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1
English summary

Within this thesis, several diseases central in the field of cardiovascular disease 
will be outlined. First, the central dogma of molecular biology, RNA biology in 
general, RNA (alternative)splicing and the role of RNA-binding proteins within 
these processes will be discussed to enhance the accessibility to non-molecular 
biologists (chapter 3). Subsequently, the current literature and insights into 
the RNA-binding protein Quaking will be outlined (chapter 4). Thereafter,  a 
brief summary of the role of many distinct RNA-binding proteins (RBPs) in the 
cardiovascular system is provided, detailing their importance in the heart and cells 
of the blood vessels including endothelial cells, vascular smooth muscle cells and 
perivascular stromal cells (chapter 5). This review provides some historical and 
biological perspectives, while simultaneously highlighting many recent advances 
in our understanding of RBP function in cardiovascular health and disease. 

Central to this thesis is the RBP called “Quaking”. This gene name was first 
coined in 1964 when a team of scientists in a renowned mouse-laboratory 
(Jackson Laboratories) encountered a shivering or “quaking” mouse with a 
tremor of the hind-quarters. By harnessing established and novel techniques, 
including RNA-sequencing, this thesis will describe the role of Quaking in 
vascular smooth muscle cells (chapter 6), monocytes/macrophages (chapters 
7 and 9) and endothelial cells (chapter 8) within associated diseases such as 
vascular stenosis, atherosclerosis/inflammation and endothelial barrier function, 
respectively.      

Collectively, Quaking can be described as a genome-wide governor of RNA-
processing that results in the proper translation into functional proteins. The 
most prominent role of Quaking lies within the regulation of alternative splicing, 
facilitating the generation of a myriad of distinct proteins from a limited amount 
of genes. This ability to generate different proteins from the same gene marks 
a critical aspect of the human response to injury, as this process allows RBPs 
such as Quaking to improve or diminish how well a certain proteins work. Next 
to this, Quaking can influence how much of a given RNA will survive, where the 
RNA should be localised within the cell, and whether it should be translated into 
protein. 

This thesis describes which RNA transcripts are under control of Quaking, which 
alternative transcripts are being generated through modulation by Quaking, while 
also describing the unique role for this protein in health and cardiovascular and 
renal disease.  
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Nederlandse samenvatting 

Binnen de hart- en vaatziekten vallen meerdere ziektebeelden waarvan de 
moleculaire en cellulaire pathofysiologie in dit proefschrift is onderzocht en 
beschreven. Inleidend wordt het centrale dogma van de moleculaire biologie, 
de diverse functies van RNA-bindende eiwitten in het algemeen en het proces 
van (alternatieve) splicing van RNA nader toegelicht om de leesbaarheid van dit 
proefschrift te bevorderen voor lezers die geen of weinig affiniteit hebben met de 
moleculaire biologie (hoofdstuk 3). In hoofdstuk 4 zal het RNA-bindende eiwit 
Quaking uitvoerig besproken worden. Vervolgens zal in hoofdstuk 5 beschreven 
worden welke RNA-bindende eiwitten tot op heden zijn onderzocht binnen 
cardiovasculaire ziektebeelden, met daarin vele voorbeelden van binnen het 
hart,  het endotheel, de gladde spiercellen en de perivasculaire fibroblasten. 

Centraal in dit proefschrift staat één RNA-bindend eiwit genaamd Quaking. Deze 
naam werd in 1964 voor het eerst genoemd toen enkele wetenschappers een 
“trillende muis”, vertaald naar het Angelsaksisch “a quaking mouse”, tegenkwamen 
in een gerenommeerd muizen-laboratorium (Jackson laboratories). Door gebruik 
te maken van gevestigde én nieuwe technologieën zoals RNA-sequencing, 
welke in de recente jaren het begrip van de cellulaire biologie exponentieel 
hebben doen toenemen, beschrijft dit proefschrift de rol van Quaking in gladde 
spiercellen (hoofdstuk 6), monocyten danwel macrofagen (hoofdstuk 7 en 9) 
en endotheelcellen (hoofdstuk 8) binnen gerelateerde ziektebeelden zoals 
vasculaire (re)stenose, aderverkalking, danwel inflammatie en de barrière functie 
van het endotheel. 

Samenvattend kan de functie van Quaking beschreven worden als een eiwit dat 
genoomwijd betrokken is bij het in goede banen lijden van het gehele traject van 
RNA naar functionele eiwitten. De meest prominente rol voor Quaking betreft 
de alternatieve splicing van RNA, een proces dat uiteindelijk voor een enorme 
diversiteit aan niet-coderende RNA's en eiwitten zorgt welke vele malen groter is 
dan het aantal genen dat een organisme heeft. Daarnaast bepaalt Quaking voor 
een deel de hoeveelheid van een target-RNA, de lokalisatie ervan binnen de cel 
én de vertaling van mRNA naar eiwit. 

Dit proefschrift beschrijft onder andere welke RNA’s onder invloed van Quaking 
staan, welke alternatieve transcripten worden aangemaakt dankzij Quaking en 
illustreert een unieke rol voor dit eiwit binnen het ontstaan van hart-, vaat- en 
nierziekten. 
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2
Scope of this thesis

Within this thesis, the function of the RNA-binding protein Quaking in the context 
of several inflammatory cardiovascular diseases has been investigated. 

In chapter 3, an introduction and summary of the epidemiology, aetiology, risk 
factors and socio-economic impact of cardiovascular disease will be shortly out-
lined. Subsequently, the cellular mechanisms that lie at the basis of the patho-
physiology of these diseases will be introduced. Thereafter, to enhance accessi-
bility of this thesis to non-molecular biologists, the role of RNA-binding proteins in 
post-transcriptional regulation of RNA (with a focus on the process of alternative 
splicing) is discussed. Chapter 4 encompasses a detailed review of the functional 
role of the RNA-binding protein Quaking, in embryonic and adult cardiovascular 
biology, along with an examination of the diverse (auto-)regulatory pathways that 
impinge on QKI protein isoform expression levels. 

Chapter 5 provides a historical perspective and detailed review of the current 
literature wherein the function of many RNA-binding proteins in both cardiac and 
vascular disease is described. Furthermore, we summarise how the latest tech-
nological advances and insights gained in RNA biology have ushered in a new 
era in RNA-based therapeutics that could facilitate the targeting of RBPs, and 
potentially the amelioration of cardiovascular disease. 
   
A striking example of the profound impact that alternative splicing can have on 
the risk of vascular disease is provided in chapter 6. Here, we illustrate how QKI 
mediates the generation of two distinct Myocd protein isoforms that determine 
VSMC function in the setting of intimal hyperplasia, and demonstrate that dimin-
ishing QKI expression is an effective means of preventing excessive stenosis of 
arterial vessel upon damage.

As opposed to  describing  how a single alternative splicing event affects cellular 
homeostasis, chapter 7 provides a genome-wide assessment of QKI-mediated 
post-transcriptional processing in monocytes and macrophages. In doing so, 
we have identified an important regulatory role for QKI in guiding the cellular 
properties of these inflammatory myeloid cells that accumulate in atherosclerotic 
lesions, and thereby gain a broader understanding of how these cells  contrib-
ute to vascular disease and patient mortality worldwide. Moreover, using RNA-
sequencing and splicing-sensitive microarray analyses, we could demonstrate a 
conserved mechanism by which QKI mediates alternative splicing in a position-
dependent fashion. 
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Having focused on the regulatory role of QKI on RNA splicing in the previous 
chapters, chapter 8 illustrates how QKI can also regulate mRNA translation (in 
endothelial cells). Using molecular techniques that assess the intricate process 
of mRNA translation into protein, we could identify that adequate expression and 
functionality of QKI is a prerequisite for the translation of the vascular-endothelial-
cadherin and β-catenin mRNAs into functional proteins. Moreover, the functional 
consequences of destabilizing these transcripts and thereby the protein levels of 
their junctional proteins by targeting QKI strongly suggests a faciliatory role in the 
maintenance of a healthy endothelial monolayer and the maintenance of proper 
barrier function. 

Chapter 9 illustrates the consequences of monocyte- and macrophage-induced 
injury to the kidney, an inflammatory process that triggers the activation, prolif-
eration and extracellular matrix production of perivascular cells. Using a recently 
developed conditional null allele of the qki locus, we could demonstrate that cell 
autonomous abrogation of QKI in monocytes and macrophages ameliorates the 
inflammatory damage within the kidney as evidenced by reduced renal interstitial 
fibrosis.

Collectively, this thesis details an upstream regulatory role for QKI in orchestrat-
ing the cellular response to disease-inducing stimuli in inflammatory vascular dis-
eases such as intimal hyperplasia, atherosclerosis, endothelial dysfunction and 
kidney fibrosis. In chapter 10, these findings are evaluated in varying perspec-
tives, which in keeping with ‘scientific thought process’ leads to a discussion that 
addresses several remaining questions that could be subject of further investiga-
tion.     
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Introduction

Epidemiology, aetiology, risk factors and socio-economic impact of cardio-
vascular disease
Cardiovascular disease (CVD) encompasses the pathophysiology of a large 
variety of diseases that affect the heart and blood vessels throughout the hu-
man body. As defined by the World Health Organisation (WHO), roughly 80% 
of cardiovascular mortality is determined by the incidence of coronary heart dis-
ease and cerebral stroke, leading to an average of 14 million deaths worldwide 
on a yearly basis1,2. As a result of numerous technological and pharmacological 
advances, alongside increased efforts that focus on prevention, CVD mortality 
has been dramatically reduced. This diminition in prevalence is predominantly 
driven by decreased coronary heart disease and cerebral stroke as a result of 
increased standard of living in Europe3 and the United States4,5. The most com-
mon pathophysiological process that drives this high mortality rate is atheroscle-
rosis, a chronic progressive inflammatory disease of the vessel wall that affects 
the medium and large-sized arteries 6. Atherosclerosis involves the accumulation 
of cholesterol deposits, proliferating smooth muscle cells and inflammatory cells 
in the intimal layer of the arterial wall, leading to the formation of atherosclerotic 
plaques that result in luminal narrowing and a fragile inner vessel lining 7,8. Lesion 
progression and exacerbation can eventually trigger plaque rupture, leading to 
arterial occlusion and irreversible organ dysfunction as a result of hypoxia and 
ensuing tissue fibrosis 9-11. The pathogenesis of atherosclerosis is illustrated in 
figure 1 (not to scale, adapted from 12). 
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CVDs can roughly be divided in the most prevalent, macro-vascular diseases 
such as ischaemic heart disease, cerebral stroke, peripheral arterial disease and 
microvascular dysfunction; and the less prevalent diseases such as congenital 
heart disease, rheumatic heart disease, cardiomyopathies, cardiac valve disease 
and cardiac arrhythmias 1,2. Moreover, a progressive decline in kidney function, 
termed chronic kidney disease (CKD) has also been proposed to be a vascular 
disease and is also causally involved by accelerating atherosclerosis develop-
ment and progression 13. Interestingly, the leading causes of CKD, hypertension 
and diabetes, are also prominent drivers of CVD 14, further substantiating this 
intimate relationship between these two seemingly different diseases. 
Numerous risk factors for the development of CVD have been extensively studied, 
including gender, hypertension, diabetes, smoking, degree of physical activity, 
obesity, hyperlipidaemia and diet. Other less known predisposing factors include 
standard of living, education level, air pollution, inherited predisposition and psy-
chological factors1,2. Despite advances in the screening for these risk-factors, in 
combination with primary- and secondary prevention methods such as lipid lower-
ing therapy and blood pressure regulation in developed countries, CVD prevalence 
remains high, and has in fact increased in recent years nationally and worldwide. 
More concerning is the projected further increase in the coming years in middle- 
and low-income countries5. This is widely being attributed to the alarming increase 
in the prevalence of obesity (and thus type 2 diabetes), but also the irreversibil-
ity of atherosclerotic or ischemic disease with currently available therapies 15. 
 
Furthermore, the large effect of a cardiovascular or cerebral event on life expec-
tancy, quality of life, the disability adjusted life years (DALYs = the years lived 
with disability + years of life lost) and health-related productivity loss, are direct-
ly linked with CVD-associated increased healthcare costs. Although adequate 
data from low and middle income countries regarding health-related productiv-
ity loss and DALYs is sparse, recent analyses illustrate the growing problem of 
CVD on increasing healthcare costs worldwide and pinpoint CVD as the largest 
healthcare expenditure worldwide 16,17. Illustrative of this is the fact that the United 
States spends the largest proportion of their gross domestic product (GDP) on 
healthcare in general as compared to other countries; more than 17% of the GDP 
in 2014. The annual costs attributed to the treatment of cardiovascular disease 
surmounts 320 billion US dollars, roughly 2.5% of the GDP, with similar numbers 
being observed in other developed countries, including the Netherlands (8-12% 
of the GDP on healthcare) 18. 

