothesis as 4PBA is related to ß-hydroxybutyrate and therefore 

environmental factors could result in decreased accumulation of intracellular collagen.  

The expression of the genes of two subtypes of COLIV was elevated in carrier cells according to 

previous data, i.e. COLIVA1 and COLIVA2. We only examined the effects of TSA and SB on 

COLIVA1. We did not see changes in expression levels after treatments, however, it was interesting to 

see that SB had more affect than TSA. With the exception of HDAC6, TSA had more effects on gene 

expression for all the other genes examined. It would be interesting to evaluate the effects of HDACi 

on COLIVA2 expression as well.  

5.4.1.2 Coagulation factor II (thrombin) receptor-like 2 (F2RL2) 
Previous observations showed higher levels of F2RL2 expression in untreated samples of L68Q-CST3 

carrier cells when compared to controls (figure 11, panel D). F2RL2 encodes for transmembrane 

protease-activated receptor. Thrombin acts through F2RL2 to activate cells in response to vascular 

injury and by so, F2RL2 plays an important role regarding hemostasis and thrombosis (Moore et al., 

2013). This is relevant to HCCAA pathology as the gene expression of carrier cells has some 

myofibroblast characterists, e.g. elevated ACTA2 expression (see 5.4.2.1). Valproic acid has been 

shown to induce up-regulation of F2RL2 expression in vascular endothelial cells (Larsson et al., 2012). 

Our results suggested that HDAC1 is not involved in regulation of F2RL2 expression.   

5.4.1.3 Heart and neural crest derivatives expressed 2 (HAND2) 
Previous observations showed significantly lower levels of HAND2 expression in untreated samples of 

L68Q-CST3 carrier cells when compared to controls (figure 11, panel F). HAND2 encodes for a 

member of the twist family, heart and neural crest derivatives expressed 2 protein. HAND2 plays an 

essential role in the development of the cardiovascular system and its loss of function results in 

neonatal death (VanDusen et al., 2014). Although regulation of HAND2 in humans has not been 
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shown to be regulated by acetylation the corresponding gene in mice shows up-regulation connected 

to acetylation of H3K14 (Zhang et al., 2014). HDAC1-i treatment, however, did not affect HAND2 

expression.  

5.4.1.4 T-box 5 (TBX5) 
Previous observations showed significantly lower levels of TBX5 expression in untreated samples of 

L68Q-CST3 carrier cells when compared to controls (figure 11, panel O). TBX5 is part of a family of 

genes that encode transcriptional factors with a common DNA binding domain, the T-box. Members 

are known to regulate developmental processes (Bruneau et al., 2001). Post-translational 

modifications of TBX5 include down-regulation, by targeting TBX5 with either miR-10a or miR-10b or 

by a change in the acetylation status with HDAC3 (Lewandowski et al., 2014; Wang et al., 2014). TSA 

treatment did not affect TBX5 expression and as we saw no difference of miR-10b expression 

between carriers compared to controls we have as yet no way of explaining the difference seen in 

TBX5 expression levels between untreated carrier and control cells. 

5.4.2 Affected genes 
5.4.2.1 Alpha-smooth muscle actin (ACTA2) 
Previous observations showed higher levels of ACTA2 expression in untreated samples of L68Q-

CST3 carrier cells when compared to controls (figure 11, panel B). ACTA2 encodes alpha-smooth 

muscle actin (α-SMA) a member of a conserved family of actin proteins. α-SMA is found in muscle 

tissue were it takes part in cell motility, structure and integrity and is responsible for the muscle-cell 

retractile shape (Meacock et al., 2000). Treatment of cells with TGFß results in acetylation on histone 

H4 of the promoter site of ACTA2, this can be prevented with TSA treatment (Ganatra et al., 2015). 

Up-regulation of ACTA2 expression in fibroblasts is indicative of a phenotypic shift to a myofibroblast 

phenotype that is associated with wound healing and also fibrosis (Meacock et al., 2000; Xie et al., 

2014).  

Although TSA treatment in our study did not result in changed expression levels between 

treatments in controls or carriers we saw a significant difference in the response of controls and 

carriers within treatments, suggesting that acetylation/deacetylation is involved and that the acetylation 

status of ACTA2 is different in carriers compared to controls. As noted above (chapter 5.2.1) previous 

gene expression studies (Bragason et al. unpublished) on dermal fibroblasts from carriers and controls 

showed elevated expression levels of TGFß3 in carrier cells, this could be the reason for changed 

acetylation status in carriers resulting in increased expression seen in untreated cells. TGFßs are 

involved in cell proliferation and ECM formation, which is relevant to the observed HCCAA pathology 

as overproduction of ECM proteins is connected to fibrosis (Meacock et al., 2000).  