Therefore, to more effectively treat CVD, a better understanding of CVD patho-
physiology is required in order to develop novel regenerative therapeutics that 
could improve the quality of life for CVD patients, while also reducing the financial 
burden on healthcare systems worldwide. 
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How cellular phenotype drives cardiovascular disease
Driven by major technological advances, our understanding of the pathophysiol-
ogy and cellular biology within CVD has exponentially increased in past decades. 
These advances not only include the development,  but perhaps most importantly 
the general availability of research techniques such as polymerase chain reac-
tion (PCR), microarrays, DNA/RNA sequencing, proteomics, cell/tissue culture 
techniques (including stem cell culture and differentiation), and high-power (fluo-
rescence)microscopy that collectively enable the precise assessment of cellular 
changes upon disease triggers. As described in this thesis, the cardiovascular 
system encompasses many different cell types that are cooperatively involved 
in the reparative response upon cardiovascular damage. Cardiomyocytes for ex-
ample, the primary constituent of the heart muscle, are required to rhythmically 
contract to ensure proper blood distribution throughout the body. Upon increased 
mechanical stress, e.g. by either pulmonary or arterial hypertension, cardiomyo-
cytes undergo a phenotypic change known as hypertrophy, a collective volume 
increase that is designed to enhance contractility and ensure adequate blood 
propulsion 19,20. However, the extent to which this compensatory mechanism can 
proceed is limited, and an excessive hypertrophic response is tightly coupled 
to heart failure. In contrast, severe ischemic injury to the heart leads to cardio-
myocyte loss, and irreversible fibrosis of heart tissue caused by the activation, 
proliferation and production of extracellular matrix by tissue-resident fibroblasts 
21, collectively resulting in a dysfunctional myocardium. In the kidney, a similar 
pathophysiology process occurs upon (vascular) damage in the kidney, resulting 
in a  progressive decline in kidney function due to the activation of perivascular 
fibroblasts 22. Importantly, this again illustrates the pathophysiological overlap be-
tween cardiac and renal dysfunction. 

Although many other cell types are implicated in the pathogenesis of atheroscle-
rosis23,24, the activation and recruitment of monocytes to atherosclerotic plaques 
is central to both disease severity and progression25. Activation of these circulat-
ing immune cells at atheroprone sites in the vasculature triggers their adhesion 
to the vascular endothelium and migration to the sub-endothelial space. Here, 
in response to the local milieu they differentiate into macrophages26, where they 
locally phagocytose lipid particles and undergo a transformation into foam-cells. 
This generally results in their entrapment in the neointimal space7,27. Moreover, 
local proliferation within, but also perturbed emigration of macrophages from the 
atherosclerotic plaque has been implicated as a key determinant of atheroscle-
rotic disease advancement 27,28. 

Within the setting of vascular injury, vascular smooth muscle cells (VSMCs) are 
important mediators of vascular repair. Residing in the medial layer of arteries, 
they normally provide vascular tone and regulate vascular diameter, thereby con-
trolling blood pressure in concert with endothelial cells (ECs) 29. In response to 
vascular injury, these contractile cells adopt a proliferative, synthetic highly hy-
perplastic phenotype that is involved in many vascular diseases, including ath-
erosclerosis and restenosis upon arterial stenting, peripheral bypass grafting30 or 
the creation of an arteriovenous fistula for hemodialysis31,32.  
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ECs line lumen of the vasculature throughout the body, contributing to vascular 
tone through nitric oxide production33,34, vascular barrier function35 including the 
blood-brain barrier36, vascular stiffness37, leukocyte adhesion and diapedesis38, 
angiogenesis39, and hemostasis40. Alongside their mosaic patterning and pheno-
typic diversity of ECs in blood vessels, ECs also display organ-specific pheno-
types41, as evidenced by ECs in the kidney which also facilitate the glomerular 
filtration barrier by forming fenestrae. This EC phenotype and the endothelial 
glycocalyx therein43 is observed in no other organ42. More traditionally, ECs have 
predominantly been attributed critical roles in atherosclerosis, diabetes and hy-
pertension44-46, as their dysfunction is tightly coupled with the development and 
progression of CVD. Collectively, given the diverse functions of ECs and their 
highly organ-specific phenotype, the function, adaptation and phenotype altera-
tion upon organ damage is therefore also immensely diverse47 and not fully un-
derstood. 

The intricate path of DNA to RNA to protein expression
It could be argued that in the past decades, few biological processes have been 
revised as extensively as the central dogma of molecular biology. First described 
by Francois Jacob and Jacques Monod in 1961, messenger RNA represented 
an intermediate between the information contained in our DNA and the proteins 
that these genetic sequences encode. To date, this relatively simplistic relation-
ship between DNA and protein continues to be propagated due to its’ conceptual 
clarity. In reality, this process is much more complex than common graphical 
representations, and has therefore been elaborated in figure 2 , pinpointing the 
biology described within this thesis. As such, investigation of these manifold RNA 
processing events can increase our understanding of of CVD pathophysiology. 

Historically, the field of molecular biology has largely focused on transcriptional 
mechanisms, investigating proteins that drive the transcription of DNA into RNA. 
These proteins, known as transcription factors, bind to the promoter region that 
lies upstream of the transcriptional start site and drive the expression of a target 
gene. Importantly, the realisation that the transcriptional activity of genetic loci 
was not directly correlated with expression levels of the corresponding proteins 
led researchers to further investigate RNA expression levels, previously consid-
ered to serve as an intermediate between these two extremes. This led to the 
realization that RNA co-transcriptionally associates with RNA-binding proteins 
(RBPs) and non-protein coding RNAs, forming so-called heterogenous nuclear 
RiboNucleoProtein complexes (hnRNPs that facilitate subsequent RNA-process-
ing48. Paradoxically, while only 2.94% of the total DNA sequence encodes for 
proteins in humans, a striking 74.7% of our DNA is actively transcribed into RNA 
by energy-dependant RNA-polymerases49. This marked investment of cellular 
energy resources into transcription suggests that alongside sequence that gen-
erates proteins, transcription the non-protein coding portions of our genome also 
contribute to our biological complexity. 
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“This preservation of favourable variations and the rejection of injurious varia-
tions, I call Natural Selection. Variations neither useful nor injurious would not 

be affected by natural selection and would be left a fluctuating element.”

Charles Darwin – 1859 50

Following this theorem, the entry and expansion of non-protein coding DNA that 
is actively transcribed into RNA has been thought to be a favourable process as 
it coincides with the transition from the unicellular- to the multicellular world (and 
is highly conserved throughout species)51. Interestingly, protein domains involved 
in RNA metabolism (such as those involved in RNA methylation, polyadenylation 
and RNA degradation) are markedly conserved throughout bacteria, archaea 
and eukaryotes. As such, it has been suggested that the selective introduction 
of certain RNA-binding domains into eukaryotic proteins that regulate alternative 
splicing are in particular responsible for the existence of more complex life-forms 
such as vertebrates52,53. 

In recent decades, major technological advances have, similar to the invention 
of the printing press during the cultural and scientific Renaissance starting in the 
14th century, greatly facilitated our understanding of this ncDNA or “Junk DNA” 
54. While numerous conceptual advancements provided new insight into the com-
plexity of our genome, it could be postulated that the development of Sanger se-
quencing marks the start of the RNAissance, as now it was possible to determine 
the exact nucleotide sequence that corresponds to a stretch of DNA. The further 
development of such techniques in laboratories worldwide, collectively resulted 
in the collaborative effort to fully map the human DNA sequence in 1990, also 
known as the Human Genome Project55. Officially completed in 2003, it was suc-
ceeded by the Encyclopedia of DNA Elements, or ENCODE project, that yield-
ed an unprecedented collection of biological data pertaining to genomes from 
several species56.  Whereas initial genome sequencing experiments focussed 
on protein-coding DNA, the so called transcriptional-tiling arrays and ensuing 
“exome sequencing” allowed for the investigation of the cellular “transcriptome” 
by mapping virtually all transcribed DNA. Moreover, this technique made it possi-
ble to accurately identify and quantitate coding and non-coding RNA sequences, 
including alternatively spliced RNAs.  
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An introduction to RNA splicing

The capacity of an organism to generate a multiplicity of distinct proteins from a 
single gene locus, as well as the ability to generate functional non-protein coding 
RNAs, has been proposed to determine organismal complexity. For example, the 
human- and the common roundworm (Caenorhabditis elegans or C. elegans) ge-
nome are both estimated to encode in the range of 20.000 distinct protein-coding 
genes. However, their total genomes differ immensely in size (3,2-Gigabases 
for humans vs 100-Megabases for C. elegans), suggesting that the expansion 
of non-protein coding DNA could assist in explaining the chasm in organismal 
complexity. When comparing these numbers amongst prokaryotes, eukaryotes, 
plants, invertebrates and vertebrates, this discrepancy becomes even more pro-
nounced (as illustrated and discussed in 51).  

If one focuses on protein-coding genes, the initial RNA transcripts generated from 
these sequences harbours both protein-coding and non-protein-coding stretch-
es, termed exons and introns respectively. After transcription, a highly regulated 
process termed splicing removes the introns, while simultaneous modifications to 
the 5’ and 3’ end of the transcript occur, yielding a protein coding messenger RNA 
(mRNA) and lariat(s) from the spliced intron(s). The human cellular infrastructure 
facilitates this alternative splicing of the pre-mRNAs in order to create on aver-
age 6.3 distinct mature mRNAs per gene that result in an average of 3.9 distinct 
protein isoforms from one single gene locus56. More recently, splicing has also 
been implicated in the generation of functional non-protein coding RNAs57 and 
circular RNAs58 that can be translated into formerly unknown micro-peptides59,60.
  
These aforementioned splicing reactions are catalysed in a dynamic RNA-protein 
complex termed the spliceosome. This complex exhibits enormous plasticity in 
target RNA recognition, a process that is affected by a variety of non-protein cod-
ing RNAs and associated RNA-binding proteins (RBPs) that are conferred with 
the capacity to physically interact with RNA in a sequence- or structure specific 
fashion48. Collectively, the spliceosome can pinpoint the exact nucleotide location 
of splicing-initiation and either enforce or repress splicing. This regulatory capac-
ity can thereby mediate: 1) constitutive splicing, where all exons in a transcript 
are  included; or 2) alternative splicing, where selected exons can be included 
or excluded in the final transcript. Other variations to mature-mRNA diversity 
induced by alternative splicing include alternative 5’ or 3’splice sites of exons, 
alternative 5’ or 3’UTRs, or intron retention61. A direct result of the increased 
number of sequenced human genes, and following completion of the human 
genome project in 2003, close examination of the human genomic sequence en-
abled researchers to identify repeating elements that flank protein coding exons 
62. These studies revealed that: 1) the exact definition of exon size was encoded 
in the  DNA sequence, as defined by either 5’ (GURAGU motif) or 3’ (YAG mo-
tif) splice sites, where R is any purine and Y is any pyrimidine63; and 2) certain 
recurrent sequence motifs were present  within and flanking the exon of interest 
(termed splicing regulatory elements: SREs) 64-66. These sequences are termed 
either Exonic or Intronic Splicing Enhancers or Silencers (ESE/ESS or ISE/ISS, 
respectively). 
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However, the implementation of bio-informatic approaches to predict alternative 
splicing patterns in a cell type-specific fashion based solely on the presence and 
sequence of these regulatory elements remains challenging. This is due to the 
fact that RBPs are differentially expressed in certain tissues as well as in health 
and disease states, gene abundance can impact RBP association with the target 
RNA, secondary structure of RNAs can impact splicing, or cryptic splicing en-
hancers/silencers at more distant sites from the alternative exon could impact the 
splice site usage48. These regulatory elements, as well as the process of splice-
site selection are illustrated in figure 3 (adapted from 63,67,68). 

RNA-binding proteins and the recognition of target RNAs
Approximately 80% of RBPs are ubiquitously expressed throughout human tis-
sues. Recent estimates suggest that a striking 20% of the protein-coding tran-
scriptome is mRNA encoding RBPs69. RBPs are typically categorised based on 
protein substructure, or their RNA-binding domain (RBD) that confers the capac-
ity to interact with target RNAs. Common RBDs include the: 1) RNA-Recognition 
Motif (RRM); 2) DEAD-box helicases; 3) double-stranded RNA-binding domains; 
4) zinc-finger domains; and 5) K-homology (KH) domains, which are extensively 
reviewed in 69. Interestingly, these classical RBDs are modular and can be found 
in a variety of distinct RBPs that guide the recognition of their respective RNA 
targets. Moreover, many RBPs encode multiple distinct RBDs. The function of 
this modular design and sequence specificity of RBPs will be elaborated in the 
discussion of this thesis. Based on the presence of these RBDs, in silico analy-
ses led to initial estimates of roughly 700 distinct RBPs 70,71 in humans, and their 
binding motifs showed remarkable evolutionary conservation with paralogs of 
other species52,72. The use of genome-wide RBP identifying techniques such as 
RNA-IP followed by mass spectrometry, and the validation and the assembly 
of multiple pre-existing databases, resulted in a census of roughly 1500 RBPs 
that now also includes numerous RBPs that do not possess canonical RBDs 
but instead contain intrinsically disordered regions that are responsible for RNA 
binding 69,73,74.  Experimental approaches that contributed to this comprehensive 
census of RBPs include the cross-linking and immunoprecipitation of RBPs bo-
pund to target RNAs. With this material, followed by next-generation sequencing 
(also known as CLIP-Seq or HITS-CLIP75), one can identify with single-nucleotide 
resolution the RBP binding sites. Recently developed variants of this technique 
are Photoactivatable Ribonucleoside-Enhanced Crosslinking76 (PAR-CLIP), indi-
vidual nucleotide–resolution cross-linking and immunoprecipitation77 (iCLIP), and 
enhanced CLIP (eCLIP)78. Other methods to assess RNA-interacting partners 
rely on mass spectrometry to identify proteins associated to labelled and subse-
quently purified RNA. In depth comparison of technique methodology and validity 
has been elegantly reviewed previously79.
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This expanding capacity to identify and validate RNA-RBP interactions, provided 
key insight into the sequence-specific binding properties of RBPs. The aforemen-
tioned high throughput technologies have facilitated major progress in generating 
a compendium of RNA-binding motifs for a significant number of RBPs amongst 
species80. Although these insights have greatly expanded our predictive capaci-
ties to determine the RNA targets of a RBP of interest within a cell-type, the in 
silico prediction of a certain RBP actually binding at a certain RNA, and the sub-
sequent effect on RNA-processing in vivo remains challenging and will be further 
elaborated in the discussion of this thesis.

As previously mentioned, the majority of our DNA is actively transcribed into 
RNA. At present, many subclasses of transcribed RNA have been described that 
do not encode for proteins. These include long non-coding RNAs (lncRNAs), 
microRNAs (miRNAs), piwi-interacting RNAs (piRNAs), transfer RNAs (tRNAs), 
ribosomal RNAs (rRNAs), Small Cajal body-specific RNAs (scaRNAs), small nu-
cleolar RNA (snoRNAs), small nuclear RNAs (snRNAs) and many others54. The 
subsequent routing within the cell, the processing and editing of these diverse 
RNA species encoded within our DNA, requires exact coordination to facilitate 
their cellular function. To a large extent, the assembly of ribonucleoprotein com-
plexes (RNPs) co-transcriptionally determines initial RNA fate 81. Therefore, RBPs 
orchestrate proper RNA processing by co-ordinating alternative splicing (as dis-
cussed below), secondary structure mRNA localisation, stability, and translation, 
as reviewed in 82. Here below, the role the RBP Quaking plays in guiding these 
regulatory events will be discussed. 
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The RNA-binding protein Quaking

“Quaking is a new autosomal recessive mutant mouse with marked 
tremor of the hindquarters.”

Sidman et al. 1964 - Science83

Based on the clear phenotype observed in the Quaking viable (qkv) mouse, QKI 
was initially attributed a sole role in the physiologic functioning of the nervous 
system. Indeed, Sidman and co-workers primarily demonstrated defective my-
elination of the central nervous system83, a phenotype that could also be ob-
served in the peripheral nervous system 84. Importantly, Kondo and co-workers 
investigated the QKI locus in qkv mice, and identified a megabase deletion in 
the promoter region that not only markedly reduces QKI expression, but also 
prevents expression of parkin (PARK2) and parkin co-regulated gene (PACRG). 
Nonetheless, the mouse still generally serves as a reliable model for in vivo stud-
ies into the consequences of perturbed QKI expression. Indeed, many studies 
focused on the biochemical and lipid composition of the qkv brain to evaluate this 
myelination defect 85-96 along with electron/light microscopy studies 97-99.  Errone-
ously, diminished QKI levels were also deemed to be responsible for the sterility 
of homozygous qkv male mice 100,101 , albeit that subsequent studies by Lorenzetti 
and co-workers uncovered that this was instead the result of decreased Parkin 
expression102. 

The development of molecular biological technologies such as PCR enabled re-
searchers to analyse how QKI deficiency, as observed in the qkv  mouse, trig-
gered a myelination-defect in the central and peripheral nervous system. An early 
study in 1985 pointed towards a role for QKI in guiding alternative RNA process-
ing, resulting in two RNA transcripts of the protamine 1 RNA, in this situation a 
product of alternative adenylation101.  Subsequent analysis of gene expression 
identified a pivotal role for QKI in the regulation of expression levels of proteo-
lipid protein (PLP), basic protein (BP), and myelin-associated glycoprotein (MAG) 
RNAs103. The first indication that QKI also functions as a regulator of RNA-splicing 
was published by Fujita and co-workers, who discovered that a reduction of QKI 
led to defective splicing of the myelin-associated glycoprotein pre-mRNA104. Inter-
estingly, this  shift was subsequently demonstrated to attenuate translation of the 
alternative mRNA-encoded isoform104. Alongside a role in regulating transcript 
stability and splicing, Barbarese were the first to identify a critical role for QKI in 
guiding the localization of RNA molecules within the cell, as oligodendrocytes 
derived from qkv mice were characterized by perturbed distribution of the MBP 
mRNA in the processes and instead a cell body retention105. Collectively, these 
studies highlight an important role for QKI in myelination of the nervous system, 
and have greatly contributed to our understanding of the protein QKI in general. 
In the last two decades however, QKI has also been implicated in stem-cell biol-
ogy, inflammation, schizophrenia, 6q terminal deletions and numerous cancers. 
Given some excellent reviews on the role of QKI in all of these diseases 106-108, this 
will not be discussed in within this thesis. 
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Quaking in cardiovascular embryogenesis
A first glimpse regarding a potential role for QKI outside the nervous system was 
published in 1988, following the generation of ethylnitrosurea (ENU)-induced QKI 
mutations in mice. The resultant embryos showed early developmental arrest on 
day 9, prompting researchers to investigate whether defective QKI protein was 
causal for this striking phenotype. These initial studies demonstrated a variety 
of structural abnormalities, but most prominent were developmental defects of 
the brain, haemorrhaging in the mesencephalon and in one embryo a strikingly 
enlarged heart with pericardial effusion109. Interestingly, given that myelination 
of the nervous system occurs post-natally in mice, the embryonic death 9 days 
post-fertilization suggested that a non-neurological pathway is responsible for 
the observed lethality109. Nearly a decade later, strong QKI expression was also 
reported in mouse lung, heart and testis, alongside the liver, spleen, kidney and 
ovary110, suggesting at the tissue-level that QKI is ubiquitously expressed. Sub-
sequent studies by Tanaka and colleagues using whole-mount RNA in situ hy-
bridization in zebrafish embryos revealed QKI expression in the cardiac sac and 
pectoral fin buds at hatching, and in earlier developmental stages within the me-
soderm111, namely primordial cells that give rise to e.g. vascular smooth muscle, 
cardiac muscle or skeletal muscle, but also the kidneys, connective tissue and 
the endothelium. Interestingly, red- and white blood cells, including monocytes 
and tissue-residing macrophages such as microglia and Kupffer cells, are de-
rived from the embryonic mesoderm112 putting forth the hypothesis that QKI could 
be involved in all mesoderm-derived cellular lineages. 
The striking evolutionary conservation of QKI homologs in many species113, such 
as Caenorhabditis elegans (C. Elegans), Drosophila melanogaster (D. melano-
gaster) and Xenopus laevis, have furthermore increased our understanding of 
the protein QKI in the cardiovascular system. One such example is the D. me-
lanogaster homolog of QKI, termed held-out-wings (HOW) that was described 
to affect the cardiovascular system. Initially attributed to perturb flying and wing-
position by obstructing muscle differentiation114, Zaffran et al. described similar 
defects in muscle differentiation that resulted in altered cardiac heart rate and 
myoblast contractile activity115. Notably,  both studies confirmed a strong meso-
dermal and cardiac HOW expression. These findings were further corroborated 
by Zorn & Krieg who, based on experimental assessment of the in vitro RNA-
binding capacity of Xenopus Quaking (Xqua), were the first to suggest that QKI 
binds to RNA targets as homodimers. Moreover, they also demonstrated distinct 
subcellular localization of the Xqua proteins and pinpoint the region of the nuclear 
localization signal116. Subsequently, the report by Kondo et al. in 1999 not only 
describes the genomic organization of the mouse qk locus, but also provides the 
first conclusive evidence that the QKI proteins are ubiquitously expressed in all 
assessed tissues using novel antibodies that selectively recognized QKI-5 and 
QKI-6 in lung, heart, liver, spleen, kidney muscle, testis and uterus117. 
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As previously mentioned, given that embryonic lethality is induced before myelin-
ation starts, Noveroske undertook an in depth assessment of the cardiovascular 
link with premature death. They concluded that QKI is expressed at the interface 
between the yolk sac endoderm and the mesodermal site where blood islands 
develop, the site where endothelial cells and blood cells form during embryogen-
esis118. Moreover, they showed that defective vascular remodelling coincided with 
the time of embryonic death. The pericardial effusions observed in developing 
QKI deficient embryos led to a more exact investigation of the vascular anatomy, 
revealing disorganised endothelial, smooth muscle, and pericyte alignment 9.5 
days after fertilization. Of particular interest was the pronounced decreased in 
size and branching of the arteries together with the inability of perivascular cells 
to surround newly forming vessels118. The multifactorial and complex nature of 
the vascular defect (perturbations in endothelial, perivascular and endodermal 
cell function) prevented the authors from pinpointing causality. However, shortly 
thereafter, it was shown that 1) QKI is  expressed in both ECs and VSMCs dur-
ing embryogenesis (along with cardiomyocytes, endocardium, gut epithelial cells, 
and striated muscle); and 2) VSMC differentiation in particular is selectively per-
turbed in an in vitro angiogenesis assay, suggesting that this defect is responsible 
for the observed embryonic lethality in qk deficient mice119. Contrasting evidence 
was later provided in 2006, suggesting that the abrogation of QKI expression 
in the visceral endoderm is responsible by altering the production of secreted 
proteins that are required for vascular patterning, such as alpha-Fetoprotein, 
claudin-7 and retinaldehyde dehydrogenase 2. Moreover, expression levels of 
the pivotal angiogenesis inducer VEGF-A were not altered at the mRNA-levelbut 
were markedly reduced at the protein levels in the yolk sac of the qk-deficient 
embryos120. A subsequent study supported these findings by illustrating that QKI 
regulates the expression of secreted angiogenic proteins such as VEGF-A, bFGF 
and PDGF, thereby affecting in vitro angiogenesis in murine embryonic endotheli-
al cells (MEECs) 121. Based on these observations, we postulate that the vascular 
malformations in QKI deficient mouse embryos likely represent a combinatorial 
effect ECs, VSMCs and visceral endoderm defects. Further studies using con-
ditional QKI knockout mice might reveal more information regarding this lethal 
phenotype. 

Quaking in the adult vasculature of mice and men
Up to this point,  studies investigating QKI focused solely on cardiovascular de-
velopment based on embryonic and/or neonatal defects and mechanisms. Chap-
ter 3 of this thesis represents the first report that demonstrates a role for QKI 
in the adult vasculature and vascular disease 122. The pivotal role in VSMC dif-
ferentiation was recently further corroborated123. Moreover, chapter 5 confirms a 
critical role for QKI in adult human and mouse endothelial cells124 that was further 
supported and elaborated on by a comprehensive report showing a pivotal role 
for QKI EC differentiation, neovascularization, and angiogenesis125.  
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Although the field of QKI-mediated RNA processing in cancer has progressed 
rapidly, reports addressing the role of QKI in the physiology of haematopoiesis 
and myeloid cell differentiation are limited. Indeed, early studies already indicated 
reduced numbers of red blood cells in mouse embryo blood islands 118, while re-
cent work has indeed confirmed a role for QKI in erythropoiesis126. Interestingly, 
red blood cells are derived from the same common myeloid progenitor as mono-
cytes/macrophages, eosinophils, neutrophils, basophils and platelets127, of which 
the differentiation has been described to be based on the activity of CCAAT/
enhancer-binding protein (C/EBP) α and PU.1128, transcription factors that in turn 
have both been suggested to transcriptionally induce QKI expression122,129. This 
interesting coupling between transcriptional and post-transcriptional gene regula-
tion however that has not yet been properly investigated. In contrast to previous 
studies that have assessed the effects of QKI on myeloid cell differentiation by 
single target gene target approaches 129,130, chapter 4 of this thesis illustrates the 
genome-wide implications of QKI on mRNA expression and pre-mRNA splicing 
in mouse and human monocytes & macrophages122. The identification that QKI 
mediates circular RNA formation58 resulted in further analysis of our datasets by 
others and yielded distinct differences in circular RNA expression131. Although 
the exact mechanism remains unknown, translational efforts recently pinpointed 
single nucleotide polymorphisms near the QKI locus to be predictive for myocar-
dial infarction and coronary heart disease 132. 

Collectively, while QKI was initially solely ascribed a pivotal function in the my-
elination of the nervous system, an extensive body of evidence  now exists that 
firmly establishes QKI as a central governor of RNA fate in numerous tissues 
and disease states, including the pathophysiology of cardiovascular diseases as 
detailed in this thesis. 
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Structural properties and genomic architecture of the Quaking proteins

“If you want to study function, study structure” 
Francis Crick 1988 133 

Most illustrative of this statement is the ancient study of anatomy which draws 
conclusions on organ function based on the appearance and localization of the 
organs, a practice dating back as far as the Egyptian civilization in 1600 BC with 
the Edwin Smith Surgical Papyrus 134.  Moreover, extensive insight into the func-
tion of QKI has been gained by carefully examining structural properties of the 
QKI locus, the pre-encoded (pre-)mRNAs, and distinct protein isoforms that will 
be highlighted next, these are also illustrated in the figure on the right. 