5.4.2.2 Fibroblast growth factor 9 (FGF9) 
Previous observations showed lower levels of FGF9 expression in untreated samples of L68Q-CST3 

carrier cells when compared to controls (figure 11, panel E). FGF9 encodes for fibroblast growth factor 

9 that is a peptide regulatory factor mainly found in brain and kidneys. Fibroblast growth factors 

(FGFs) signal through tyrosine kinase receptors and are involved in many biological processes such 
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as neovascularization and tissue repair (Santos-Ocampo et al., 1996). As we only had measurements 

from two untreated carriers we were not able to confirm change with in carriers. Our data however 

does indicate that carriers are affected as HDAC1-i treatment brought the expression levels of FGF9 

in carriers compared to that of untreated controls (figure 29). This suggests a hypo acetylated 

promoter site in carriers due to a hyper active HDAC1, similar to that seen in figure 44.  

5.4.2.3 Keratin 7, type II (KRT7) 
Previous observations showed significantly higher levels of KRT7 expression in untreated samples of 

L68Q-CST3 carrier cells when compared to controls (figure 11, panel I). KRT7 encodes for type II 

cytokeratin 7, which is a member of the keratin family of epithelial structural proteins.  

Our results suggest that HDAC1 is involved in the different gene expression pattern of KRT7 in 

carriers because HDAC1-i treatment resulted in down-regulation of KRT7 expression in carrier cells 

but not in control cells. The treatment used was sufficient to bring the expression levels of KRT7 in 

carriers to the same level as untreated controls (figure 30). Control cells were not affected after 

treatment but carriers were. Inhibition of HDAC1 should have resulted in increased expression in 

control cells if HDAC1 was responsible for the removal of acetyl groups of the promoter site of KRT7, 

suggesting that some intermediary that is affected by inhibition could be responsible for the increased 

expression seen in carriers.    

5.4.2.4 Laminin beta 1 (LAMB1) 
Previous observations showed significantly lower levels of LAMB1 expression in untreated samples of 

L68Q-CST3 carrier cells when compared to controls (figure 11, panel J). LAMB1 encodes for Laminin 

beta 1 which is an ECM constituent that is elevated in affected cerebral arteries of HCCAA patients 

(Snorradottir et al., 2013). Laminins are family of glycoproteins that are ubiquitously expressed with 

many functions such as migration and promotion of cell adhesion to the basement membrane 

(Colognato & Yurchenco, 2000), both of which are relevant to HCCAA pathology. 

Our results suggest that HDAC1 is involved in the modified gene expression of carriers; however, 

HDAC1-i treatment resulted in down regulation of controls without affecting carriers suggesting that 

the effect may not be direct on the LAMB1 gene but via intermediates.  

5.4.2.5 Sorbin and SH3 domain containing 2 (SORBS2) 
Previous observations showed significantly higher levels of SORBS2 expression in untreated samples 

of L68Q-CST3 carrier cells when compared to controls (figure 11, panel N). SORBS2 encodes sorbin 

and SH3 domain containing 2, which is an adaptor protein, involved in cell migration and adhesion by 

assembling signaling complexes (Roignot et al., 2014). What is interesting about this protein in 

regards to HCCAA pathology is the fact that SORBS2 has been shown to induce senescence in 

primary human fibroblasts (Liesenfeld et al., 2013). Accumulation of aggregates is often associated 

with old age and therefore this up-regulation could be a factor in the HCCAA pathology. 

The expression of SORBS2 in both controls and carriers was downregulated as a result of HDAC1-

i treatment. Carriers were more affected which could be due to a difference in acetylation status. 
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HDAC1-i treatment should result in increased expression suggesting that the inhibition is not affecting 

SORBS2 directly but rather some other factor that in turn is downregulating SORBS2.   