Ebersole and co-workers were the first to provide a detailed report on the genom-
ic organization and protein architecture of QKI, and based on their studies also 
proposed that QKI interacts with target RNAs through the central KH-domain110. 
Located on mouse chromosome 17 and human chromosome 6, transcription 
from the qki gene locus encodes a pre-mRNA that through extensive alternative 
splicing leads to the generation of four distinct mature mRNAs of 5, 6 or 7 kilobas-
es in length (termed qki-5, qki-6, qki-7 and qki-7b respectively), where splicing in 
the 3'-end of said transcript is exclusively responsible for transcript diversity 110,135. 
These unique QKI mRNA transcripts give rise to multiple QKI protein isoforms, 
each containing an identical N-terminal KH-domain (termed Signal Transduction 
and Activators of RNA, or “STAR-family” proteins) 136, and unique C-termini as 
a result of the aforementioned alternative splicing of the QKI pre-mRNA. These 
transcripts encode the QKI-5, QKI-6, QKI-7 and QKI-7b isoforms 117, as well as 
the recently identified QKI-6b (in astrocytes)137,138. QKI-5 harbours a strong nu-
clear localization signal in the C-terminal region, resulting in nuclear enrichment 
of this protein isoform throughout tissues139, while QKI-6 and QKI-7 have been 
reported to be restricted to the cellular cytoplasm. Of note, our studies provide 
evidence that QKI-6 can also be detected, and potentially  enriched in the nuclear 
spliceosome of VSMCs140. The functionality of this distinct subcellular localization 
has been demonstrated previously, resulting in nuclear retention of mRNAs 141, 
perturbed shuttling of mRNAs to the cellular periphery105 or sequestering mRNA 
to stress granules142 upon a reduction of QKI, thereby effectively inhibiting trans-
lation of protein coding-RNAs. Moreover, augmentation of QKI expression levels, 
in particular of QKI-6, has been shown to rescue the defective myelination in qkv 
mice143. Unfortunately, genome-wide studies investigating QKI-mediated distribu-
tion of RNA targets within the cell are technically challenging and at present have 
not been published. The presence of the QUA1 and QUA2 protein domains that 
flank the KH-domain add another level of functional complexity to QKI110 as crys-
tal structure-based studies have pinpointed these domains to be responsible for 
the homo- or heterodimerization of the distinct QKI isoforms116,144-146. The pleiotro-
pic properties of QKI as described above raise the question how QKI selectively 
recognizes its targets and how the expression and activity of QKI are regulated at 
the transcriptional, post-transcriptional and post-translational level. 
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Target RNA recognition by QKI
Initial experiments that assessed the RNA motif specifically bound by QKI re-
sulted in the identification of a high-affinity bipartite binding motif containing a 
core-site (ACUAAY) and a secondary half-site (UAAY) separated by 1-20 random 
nucleotides, termed the Quaking-Response-Element (in short QRE, annotated 
as: ACUAAY-N(1-20)-UAAY)147,148. Later studies confirmed the importance of the 
core binding motif ACUAA in particular, but failed to demonstrate the necessity of 
a proximal UAAY motif, potentially due to the experimental approach76,80. More-
over, it has been suggested that other STAR-proteins, including GLD-1, SAM68 
and SLM-2, all recognise bipartite motifs148. Evolutionarily conserved amongst 
the STAR-proteins is the KH-domain, which in prokaryotes consists of a com-
bination of at least three β-sheets and three α-helices ordered into a βααββα 
configuration149. This creates a binding groove that can spatially accommodate 
four nucleotides. Interestingly, a comparison of the binding motifs of several KH-
domain containing-proteins yielded a wide variety of distinct RNA-binding motifs, 
showing dissimilarity even between two KH-domains within the same RBP. The 
RBP Nova e.g. binds UCAC, SF1 binds UAAC, hnRNPK binds TCCC, PCP2 
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binds CCCT, NusA (KH nr 1) binds AGAA, NusA (KH nr 2) binds CAAU and FBP 
(KH nr 3) binds ATTC and KH nr 4 binds TTTT149. 

Although KH-domain containing proteins are less promiscuous in recognizing 
RNA species as compared to other RBD-containing proteins, this raises the 
question as to how the KH-domain of QKI is conferred with the capacity to spe-
cifically recognise the previously reported 6 nucleotide ACUAAY core motif. In 
contrast to QKI, which harbours only one KH-domain, other KH-domain contain-
ing RBPs have enhanced sequence specificity by either including repetitive KH-
domains within the same protein, or by adding another subtype of RBD149. Previ-
ously, it has been proposed that SF1, a STAR family member that harbours but 
one KH-domain, yet recognizes a seven-nucleotide UACUAAC motif, does so 
by extending the binding groove into another α-helix (namely βααββαα) which is 
encoded in the QUA2 domain150. QKI also harbours this QUA2 domain, and could 
represent the means by which motif-specificity is extended, but also includes the 
dimerization-facilitating QUA1 domain 139,145. Importantly, QKI dimerization con-
fers the capacity to the secondary motif (UAAY) in close physical proximity to the 
core site (ACUAAY), and is likely responsible for the high sequence specificity of 
QKI147,148. The possibilities that 1) two distinct RNAs could be in complex with two 
dimerized QKI isoforms, or 2) that the secondary motif is brought in proximity by 
the secondary structure of the target RNA, however can also not be excluded, but 
has yet to be demonstrated. Interestingly, the KH-domain harbours the inherent 
property that it can also bind single stranded DNA (ssDNA), as it fails to possess 
the capacity to discriminate between the phosphate backbone of DNA versus 
RNA (the presence versus absence of one -OH group)151. However, the potential 
DNA-binding capacity of QKI also has yet to be investigated.  

Transcriptional regulation of the qkI locus
Although few studies have specifically investigated the transcriptional regulation 
of the QKI locus, a large majority of studies investigating the consequences of al-
tered QKI expression have shown the protein to be expressed in various tissues. 
Despite evidence that QKI is broadly expressed, the initial dysmyelination defect 
triggered a false assumption that QKI is only expressed, and perhaps relevant, 
in the nervous system. However, given the widespread expression of QKI at the 
RNA level, it suggests that constitutive transcription of the qki locus by transcrip-
tion factors is likely occurring and that the protein is relevant in numerous cell 
types and tissues. Indeed, our studies detail abundant expression of QKI at the 
RNA level. This is likely driven by a strikingly high GC-content124 and resultant 
high frequency of Cytosine-phosphate-Guanine islands (CpG;extracted from152) 
proximal to the transcriptional start site. This is in keeping with the notion that  the 
majority of housekeeping genes contain CpG islands in their promotor regions153. 
However, CpG islands can also be methylated, which is known to induce gene 
silencing. To our knowledge, DNA methyltransferases have yet to be shown to 
affect the QKI promoter. It is important to note that this ubiquitous expression of 
QKI RNA does not entail that cell type-specific transcription factors could not be 
involved in specifically enhancing QKI transcription.  Evidence supporting this 
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concept is the binding of KLF4 to the QKI promoter in VSMCs154, and the induc-
tion of QKI expression transcriptionally in hematopoietic progenitor cells by C/
EBPα 129. Furthermore, p53, a potent tumour suppressor, has been shown to di-
rectly interact with the QKI promoter, thereby influencing QKI protein levels and a 
role in cancer biology155. Nonetheless, remarkably little is known about the factors 
responsible for the apparent constitutive transcription of QKI, and the regulation 
of the QKI locus. 

Post-transcriptional regulation of the QKI (pre-)mRNA
Alongside the myriad of factors responsible for driving transcription from the QKI 
locus, the resultant QKI pre-mRNA is subsequently extensively regulated post-
transcriptionally. In particular, alternative splicing of the QKI pre-mRNA generates 
distinct transcripts that encode unique protein isoforms, including a truncated 
RNA-binding KH-domain of which the exact function and tissue-specific expres-
sion profile is not yet known117. Fagg & Ares Jr. have recently shown QKI splic-
ing is auto-regulatory, wherein QKI-5 plays a pivotal role inmediating QKI pro-
tein isoform balance156.  Furthermore, bioinformatic analyses of the mature QKI 
mRNA 3’-UTR  uncovered great evolutionary conservation and enrichment for 
interaction with targeting miRNAs.  The predicted binding of 57% of all miRNAs 
in fact places the QKI mRNA as one of the top-ranked coding genes in the human 
genome (11th highest) 136. Interestingly, an enrichment of myocardial, microvas-
cular, endothelium and immune cell specific miRNA binding sites was identified, 
pointing towards a pivotal role for QKI in regulating cardiovascular biology and 
inflammation. Indeed, several recent studies have illustrated microRNA-based 
regulation of QKI expression, including miRNA-214 121,123,157, miRNA-155 158 and 
miRNA-143-3p 159. 

Post-translational modifications of the QKI protein
Following translation, several studies have identified post-translational modifica-
tions to QKI that influence function. Indeed, the protein architecture harbours 
several C-terminal tyrosine residues that have been found to be susceptible to 
post-translational modification 110. Zhang and co-workers discovered that the Src-
PTK- and FYN-mediated phosphorylation of these tyrosine residues inhibits the 
RNA-binding capacity of QKI to the MBP mRNA, both and in vitro and in vivo160. 
Other studies in D. melanogaster showed that MAP/ERK-dependant phosphory-
lation at the QUA1 domain induces a conformational shift in this region that in turn 
enhances QKI dimerization and subsequent RNA target binding161. This is con-
sistent with the finding that the introduction of point mutations in this region can 
fully abrogate the RNA-binding capacity of QKI146. Lastly, two studies detail the 
methylation of the QKI protein by protein-arginine-methyl-transferase 1 (PRMT1) 
at arginine residues, but do not comment on the functionality of this modifica-
tion162,163. As such, the consequences of these post-translational modifications on 
QKI function remain poorly understood, and more research could provide novel 
insight into how this biology could be modulated to enhance or attenuate QKI 
activity. 
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Catalytic and inhibitory mechanisms that mediate QKI function
So far we have discussed the inherent properties of QKI that influence protein 
expression and function. In a biological context however, QKI is embedded in 
heterogenous protein/RNA complexes involving a variety of other proteins and 
RBPs that can either inhibit or catalyse QKI-mediated RNA-processing events. 
Indeed, QKI appears to harbour a SH3-like domain that facilitates protein-protein 
interactions that enable it to play a role in intracellular signalling110,160. Using a 
yeast two-hybrid assay to identify QKI-interacting proteins, QKI was shown to 
associate with many other proteins, including RBPs such as RBFOX1, RBPMS, 
RBM9, RBM14, RBM24, PTBP1/2 (proteins that bind the polypyrimidine tract 
in intronic sequences) and HNRNP-K, but also DNA-interacting factors such 
as PAX6, THAP1 and SETDB1164. The role of QKI in the potential coupling of 
transcriptional and post-transcriptional processes have to our knowledge not yet 
been investigated.
 
Given this striking association with RBPs, including the presence of QKI in the 
human spliceosome165, QKI is likely competing with other RBPs for binding to 
target RNAs. Indeed, it has been demonstrated that QKI and PTB control over-
lapping splicing regulatory networks in muscle differentiation in the absence of 
competition for the ACUAA motif166. However, Hall and co-workers have also el-
egantly shown that the RNA-binding capacity of QKI, SF1, SAM68 and several 
other proteins are highly dependent on the same ACUAA motif, clearly illustrating 
direct competition for this nucleotide sequence166. In these studies, QKI also as-
sociated with CSTF2, a RBP involved in 3′-end cleavage and polyadenylation of 
mRNA species, pinpointing another role for QKI in mediating RNA processing. 
Lastly, recent studies have pinpointed SLM-2 (or KHDRBS3) as an RBP that also 
interacts with the ACUAA motif80. 
Another means of impacting QKI-mediated regulation of target RNAs is the direct 
competition of ncRNA species for access to ACUAA motifs. For this, miRNAs and 
lncRNAs that bind to ACUAA motifs (or in the proximity of) can prevent QKI from 
controlling RNA fate149. For RBPs such as Pumilio 1 and Pumilio 2 this competi-
tion for RNA targets has already been illustrated167.  Early studies investigating 
interactions between QKI and RNA targets showed a strikingly enhanced affin-
ity and preference for linear RNA as compared to folded RNA upon adopting a 
secondary structure147.  In theory, other RBPs or ncRNA species that induce this 
secondary structure shielding of the QRE could affect the susceptibility to QKI-
mediated regulation, but this has not yet been definitively demonstrated. Com-
putational analyses of PAR-CLIP data further indicates that QKI binding sites 
are indeed enriched in regions of RNA with little to no secondary structure (Hilal 
Kazan, personal communication).
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Conversely, a therapeutic possibility for targeting RBPs such as QKI could be the 
sequestration or saturation of the protein itself by flooding the cell with ncRNA 
species that in turn would prohibit the RBP of interest from exerting effects on 
RNA fate, such as splicing in the case of QKI. Physiologic evidence of this phe-
nomenon is known, as the lncRNA Gomafu (or MIAT) harbours >14 ACUAA re-
peats, and has been found to inhibit QKI function as evidenced by aberrant QKI-
mediated splicing patterns upon overexpression of Gomafu168. This implies that 
saturating a cell with artificially synthesised RNAs containing ACUAA repeats, 
could potently inhibit QKI activity in vivo. 
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Abstract

The cardiovascular system comprises multiple cell types that possess the 
capacity to modulate their phenotype in response to acute or chronic injury. 
Transcriptional and post-transcriptional mechanisms play a key role in the 
regulation of remodelling and regenerative responses to damaged cardio-
vascular tissues. Simultaneously, insufficient regulation of cellular phenotype 
is tightly coupled with the persistence and exacerbation of cardiovascular 
disease. Recently, RNA-binding proteins such as Quaking, HuR, Muscle-
blind, and SRSF1 have emerged as pivotal regulators of these functional 
adaptations in the cardiovascular system by guiding a wide-ranging num-
ber of posttranscriptional events that dramatically impact RNA fate, includ-
ing alternative splicing, stability, localization and translation. Moreover, ho-
mozygous disruption of RNA-binding protein genes is commonly associated 
with cardiac- and/or vascular complications. Here, we summarize the current 
knowledge on the versatile role of RNA-binding proteins in regulating the 
transcriptome during phenotype switching in cardiovascular health and dis-
ease. We also detail existing and potential DNA- and RNA-based therapeutic 
approaches that could impact the treatment of cardiovascular disease in the 
future.
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Introduction

The modulation of cellular phenotype is intimately intertwined with organ function, 
repair upon injury, and the pathophysiology of disease. 1–4 The cardiovascular 
system possesses numerous cell types, such as vascular smooth muscle cells 
(VSMCs), endothelial cells (ECs), monocytes and macrophages and cardiomyo-
cytes, that are conferred with the capacity to undergo phenotypic switches in 
response to acute or chronic injury that serve to limit tissue damage and restore 
proper cardiovascular function.3,5,6 However, these reparative cellular phenotypes 
can also drive the onset, persistence, and exacerbation of cardiovascular disease 
(CVD; Figure 1). An example of this phenomenon is the pre-stenotic fibroprolif-
erative response of medial VSMCs as a result of endothelial denudation of the 
coronary artery after percutaneous coronary interventions or in coronary artery
bypass grafts due to procedure-related stress factors.3,7–9 In contrast to VSMCs, 
the cardiomyocyte adaptation to injury is characterized by an increase in cell size 
(hypertrophy), enhancement of protein synthesis, and more pronounced orga-
nization of the sarcomere. 10 Another class of environment-induced phenotypic 
switches that are critical in CVD pathogenesis are inflammatory cells. In particu-
lar, the differentiation of monocyte subsets into various highly plastic macrophage 
phenotypes profoundly impacts atherosclerotic lesion development and progres-
sion.5,11–14 

Despite the knowledge that cellular phenotype switching is pivotal for CVD de-
velopment, the treatment of CVD has primarily focused on combating proteins 
responsible for generating unfavourable lipid profiles. An excellent clinical ex-
ample of this biology is represented by statins, which aside from their lipid-low-
ering capacity, skew ECs to an atheroprotective phenotype by promoting their 
anti-inflammatory and anti-thrombotic properties. Mechanistically, statins tran-
scriptionally repress NF-ƙB signalling15 while simultaneously inducing shearre-
sponsivetranscription factor Krüppel-Like Factor 2 (KLF2), driving expression 
of anti-inflammatory markers such as trombomodulin and eNOS.16,17 Simultane-
ously, statins activate microRNA (miRNA) expression profiles that are essential 
for the maintenance of EC health by enhancing transcription and activity of anti-
apoptotic and proangiogenic AKT signalling pathways.18,19 Therefore, adaptations 
in cellular function in disease settings are associated with dynamic changes at 
the transcriptional and post-transcriptional levels, suggesting that therapeutic tar-
geting of factors that drive these processes could shift cellular phenotype from a 
disease-advancing to a regenerative state (Figure 1).20–22 

RNA-binding proteins (RBPs) are rapidly emerging as pivotal players in this 
biological script, as they are intimately involved in co-ordinating all aspects of 
(patho)physiological RNA processing and gene expression.22–25 In the past de-
cade, extensive work has elucidated the sequence to which many of these RBPs 
bind,26–31 enabling one to identify putative RNA species specifically targeted 
by individual RBPs. Importantly, this knowledge, when coupled with the recent 
development of sophisticated delivery methods32 for RNA-based therapeutics,33,34 
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provides the interesting possibility of modifying the transcriptome by altering RBP 
expression or activity, or targeting specific RBP-mediated events, making it pos-
sible to direct molecular pathways involved in disease pathogenesis.

Figure 1 | RNA-binding proteins (RBPs) control cellular phenotype changes that determine cardiovascular health and dis-
ease. Schematic depicting cardiovascular diseases or complications (left panels) and associated cellular phenotype changes that 
influence their development (middle panels). During these phenotypic conversions, RBPs have been established to mediate post-
transcriptional events that dramatically impact (pre-)mRNA fate (right panels), including alternative splicing, stability, localization, 
and translation. In atherosclerosis, this involves the adhesion of monocytes and their conversion tomacrophages at sites where 
the endotheliumis damaged (top). The adoption of a fibroproliferative phenotype by VSMCs or perivascular stromal cells leads to 
vascular (re)stenosis and capillary rarefaction, respectively, whereas cardiac hypertrophy is associated with myocyte enlargement 
that results in thickening of the ventricular walls of the heart to ensure sufficient cardiac output.
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The RNAissance: new insights into genomic complexity
Remarkably, the human and roundworm genomes (and other less complex organ-
isms) encode similar numbers of genes (approximately 20 000),35 indicating that the 
number of encoded genes does not directly determine organismal complexity. In the 
slipstream of the development and utilization of revolutionary tools that enabled sci-
entists and clinicians to sequence (human) genomes and transcriptomes, came the 
realization that organismal complexity evolved with an increased capacity to regulate 
gene expression at the posttranscriptional level. Following the human genome proj-
ect, attempts to better understand our genome culminated in the Encylopaedia of 
DNA Elements (ENCODE), a project designed to identify the ‘functional elements’ in 
the human genome.36 This worldwide collaborative effort exponentially expanded our 
understanding of regulatory elements in our genome that affect human health and 
disease, and divided the genome more definitively into protein-coding and nonprotein-
coding transcribed portions of our genomic DNA.36 Previously, it was established that 
about 1.2% of the human genome codes for protein-encoding mRNA precursors, 
whereas an astounding majority contains information allowing for the generation of a
large variety of non-protein-coding RNA species, including microRNAs (miRs), long 
non-coding RNAs, piwi-interacting RNAs, small nucleolar RNAs, and small nuclear 
RNAs.37,38 These non-protein- coding RNAs are widely considered to control the ac-
tivation or repression of gene expression in response to, e.g. developmental and 
environmental cues such as aging,metabolic stress, cancer and inflammation, 39–44 
whereas the cellular functions of an extensive list of other non-protein-coding RNA 
species are currently unclear. This review will focus on the regulatory role of RBPs 
and events they catalyse, as the biology on non-coding RNAs in CVD has been de-
tailed in numerous outstanding reviews.38,44–48 

RNA-binding proteins: directors of post-transcriptional regulation
Concomitant with their transcription, nascent pre-mRNA molecules are covered with 
a myriad of RBPs that collectively form ribonucleoprotein structures (RNPs). The dy-
namic formation of these RNPs determines all facets of RNA fate, including splicing, 
stability, cellular localization, and rate of translation (Figure 2). It is estimated that the
human genome encodes more than 700 RBPs.26 These RBPs have been divided 
into families based on evolutionarily conserved RNAbinding motifs that confer the 
capacity to bind target RNAs in a sequence-specific fashion.28,29,49,50 RBPs interact 
with target (pre- )mRNAs at the 50- and 30-untranslated regions (UTRs), as well as at
non-coding (intronic) and coding (exonic) regions. Importantly, the region to which a 
given RBP binds on a target (pre-)mRNA generally influences the event that is cata-
lysed, illustrating how these proteins dynamically and spatially impact gene expres-
sion (Figure 2). Finally, RBPs serve as global and cell-type-specific regulators of gene 
expression, where competition for access to target RNAs is determined by expression 
levels of individual RBPs in health and disease.51–53 

Given that splicing of pre-mRNAs markedly impacts mature mRNA fate and the pro-
tein repertoire in healthy and diseased cells, it is important to provide a brief overview 
of splicing biology. Firstly, pre-mRNAs containing sequence encoding protein gener-
ally require RBP-guided excision of intronic sequences by (i) constitutive splicing; 
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and/or (ii) alternative splicing, which when combined can lead to functionally distinct 
mature mRNAs.52,54,55 Splicing requires the dynamic assembly of RBPs into the spli-
ceosome, a highly organized intra-nuclear structure consisting of RBPs and small 
RNA complexes, called heterogeneous ribonucleoprotein particles (hnRNPs).55–57 

The spliceosome also plays a central role in alternative splicing,52 as the binding 
of RBPs to consensus sequences proximal to exons limits spliceosomal accessibil-
ity to 50- and/or 30-splice junctions, promoting the formation of splice variants (Fig-
ure 2).20,23,52,54 ‘Alternative’ splicing occurs in an estimated 80–90% of protein-coding 
genes, with recent estimates indicating that this process is responsible for generat-
ing more than 200 000 unique protein-coding transcripts in humans.58 Interestingly, 
although the core spliceosomal proteins are expressed in almost all individual cell 
types, including anucleate platelets,59 it is the differential expression and modifiable 
activity of RBPs that has been pinpointed as defining tissue-specific splicing patterns. 
20,54,60 Clinically relevant examples of alternatively spliced transcripts that influence 
CVD risk are Troponin T,61 SERCA2a/b,62 and CETP.63   

Figure 2 | RNA-binding proteins (RBPs) serve as critical effectors and regulators of RNA fate by 
guiding gene expression post-transcriptionally. The spatial interaction of RBPs with RNA species impacts the post-
transcriptional event catalysed, be it: modifications of pre-mRNAs that alter mature mRNA composition including splicing (A–C) 
and alternative polyadenylation (D); subcellular localization (E); RNA stability (F, G); or ribosome-mediated translation of mature 
mRNAs (H). By co-ordinating these events, RBPs are intimately involved in determining the cellular transcriptome, and thereby 
impact cellular phenotype and function in health and disease settings.

RNA-binding proteins are also critically involved in embryonic development of the 
cardiovascular system.64 The Mouse Genome Information (MGI) database provides 
a comprehensive list of reported gene ‘knockout’ mice and their associated pheno-
types.65–67 Our assessment of this database uncovered a significant proportion of mice 
with defects in cardiac- and/or vascular development as a result of validated RBP loss 
(Table 1). As foetal gene expression or splicing programmes are often recapitulated in 
adult disease settings,68 we elected to analyse the relative expression, extracted from 
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publically available data sets deposited in the NCBI Geo dataset server, of validated 
RBPs in several specialized cell-types of the cardiovascular system. This analysis 
clearly illustrates that a vast number of RBPs are abundantly expressed and display 
cell-type-specific expression profiles (Figure 3, see Supplementary material online, 
Figure S1 and Table S1). The heatmap in Figure 3 clearly shows the expression 
levels of individual RBPs discussed in the review, whereas Supplementary material 
online, Figure S1 shows the relative expression of more than 300 RBPs in numerous 
cell-types relevant in CVD (Supplementary mater ial online, Table S1 provides all the 
raw data used to generate these heatmaps).  

Here below, we will focus on some of the more recent developments and insights 
into RBP biology gained primarily from human and mouse studies. Collectively, they 
illustrate the versatility of RBPs in regulating key aspects of cardiovascular health and 
disease. 

Figure 3 | RNA-binding protein (RBP) expression levels in various healthy and diseased vascular cells. Heatmap depicting 
relative expression levels 317 RBPs in various cell types that are associated with cardiovascular health and disease. Red and 
white shading depict low and high relative mRNA expression levels, respectively. The heatmap was generated using online avail-
able data sets (NCBI Geo dataset server) which were all run on Affymetrix GeneChipVR Human Genome U133 Plus 2.0 arrays 
to allow inter-array comparison (data set references as follows: bronchial SMCs;161 aortic SMCs;162 low and high EF cardiomyo-
cytes;163 HUVECs;164 BVECs; CD34+stem cells;165 CD16- and CD16+ monocytes;166 macrophages;167 platelets168). The data were 
subjected to robust multi-array averaging (RMA) for normalization using the Affymetrix expression console. Subsequently, RNA-
binding proteins were selected by cross-referencing the online RBP-database as published by Ray et al.,29 whereafter either linear 
or Log2-transformed probe-intensities were plotted using R-studio software including the gplots algorithm for heatmap generation.
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Table 1 | RNA-binding protein deficiency is associated with cardiovascular developmental defects. Defective vascular and 
cardiac development as a result of RBP loss in various mouse models are detailed in this table. The RBPs have been grouped 
based on their RNA-binding domains for clarity. Data were obtained from the Mouse Genome Information (MGI) database from 
Jackson Laboratories and RBP knockout mice were selected by cross-referencing the online RBP database as published by Ray 
et al.29 Human RBP names were extracted from http://cisbp-rna.ccbr.utoronto.ca/bulk_archive.php (1 December 2016), thereafter 
cross-referenced with the MP:0005385 mammalian phenotype ‘cardiovascular phenotype system’ from the MGI database to 
screen for a CVD defect.