5.5 Limitations 
There are many limitations to this research and it is risky to make assumptions on possible therapeutic 

strategies based on our data. This research is based on cells from relatively few individuals and only 

one cell type, i.e. dermal fibroblasts. It would be ideal to study the effects of HDACi treatments in an 

animal model, but unfortunately attempts at making a HCCAA animal model have not been successful 

to date. To follow up the work here it would be a logical next step to repeat the HDAC1-i treatments on 

cells from more individuals, carriers and controls, to obtain more statistical power. During data 

analyses we saw, for some genes, indications that additional individuals might have given us a 

statistically relevant difference between controls and carriers, in these cases the p values were 

marginally insignificant. For example, COLIV1 expression seemed to increase within carriers 

compared to controls after TSA treatment and PRKG2 expression showed signs of down regulation in 

carriers compared to controls after TSA treatment, but this was not statistically significant (figure 15 

and figure 33).  

HDACs influence gene expression by modifying the acetylation status of lysine residues on histone 

proteins. Our data indicated that class II HDACs were not involved in the altered gene expression 

pattern seen in ACAN, HOXD10 and RARB (figure 49); however, we did not exclude its involvement, 

we did not measure if the treatment was effective i.e. if there was a change in acetylation status after 

treatment. We collected proteins from the TCH-106, VPA, TMP269 and HDAC1-i treatments so 

western blot analyses can be conducted later on. Chromatin immunoprecipitation can then be used to 

prove definitively that the treatments are affecting the gene expression via promoter acetylation, and 

by which factors i.e. HDACs. In addition to adding cells from more individuals, Ch-IP experiments 

would be a logical next research step.  
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Figure 49 – ACAN, HOXD10 and RARB measurements with bufexamac and tubacin 

Treatments with bufexamac and TMP269 indicate that the response seen after inhibition with the broad range 

inhibitor TSA on ACAN, HOXD10 and RARB is not due to class IIb HDAC involvement. This experiment does 

though not exclude involvement as acetylation status before and after treatment was not measured. 
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6 Conclusions 
The results of the present study indicate that the gene expression of ACAN, ACTA2, FGF9, HDAC6, 

HOXD10, RARB, KRT7, LAMB1, SORBS2 and RGCC is regulated by acetylation/deacetylation. 

Furthermore, the results suggest that the acetylation status of some of these genes is different in the 

carriers compared to the controls. However, because the acetylation status of the promoters in these 

genes was not directly examined in this study it is not possible to say for sure that this is the case, i.e. 

the HDAC inhibition could be acting on the expression of other genes that in turn affect the expression 

of the genes that were monitored in this study. Further experiments are required to clarify this. A 

specific HDAC1 inhibitor was able to achieve the same degree of effect on the gene expression of 

ACAN, HOXD10 and RARB, as the inhibitors with a broader range of activity with a similar degree of 

response regarding the amplitude in gene expression change. The response of the treatments on the 

gene expression varied for the genes studied e.g. ACAN and HOXD10, again suggesting that the 

inhibition could have been acting on other genes that then affected the genes that were monitored. As 

some genes were only tested with a specific HDAC1 inhibitor, we did not see changes after treatment 

where we might have expected to see a change. F2RL2 and HAND2 for example are known to be up 

regulated in response to a change in acetylation status (HAND2 in mice) (Larsson et al., 2012; Zhang 

et al., 2014). So although HDAC1 is somehow involved in the changed gene expression of carriers of 

the L68Q-CST3 mutation, other factors may also be involved, such as other HDACs and HATs.  

ß-hydroxybutyrate, the dietary HDAC inhibitor, is known to inhibit HDAC1 in addition to HDAC3 and 

HDAC4 with IC50 values between 2 to 5 mM. Concentrations of ß-hydoxybutyrate between 2 to 5 mM 

can be obtained in the body of individuals on a ketogenic diet (Shimazu et al., 2013). The research 

questions addressed in this project were based on the hypothesis that the reduction in life span seen 

in carriers of the L68Q-CST3 mutation was due to changes in the dietary habits of Icelanders during 

the 19th century. Before the 19th century the diet of Icelanders could roughly be classified as a 

ketogenic diet and could therefore have affected the gene expression pattern in carriers differently 

than the staple diet of today. The fact that this study suggests that there are differences in the 

acetylation of genes between carriers and controls and that these are genes whose gene expression 

pattern differs between the two groups, and can be associated with the pathology of the disease, 

notably aggrecan, supports our hypothesis of dietary involvement. However, further data is required to 

get a clearer picture, e.g. regarding the specific control of the gene expression differences using 

methods such as chromatin-immunoprecipitation.  
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