RNA-binding proteins in cardiomyocytes: preserving heart function and aiding 
in post-natal heart remodelling 
Insight into the differential expression of RBPs in the adult heart and their critical 
regulatory role in cardiomyocyte pathophysiology has in part been derived from stud-
ies assessing alternative splicing patterns during foetal heart development69–71 and 
the discovery that cardiomyocyte dysfunction is associated with a reversion to foetal 
mRNAs and protein isoforms.68 In fact, foetal transcripts of key sarcomeric genes, 
including cardiac troponin T, cardiac troponin I, myosin heavy chain 7, and filamin 
C-c were found to be enriched in the setting of human ischaemic cardiomyopathy, 
idiopathic dilated cardiomyopathy (DCM) and aortic stenosis. Of note, in these aortic 
stenosis samples, patient inclusion was based on high or low ejection fraction (EF 
<50%), prompting the authors to postulate that splicing defects could precede heart 

............................................................................................................................... .....................................................................................

Table 1 RNA-binding protein deficiencies in mice resulting in vascular and/or cardiac developmental defects (pre- and
post-natal)

secnerefeRnoitpircsedepytonehPDIIGMniamodgnidniBPBR

Vascular phenotype
QKI KH 3033861 Lack of SMaA in blood vessel, vascular remodelling incomplete, decreased

complexity of brain vasculature, abnormal heart morphology, pericardial
e�usion, irregular vitelline artery

98

ANKRD17 KH 1932101 Haemorrhages, impaired vascular smooth muscle cell development, im-
paired vascular integrity, and growth retardation

169

SHARPIN RanBP ZF 1856699 Perturbed angiogenesis, tortuous dilated capillaries in dermis 170
ZFP36 CCCH ZF 2652418 Reduced blood pressure, vascular inflammation, reduced relaxation upon

acetylcholine, EC dysfunction
171, 172

ZFP36L2 CCCH ZF 4360890 Overt gastrointestinal haemorrhage, decreased leucocyte number 173
G3BP1 RRM 3604716 Intracranial haemorrhaging 174
HNRNPD RRM 3693617 Kidney haemorrhage, altered macrophage function 175
MSI1 RRM 2450917 Intracerebral haemorrhage 176
ELAV1/HuR RRM 5316082 Decreased angiogenesis after hind limb ischaemia, abnormal placental laby-

rinth vasculature
177, 178

3847912
TRA2B RRM 4450921 No vasculogenesis 179
UHMK1 RRM 3832867 Accelerated neointima and more VSMCs after femoral wire injury 180
PABPC4 RRM 4364054 Decreased circulating cholesterol, HDL, and free fatty acid levels 181

Cardiac phenotype
PPARGC1A RRM 3511352 Increased or decreased heart weight, accelerated cardiac dysfunction after

aortic constriction, decreased cardiac output, decreased heart rate
182, 183

3522468
RCAN2 RRM 3641543 No cardiac hypertrophy upon phenylephrin/angiotensin II infusions, protec-

tion against volume overload, increased myocardial damage after ischae-
mia reperfusion injury

184

SRSF2 RRM 3036846 Extensive fibrosis, myofibril disarray, dilated cardiomyopathy evident after
5 weeks, decreased ventricle muscle contractility

185

PPARGC1B RRM 3757705 Decreased heart rate elevation after dobutamine 186
SRSF1 RRM 3766573 Hypoplastic pulmonary trunk, signs of tetralogy o�allot complex, ventricu-

lar septal defects, overriding aortic valve, transposition of great arteries,
suppulmonary stenosis

187

SPEN RRM 2667509 Defects in the formation of the cardiac septum and muscle 188

RNA-binding protein deficiency is associated with cardiovascular developmental defects. Defective vascular and cardiac development as a result ofRBP loss in various mouse
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dysfunction.72 Interestingly, RBPs have also been found to critically regulate splic-
ing during cardiac remodelling postnatally. 69,73 The RBPs Celf1 and Muscleblind1 
(MBNL) were found to guide alternative splicing patterns in mice required immediately 
after birth for the effective organization of transverse tubules and calcium handling.69 

Further along the developmental timeline, Serine/ Arginine-Rich Splicing Factor 1 
(SRSF1; also known as ASF/SF2) was found to guide the alternative splicing pat-
terns required for maintaining electrical conductivity in mouse cardiomyocytes during
juvenile to adult transition, where in particular defects in CaMKIId  splicing resulted 
in severe excitation–contraction coupling defects, triggering a hypercontractile phe-
notype.73  

In the adult heart, changes in splicing patterns have also been shown to perturb car-
diomyocyte function. The expression levels of several crucial splicing factors (SF1, 
ZRSR2, SRSF4, and SRSF5) are potently repressed in dysfunctional, low EF cardio-
myocytes, and display tight correlations with high EF cardiomyocytes (see
Supplementary material online, Figure S1). Other studies have identified that a re-
duction in expression levels of RNA-binding motif protein 20 (RBM20; or MATR3) 
can lead to DCM in humans. RBM20 is most abundantly expressed in the human 
heart.74–76 Common single nucleotide polymorphisms (SNPs) in a RBM20 exonal 
hotspot were found to significantly associate with an increased risk of DCM due to  al-
tered RBM20 expression in humans.74,75 This finding enabled Guo et al.77 to discover 
that these genetic variants impair RBP20 function in rats, directly affecting the splicing 
of a myriad of pre-mRNAs involved in ion homeostasis, sarcomere organization, and 
diastolic function, such as titin, tropomyosin I, and PDZ- and LIM-domain 5. Genome-
wide analyses of RBM20 RNA targets revealed that the protein represses splicing 
by binding introns proximal to alternatively spliced exons. These studies nicely illus-
trate how RBPs can orchestrate pre-mRNA processing, thereby serving asmolecular 
switches in gene networks with essential cardiac functions. 

The arrhythmias and dilated cardiomyopathies observed in type I myotonic dystro-
phy (DM1) also illustrate how dysregulated splicing can be causal for heart disease. 
Recently, expansion of CUG trinucleotides in the 30 UTR of the DM protein kinase 
mRNA was found to result in the nuclear retention of the mRNA in affected human 
cardiomyocytes. 78 Using genetically modified mice that similarly accumulate nuclear 
CUG-repeat-containing DM mRNAs, this CUG-repeat expansion was found to trigger 
sequestration of the RBPs CUGbinding protein 1 and CUG-binding protein 2, impair-
ing their ability to participate in splicing programmes required for the maintenance of 
physiological cardiomyocyte function.78 

Alongside splicing, RBPs also critically control mRNA transcript abundance and 
translation of mature mRNAs into protein. For example, expression (and splicing) of 
the voltage-gated sodium channel SCN5A has recently been described to be regu-
lated by the RBP MBNL1 in cardiomyocytes,79,80 whereas the RBP PCBP2 was 
found to inhibit angiotensin II-induced hypertrophy of cardiomyocytes by promoting 
GPR56 mRNA degradation.81 Finally, a short QTc interval and abbreviated action 
potential were observed in cardiomyocytes derived from cold-inducible RNA-bind-
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ing protein (CIRP)-deficient rats.82 This phenotype was triggered by an increased 
transientoutward potassium current due to decreased translation of the KCND2 and 
KCND3 mRNAs. CIRP binding to mature RNAs enhanced the translation of these es-
sential ion channel subunits, illustrating how loss of this RBP is causal for defective 
voltage-gated potassium channel function and reduced bioelectric activity in mam-
malian hearts.82 

Collectively, these studies define an important co-ordinating role for RBPs in foetal, 
juvenile, and adult hearts, while also demonstrating how altered RBP levels can im-
pact cardiac function in health and disease. 

RNA-binding proteins in vascular smooth muscle cells and perivascular stro-
mal cells: governors of cellular phenotype and function 
Upon vascular injury, VSMCs undergo a well-established phenotypic shift from a con-
tractile to a fibroproliferative, migratory state (Figure 1). This physiological response 
aids in repair of damaged vessels.3 This VSMC-mediated damage response aids in 
the resolution of initial damage,3,5 but is also tightly linked with pathophysiological situ-
ations including coronary artery disease, vascular(re)stenosis, atherosclerosis, and 
peripheral arterial disease.83–85 Surprisingly, the RBPs that co-ordinate vital splicing 
events in genes involved in this phenotype switch, such as SM-myosin heavy chain,86 
myosin light chain kinase, 87,88 smoothelin,89,90 tropomyosin,91,92 (meta)vinculin,93 cal-
ponin,94 and caldesmon,95,96 are largely unknown. 

Studies investigating the consequences of knockout of the RBP Quaking (QKI) re-
vealed an embryonic lethal phenotype.97–99 In keeping with the aforementioned fre-
quent developmental defects in the cardiac and vascular systems of RBP knockout 
mice, QKI-/- mice displayed an inability to form vitelline vessels, along with defects in 
pericyte ensheathment of nascent vessels and pericardial effusion. 97–99 More recently, 
QKI was found to play a critical role in the human, adult vasculature,25 where VSMC 
dedifferentiation in response to vessel injury was associated with increased QKI pro-
tein levels. This augmentation of QKI enhanced the direct interaction with the Myocar-
din pre-mRNA (Myocd), driving an alternative splicing event that alters Myocd protein 
balance to a distinct isoform (named Myocd_v1) that activates proliferative gene ex-
pression profiles in VSMCs [via serum response factor (SRF) and myocyte enhancing 
factor 2-binding domains].25,100–102 After injury resolution in mice, QKI protein levels 
subside and Myocd reverts to an isoform that solely interacts with SRF (Myocd_v3), 
enhancing expression of contractile apparatus proteins and the restoration of VSMC
contractile function.25 Interestingly, the well-established role of Myocd in the human 
heart, and abundant expression of QKI in cardiomyocytes (Figure 3), suggests that 
QKI could similarly regulate cardiomyocyte-mediated remodelling of the heart follow-
ing injury. 

Increased expression of the RBP HuR was also observed in the setting of neointimal 
hyperplasia, vein graft specimens, and fibromuscular dysplasias of the human kid-
ney, which all represent clinical manifestations of enhanced VSMC proliferation.103 
Furthermore, HuR was found to stimulate VSMC-mediated vasoconstriction, as the 
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interaction of this stabilizing RBP with the 30 UTR of the sarco/endoplasmic reticulum 
Ca2þpump (SERCA2b)104 and angiotensin receptor type 1 (AT-1R) mRNAs enhanced 
Ca2þinflux and angiotensin II binding, respectively.105–107 Interestingly, Paukku et al.107 
identified that subjects with type 2 diabetes-associated hyperinsulinaemia have
increased HuR protein levels, leading to enhanced AT-1R protein levels in VSMCs. 
This provided novel mechanistic insight into factors that increase CVD risk in patients 
with type II diabetes, namely via activation of the renin–angiotensin–aldosterone sys-
tem.107 Given the considerable attention gained for the combinatorial use of
angiotensin-converting enzyme-inhibitors with AT-1R blockade for the effective man-
agement of blood pressure,108,109 these studies collectively  illustrate how RBPs intra-
cellularly impact VSMC-mediated vasoconstriction by determining cell-surface avail-
ability of the angiotensin receptor. 

In keeping with the central role that perivascular stromal cells play in ensheathing na-
scent microvessels and stabilizing existing microvessels, it is critical for these cells to 
regulate the expression of cell–cell adhesion proteins, along with growth factors that 
stimulate the maintenance of these interactions.110,111 Moreover, it is well-established
that CVD is associated with the disappearance of microvessels (microvessel rarefac-
tion), as a result of progressive perivascular stromal cell loss that is associated with a 
pro-fibrotic phenotypic shift to a myofibroblastic state.112 This phenotypic conversion is 
tightly coupled with capillary destabilization, pathological angiogenesis, and ultimate-
ly microvascular rarefaction. Several RBPs have been intimately linked with mainte-
nance of EC–perivascular stromal cell interactions, or mediating a shift to the desta-
bilizing myofibroblast phenotype, including HuR, which was found to drive excessive 
angiogenesis by stabilizing the vascular endothelial growth factor (VEGF) mRNA.113 
Muscleblind (MBNL-1) was also shown to bind to the 3’UTR of the SRF mRNA, en-
hancing expression of this transcription factor that guides perivascular stromal cells 
differentiation into myofibroblasts in mice.114 Moreover, MBNL-1 was also found to 
directly influence alternative splicing of calcineurin Ab114, a protein phosphatase
that activates T-cell-mediated responses to injury. Importantly, the resultant constitu-
tively active Calcineurin Ab1 isoform was found to be enriched in both mouse cardiac 
fibroblasts114 and cardiomyocytes aftermyocardial infarction (MI).115 

These findings suggest that CVD progression could be limited by developing strate-
gies that target RBPs such as HuR, MBNL-1, and QKI or splicing events mediated by 
these proteins, with the goal of rendering VSMCs quiescent.
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RNA-binding proteins in endothelial cells: alternating between function and 
dysfunction 
The activation of ECs by inflammatory stimuli triggers endothelial dysfunction and ac-
celerates CVD onset.116,117 This pro-atherogenic state is greatly increased in patients 
with risk factors such as diabetes, renal failure, hypercholesterolaemia, and high 
blood pressure. Statins have proved to effectively ameliorate endothelial dysfunction 
in combination with their lipid-lowering effects.16  

Similar to VSMCs, ECs play a critical role in regulating vascular tone, as EC activa-
tion is tightly coupled with a decrease in nitric oxide (NO) bio-availability that trig-
gers vasoconstriction.118–120  The expression and activity of eNOS, the main enzyme 
responsible for synthesizing free NO by ECs, is modulated by the shear-responsive 
and atheroprotective transcription factor KLF2.17,121–124 KLF2 mediates these effects 
by binding to the promoter region of shear-responsive genes, including the RBPs QKI 
and HuR.125,126 Further evidence that RBPs directly impact eNOS expression, and 
thereby activity, has been derived from computational analyses27,28 and experimental 
studies investigating RBP function in human ECs. Another means by which RBPs 
impact eNOS biology is through hnRNP L, a protein that by co-ordinating eNOS pre-
mRNA alternative splicing triggers the generation of a truncated, dominant negative 
eNOS isoform.127,128 Despite evidence indicating that these alternative eNOS isoforms 
affect NO production, the pathophysiological relevance and consequences on EC 
function in patients with CVD are at present unknown. Nonetheless, these studies 
pinpoint an important role for RBPs in maintaining the quiescent EC phenotype. 

Another hallmark of the healthy endothelium is the maintenance of barrier function, 
which requires the formation of tightly linked adherens junctions on adjacent ECs, 
ensuring the low permeability of the vessel to circulating solutes, proteins, and cells. 
Strikingly, reports regarding the post-transcriptional regulation of adherens junction 
proteins are limited. Recently, we discovered that the RBP QKI is highly expressed in 
quiescent human ECs in vivo, and that the specific abrogation of this RBP markedly 
impaired the capacity to form a high-resistance endothelial monolayer in human ECs 
and in mice.125 Mechanistically, QKI appears to be essential for maintaining barrier 
function by interacting with quaking response elements in the 3’UTRs of mature b-
catenin and VE-cadherin mRNAs, ensuring sufficient translation to restrict vascular 
permeability.125 

RNA-binding proteins have also been implicated in the posttranscriptional regulation 
of several other vital EC-derived factors, including VEGF,129,130 endoglin,131 and HIF1al-
pha 132. Along with pivotal roles in tumour-accelerating angiogenesis,133–135 changes 
in the abundance and splicing of these pre-mRNAs have also been linked with the 
development of CVD. An isoform of RBP76 (DRBP76/NF90) was found to bind to the 
3’UTR of the VEGF mRNA, enhancing VEGF production by human ECs,130 whereas 
changes in SRSF1 levels in senescent ECs altered VEGF and endoglin pre-mRNA 
splicing.131 More recently, a pivotal role for HuR in guiding angiogenesis has been 
strengthened based on the finding that it enhances translation of the human VEGF 
mRNA129 while also working in unison with polypyrimidine
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tract binding protein (PTB) to enhance translation of HIF1alpha by binding to distinct 
sites on the human HIF1a mRNA, namely the 5’- and 3’UTRs, respectively.132 Al-
though the mechanism by which these factors drive CVD is incompletely understood, 
a potential explanation linking their established role in cancer biology and CVD is 
that they could stimulate the formation of vasa vasorum in large vessels. This could 
accelerate lesion formation as it enhances the supply of essential nutrients and pro-
atherogenic factors to sites of vessel injury. 

RNA-binding proteins in monocytes and macrophages: coordinating inflamma-
tory responses to injury  
In acute and chronic disease settings, circulating monocytes are exposed to diverse 
stimuli that generally triggers their activation into pro-inflammatory phenotype,136,137 
followed by their homing to sites of tissue injury and differentiation into macrophages. 
As cellular differentiation is tightly coupled with the dynamic regulation of mRNA sta-
bility, splicing patterning, and mRNA localization, RBPs are ideally positioned to post-
transcriptionally co-ordinate events that determine monocyte and macrophage func-
tion. Indeed, AU-rich element binding proteins (ARE-BPs) have long been known to 
tightly control the expression of a plethora of cytokines and chemokines in monocytes
and macrophages, including TNF-a, GM-CSF, M-CSF, IL-1b, IL-6, IL-10, and IFN-
c.138 The RBP-mRNA interaction at AREs encoded in the 3’UTR of these target (pre-)
mRNAs139 triggers rapid mRNA decay.140 More recently, diversification of cytokine-
regulating RBPs was made with the discovery that the Roquin RBPs specifically bind
to stem-loop structures [termed constitutive decay elements (CDEs)] in the 3’UTR of 
target mRNAs in mice.141 The 3’UTR of mouse TNF-a mRNA contains such a CDE, 
conferring Roquin with the capacity to bind to and destabilize the mRNA. Important-
ly, although these experiments were performed in mice, interaction of the human 
Roquin-1 and -2 isoforms with an mRNA containing a CDE was recently confirmed by 
X-ray crystallography.142 As such, in concert with ARE-BPs, Roquins are likely respon-
sible for ensuring a limited window of TNF-a expression in response to tissue injury in
humans. These studies indicate that the induction, as opposed to targeting of certain 
RBPs, could serve as a novel approach for repressing the inflammatory component 
of atherosclerosis.143 

Very recently, four SNPs were identified proximal to the QKI locus, revealing a nomi-
nally significant association with incident MI and coronary heart disease (CHD).144 

This two-stage full genome-wide association studies (GWAS) analysis of more than 
64 000 individuals (with 3898MI cases and 5465 CHD cases) pinpointed QKI as a 
novel predictive locus for incident CHD in prospective studies.144 Although the authors 
did not detail the pathophysiologicalmechanism for this association, the recent dis-
covery that QKI mRNA and protein are induced in macrophages of advanced human 
plaques, and that depletion of QKI protein in primary human monocytes significantly 
impaired: (i) monocyte adhesion and migration, (ii) differentiation into pro-inflamma-
tory macrophages, and (iii) foam cell formation in vitro and in vivo, suggest that this 
RBP plays a central role in guiding inflammatory processes that accelerate CHD. 
Transcriptome analysis of monocytes and macrophages derived from a unique QKI 
haploinsufficient individual suggests that this phenotypic conversion is reliant on QKI-
mediated changes in pre-mRNA splicing and mRNA transcript abundance.145 
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Collectively, these studies indicate that RBPs such as QKI can post-transcriptionally
guide pro-inflammatorymacrophage identity and function. 

Therapeutic targeting of RNAbindingprotein-mediated events: harnessing the 
power of RNA regulation in human disease
Strategies geared towards augmenting gene expression represent a powerful means 
of correcting decreases in the abundance of transcripts that encode proteins required 
to limit disease progression. Recently, adenoviral-associated virus (AAV) vectors 
have regained their status as a plausible means of achieving this therapeutic goal,146

as these minimally immunogenic and non-integrative vectors can increase expres-
sion levels of selected genes by infecting both dividing and non-dividing cardiac cells 
based on the existence of several viral serotypes, whereas their small size allows for 
the efficient delivery to the myocardium via coronary arteries.146,147 Alternatively, ret-
rograde delivery into the coronary sinus and a surgical recirculation method have re-
cently been implemented to enhance cardiomyocyte expression of SERCA2a in pigs 
and sheep, respectively. More recently, AAV has also been used to drive exogenous 
expression of heme oxygenase I148 and VEGF-B149 in pigs and dogs, respectively. 

These pre-emptive studies effectively limited cardiac ischaemia148 and tachy-pacing 
induced heart failure,149 respectively. Attempts to treat established CVD using AAV in 
the form of Mydicar (Celladon; now Eiger Biopharmaceuticals) initially yielded promis-
ing results for SERCA2a enzymatic replacement therapy in clinical trials.150 However, 
the Phase IIb clinical trial failure of Mydicar is being attributed to an inability of the AAV 
to deeply penetrate the myocardial tissue mass, indicating that direct intramyocardial 
injection or coronary sinus delivery method could increase the likelihood of success in
the future.150 Importantly, AAVs could also be tailored to specifically encode beneficial 
splice variants of genes, such as the full-length SCN5A splice variant (as opposed 
to the truncated SCN5A splice variant), which could limit arrhythmias by maintaining 
cardiac Na currents and thereby electric conduction velocity in the heart.79,151 Further-
more, the introduction of promoter regions that induce expression solely in response 
to injury could broaden the applicability of AAVs as a means of correcting decreased 
cardiacprotective gene expression in a spatiotemporal fashion. 

To combat increases in inflammatory and fibroproliferative gene expression common-
ly observed in CVD, short-interfering RNA-based approaches are currently being ex-
tensively employed in the (pre-)clinical forum (see RNA-based clinical trial review34). 
As their safety profile and mechanism by which they function are well-established, 
these could represent an excellent means of ameliorating RBP expression, although 
the hierarchical positioning of these proteins as global regulators of the transcriptome 
could elicit undesirable off-target effects. Therefore, computationalmining of tran-
scriptomic databases in cardiovascular centres worldwide could uncover splice vari-
ants that are enriched in diverse cardiovascular complications, enabling the design 
of small interfering RNAs (siRNAs) that could specifically target diseaseadvancing 
splice variants (thereby reducing production of encoded protein isoforms), represent-
ing a novel and highly effective means of targeting in a cell type-specific fashion. Al-
though several methods are currently being employed to deliver siRNAs in humans,34 
the development of lipid-based formulations for the effective transport of siRNAs, 
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miRNAs and antagomiRs is regarded as essential for the broad applicability of RNA-
based therapeutic approaches in the clinical setting, and has been prioritized by the 
pharmaceutical industry.32 

Aberrant splicing, as a result of genetic mutations that alter either RBP function or the 
splice sites these proteins recognize, is becoming increasingly recognized as a major 
contributor to human disease, including CVD.152–154 The use of antisense oligonucle-
otides (AONs) to correct these RNA-based defects has been applied extensively at 
the drug developmental level,33,155 conferring the capacity to skip one or more exons or 
restore/disrupt the transcript reading frame (Figure 2).155,156 Importantly, these biotools 
have gained widespread attention as a result of their therapeutic potential for Duch-
enne’s muscular dystrophy (drisapersen and etiplerisen; GlaxoSmithKline plc. and 
Sarepta Therapeutics Inc., respectively) and spinal muscular atrophy (nusinersen; 
Ionis Pharmaceuticals & Biogen Inc.). Of note, etiplerisen has recently been granted 
accelerated FDA approval whereas nusinersen filing for FDA approval is imminent. 
Despite these successes in correcting splicing dysregulation in rare genetic diseases, 
ventures into the cardiovascular field are limited. This is particularly surprising given 
the identification of numerous CVD-associated splicing events, such as troponin T 
in cardiomyocytes,157 oxidized low-density lipoprotein receptor 1 in macrophages,154 

VEGF in ECs,158 and myocardin in VSMCs.25 Recently, an AON-based approach was 
used to correct the A-band truncating mutation of Ser14450fsX4 in exon 326 of titin,159 
a protein that plays a critical role in sarcomere organization and passive elasticity in 
cardiomyocytes. Importantly, missense mutations in human titin, including truncations
as described above,159 have been found to responsible for 25% of familial DCM cases 
and 18% of sporadic DCM cases. By forcing excision of exon 326 in patient-specific 
cardiomyocytes ex vivo, myofibril assembly was improved, and similar studies with 
the truncation-correcting AON in mice revealed a correction of DCM phenotype.159  

Further evidence that AONs could represent a potent means of limiting CVD progres-
sion can be found in their recent application to correct autoimmunity in mice as a 
result of defective NLRP3.160 Interestingly, the inflammasome protein complex plays a
critical role in promoting cytokine maturation and inflammation in myeloid cells, in-
cluding macrophages. As such, the in vivo correction of an alternative splice accep-
tor site160 (as detailed in Figure 2) in macrophages by Thygesen et al. represents an 
important step towards similar AON-based interventions in human myeloid cells, and
potential therapeutic application in humans. 

Collectively, the continued development of DNA- and RNA-based approaches de-
signed to alter the transcriptome could result in the generation of novel therapies that 
harness RBP-mediated processes, and significantly impact the treatment of CVD in 
the future. 
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Conclusions and future perspectives
In conclusion, cells undergo functional adaptations at sites of injury that serve to 
limit tissue damage and restore proper tissue function and structure. These remod-
elling and regenerative responses in affected cells are tightly coupled with dynamic 
changes in gene expression patterns that necessitate RBPs to determine the fate of 
nascent RNAs. In doing so, RBPs have emerged as potent effectors and regulators
of cellular function in (patho)physiological settings. In light of our expanding insight 
into the diversity and complexity of protein-coding and non-protein-coding RNA tran-
scripts, as well as the critical role played by an ever-expanding number of RBPs in-
volved in processing these transcripts, our understanding of the human genome has 
broadened significantly. Importantly, this ‘RNAissance’ has unleashed a revolution 
in drug development, leading to numerous RNA-based therapies that are currently 
being explored in diverse pre-clinical animal studies and clinical trials. The potential 
inclusion of these novel therapeutic modalities could represent an important broaden-
ing of our medical arsenal in combating CVD in the 21st century.
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Abstract

Rationale: RNA-binding proteins are critical post-transcriptional regulators of RNA 
and can influence pre-mRNA splicing, RNA localization, and stability. The RNA-
binding protein Quaking (QKI) is essential for embryonic blood vessel development. 
However, the role of QKI in the adult vasculature, and in particular in vascular 
smooth muscle cells (VSMCs), is currently unknown. 

Methods and Results: We identified that QKI is highly expressed by neointimal 
VSMCs of human coronary restenotic lesions, but not in healthy vessels. In a mouse 
model of vascular injury, we observed reduced neointima hyperplasia in Quaking 
viable mice, which have decreased QKI expression. Concordantly, abrogation 
of QKI attenuated fibroproliferative properties of VSMCs, while potently inducing 
contractile apparatus protein expression, rendering noncontractile VSMCs with the 
capacity to contract. We identified that QKI localizes to the spliceosome, where it 
interacts with the myocardin pre-mRNA and regulates the splicing of alternative 
exon 2a. This post-transcriptional event impacts the Myocd_v3/Myocd_v1 mRNA 
balance and can be modulated by mutating the quaking response element in exon 
2a of myocardin. Furthermore, we identified that arterial damage triggers myocardin 
alternative splicing and is tightly coupled with changes in the expression levels of 
distinct QKI isoforms. 

Conclusions: We propose that QKI is a central regulator of VSMC phenotypic 
plasticity and that intervention in QKI activity can ameliorate pathogenic, 
fibroproliferative responses to vascular injury. 
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Introduction

RNA-binding proteins are central regulators of gene expression in both health 
and disease.1,2 The RNA-binding protein Quaking (QKI) is a member of the highly 
conserved signal transduction and activator of RNA (STAR) family of RNA-
binding proteins.3 Alternative splicing of the mammalian qkI transcript yields 3 
protein isoforms, notably QKI-5, QKI-6, and QKI-7,2 with dimerization of QKI 
isoforms being required for the regulation of pre-mRNA splicing, mRNA export, 
and stability.2,4 QKI drives central and peripheral nervous system myelination 
by regulating oligodendrocyte and Schwann cell differentiation, respectively.2,4,5 
However, a role for QKI outside the neural network is poorly understood.
QKI has been proposed to regulate processes outside the nervous system because 
of its ubiquitous expression profile2 and capacity to impact the processing of many 
RNA species by binding to quaking response elements (qre’s).5,6 Importantly, 
QkI null mice are embryonic-lethal because of an inability of immature mural 
cells to migrate and differentiate into vascular smooth muscle cells (VSMCs) 
effectively, resulting in perturbed investment and stabilization of nascent vessels 
in the yolk sac vasculature.7–9 In adults, VSMCs of the artery wall contract and 
provide vascular tone.10 However, in response to vascular injury, VSMCs can 
dedifferentiate from a contractile to a synthetic state.10,11 The unabated expansion 
of VSMCs can lead to pathophysiologic complications, such as clinical restenosis 
after percutaneous coronary intervention,12,13 arteriovenous shunt failure,14,15 and 
transplant vasculopathy.16 Generally, VSMCs are programmed to avoid this 
excessive reparative response, because they possess the capacity to sense 
and respond to extracellular and intracellular cues that trigger the reversion to 
the contractile phenotype. The transcriptional coactivator Myocardin (Myocd) 
is a primary driver of this redifferentiation process,17 because interaction with 
serum response factor (SRF) at CArGbox– containing promoters18–20 activates 
contractile apparatus protein expression that is required for physiological VSMC 
functioning.21,22 Given that QKI is a regulator of embryonic vascular development, 
we sought to determine the role of QKI in the adult vasculature. Here, we show 
that the RNA-binding protein QKI is a critical regulator of VSMC phenotype by 
binding to and regulating Myocd expression and alternative splicing, implicating a 
critical role for QKI in the regulation of physiological VSMC function and vascular 
repair. 

Methods

Human Studies 
Coronary atherectomy specimens were obtained from a cohort of patients 
that underwent elective directional coronary atherectomy of the target vessel 
3 to 6 months after percutaneous transluminal coronary angioplasty23 and 
immunohistochemically stained for QKI using a mouse monoclonal antihuman 
pan-QKI antibody (clone N147/6; UC Davis/NIH NeuroMab Facility) and smooth 
muscle α-actin (ACTA2; clone 1A4; Sigma-Aldrich, Zwijndrecht, the Netherlands). 
Antibody binding was visualized with NovaRED and Vector Blue substrates 
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(Vector Laboratories, Burlingame, CA). Human cortex cryosections were used 
as an isotype and reference control. Methylene green was used as counterstain. 

Animal Studies 
Female Quaking viable (Qkv) mice on a C57/Bl6-J background together with 
age- and sex-matched C57Bl6-J wild-type (WT) mice (Jackson Laboratories, Bar 
Harbor, ME) were sheathed with a nonconstrictive cuff as previously described.24 
Immunohistochemical analysis and quantitation of femoral arteries was performed 
as described previously.25 Incorporation of 5-bromo-2-deoxyuridine (BrdU) into 
DNA as a marker of DNA synthesis was studied by intraperitoneal BrdU injection 
(100 mg/kg) 72, 48, and 24 hours before euthanasia. QKI was detected using 
a rabbit polyclonal antihuman QKI antibody (N20; Santa Cruz Biotechnology, 
CA). Transluminal wire injury of the left common carotid artery was performed 
in female apoE−/− fed a Western-type diet as previously described.26 Uninjured 
arteries (day 0) and wire-injured arteries were harvested at days 1, 3, 7, 14, 21, 
and 28. All animal work was approved by the regulatory authorities of the Leiden 
University and was in compliance with the Dutch government guidelines. 

VSMC Isolation and Culture 
Aortic explants harvested from WT and Qkv mice were cultured in DMEM 
containing 10% FCS and 0.01 μg/mL glutamine at 37°C and 5% CO2. The 
human internal thoracic (HITC6 and HITA2) clonal cell lines were generated and 
cultured as previously described.21,27 The Material and Methods section in the 
Online Data Supplement details cloning strategies and construction of vectors 
used for luciferase (pMIR-REPORT), splicing, and lentiviral overexpression 
of Myocd. Primary mouse and human VSMCs were stably transduced using 
lentiviral shRNA that specifically target qkI or using a scrambled control shRNA 
(MISSION library; Sigma-Aldrich). Stable transductants were selected with 
3 μg/mL puromycin for 72 hours. Clonal HITA2 subpopulations were scored 
microscopically and expanded for experiments. 

Collagen Production Assay 
Primary WT and Qkv mouseVSMCs and HITC6 VSMCs were seeded at a density 
of 1.5×104 cells/cm2, extensively washed with PBS and fixed for 30 minutes using 
Formafix (Thermo Scientific, Waltham, MA). Cellular collagen production was 
assessed by staining with Sirius Red F3B dye and concentrations determined 
spectrometrically at 550 nm. 

DNA Synthesis and Cellular Migration Assays 
DNA synthesis and cellular migration of VSMCs derived from WT and Qkv aortas 
and HITC6 VSMCs were performed as previously described.28 

Western Blot Analysis 
Proteins were resolved by polyacrylamide electrophoresis. Primary antibodies 
used to detect QKI-5, QKI-6, and QKI-7 were either rabbit polyclonal (EMD 
Millipore, Amsterdam, the Netherlands) or mouse monoclonal antibodies that 
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specifically target QKI-5 (N195A/16), QKI-6 (N182/17), or QKI-7 (N183/15.1; 
UC Davis/NIH NeuroMab Facility). Mouse monoclonal antibodies were used to 
detect ACTA2 (clone 1A4; R&D Systems, Leiden, the Netherlands), calponin 
(CNN1; hCP; Sigma-Aldrich), caldesmon (CALD1; clone hHCD; Sigma-Aldrich), 
and smoothelin (SMTN; kindly provided by Dr G. van Eys, Maastricht University 
Medical Center). Hemagglutinintagged Myocd protein was detected using a 
monoclonal antimouse HA.11 antibody (clone 16B12). As a reference, a mouse 
monoclonal antibody was used to detect α-tubulin (clone DM1A; Sigma- Aldrich), 
whereas a rabbit polyclonal antibody was used to detect β-actin (Abcam, 
Cambridge, United Kingdom). 

Functional Assessment of VSMC Contractility 
To identify single contractile cells, stably transduced sh-cont and sh-qkI HITA2 
VSMCs or VSMCs overexpressing enhanced green fluorescent protein (EGFP), 
MYOCD-v1a, MYOCD-v1b, MYOCD-v3a, or MYOCD-v3b were seeded on 
deformable silicone substrates (stiffness 5 kPa; Excellness Biotech, Lausanne, 
Switzerland)29 in M199 culture medium containing 1% FCS. Cells were seeded 
onto substrates coated with 10 μg/mL fibronectin isolated from human plasma. 
Twenty-four hours after seeding, 10 random fields were photographed using 
phase contrast microscopy  (Olympus CX41 and CellSens Entry software) and 
the percentage of cells inducing wrinkles was determined using ImageJ software. 

RNA Immunoprecipitation 
RNA was isolated from HITA2 VSMCs as per manufacturer instructions using the 
Magna-RIP kit (EMD Millipore) using either goat antirabbit IgG antibody (control) 
or the IP-validated goat antirabbit QKI-5 antibody (EMD Millipore). 

Quantitation of mRNA and Alternative Transcript Generation
Generally, mouse and human cDNA was made using Oligo-dT primers (Invitrogen). 
For immunoprecipitation and alternative transcript studies, cDNA was generated 
using random primers (Invitrogen). qRT-PCR analysis for designated mRNA 
products was performed using SYBR Green master mix (Bio-Rad) in combination 
with primer combinations described in Online Table I. 

Statistics
For all experiments, N defines the number of biological replicates. All image 
quantitation was performed using Image J software, and results of Western 
blot and PCR quantitation are provided beneath the images. All in vitro and in 
vivo results were analyzed using either Student t test or ANOVA (with Tukey, 
Bonferonni, or Kruskal–Wallis post-test being used when appropriate). Results 
are expressed as mean±SE or mean +/- SE, as indicated. Differences in 
probability values <0.05 were considered significant, where degree of significance 
is indicated as follows: *P<0.05, **P<0.01, ***P<0.001, #P<0.0001. Quantitation 
of semiquantitative PCR and Western blots are provided in Online Table II.
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Results 

QKI Is Highly Expressed in VSMCs of Human Restenotic Lesions 
Despite the developmental defects observed in the vasculature of QkI-deficient 
embryos,7–9 no studies to date have investigated a role for this RNA-binding 
protein in VSMCs of the adult vasculature. Therefore, we assessed the levels 
of QKI expression in human healthy and restenotic atherectomy specimens 
immunohistochemically. In healthy tissue, QKI was virtually undetectable and 
confined to the endothelium (Figure 1A and 1C; n=4 subjects). In contrast, 
the VSMCs in the neointimal portion of restenotic tissue revealed a profound 
increase in QKI expression, with a few inflammatory foci also staining positive 
for QKI (Figure 1B and 1D; n=5 subjects). Restenotic lesions displayed overt 
fibrosclerotic morphology with incidental foci of stellate VSMC and myxoid matrix, 
characteristic of young, restenotic tissue. Costaining of coronary artery lesions for 
QKI and ACTA2 confirmed that VSMCs are the major QKI-expressing cell type in 
restenotic lesions (Figure 1E and 1F). Of note, the pan-QKI antibody exhibited its 
characteristic punctate intracellular staining pattern in human brain tissue (Figure 
1G and 1H). These studies indicate that QKI is differentially expressed between 
contractile and proliferative VSMCs and suggest that QKI protein levels could 
regulate the hyperplastic response to vascular injury. 

Qkv Mice Display Reduced Neointima Formation After Femoral Cuff 
Placement 
To determine if QKI is indeed a regulator of vascular remodeling, we first 
assessed the mRNA and protein expression profile of QKI using an arterial 
hyperplastic model that induces a VSMC-mediated fibroproliferative response in 
femoral arteries of C57BL6 (WT) mice. QkI mRNA expression levels decreased 
immediately after nonconstrictive cuff placement, followed by a significant 
increase after 3 days and peak QkI mRNA expression 7 days postinjury (Figure 
2A; n=6 mice per time point; *P<0.05, ***P<0.001), coinciding with the proliferative 
peak of VSMCs in vascular injury models.30 Furthermore, we also assessed the 
temporal expression profile of QkI-5, QkI-6, and QkI-7 mRNA after cuff placement 
in apoE-/- mice (n=4 mice per time point). These studies revealed that QkI-5 and 
QkI-6 mRNA are markedly increased at day 7 (QkI-6; P<0.05), whereas QkI-
7 mRNA levels were consistently decreased in expression (Online Figure IA). 
Similar to the mRNA profile, medial layer VSMCs displayed maximally increased 
QKI protein expression 7 days after femoral cuff placement (Figure 2B and 
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Online Figure IB). Interestingly, QkI mRNA levels are significantly downregulated 
14 days after cuff placement (Figure 2A). Next, we sought to determine if a 
reduction in QKI expression could impact neointima formation after femoral cuff 
placement, using WT and Qkv mice. Qkv mice possess a megabase deletion 
in the proximal region of chromosome 17. Quantitative analyses of QkI mRNA 
levels from flash-frozen aortas (n=6; Online Figure IC) and protein expression 
levels in VSMCs derived from WT and Qkv aortas revealed a signicant decrease 
in expression of all 3 QKI isoforms (Figure 2C, with quantitation from 3 explant 
cultures provided beneath each Western blot along with statistical significance). 
As shown in Figure 2D, immunohistochemical analysis of WT and Qkv neointimal 
lesions for elastin and ACTA2 revealed significant reductions in neointimal area 
(Figure 2E; n=6 mice; P<0.05), intimal/medial ratio (Figure 2F; WT 0.34±0.06% 
versus Qkv 0.20±0.04%; n=6 mice; P<0.05), luminal stenosis (Figure 2G; WT 
35±5% versus Qkv 20±4%; n=6 mice; P<0.05), ACTA2-positive cells (Figure 2H; 
WT 62.5±4.7% versus Qkv 46.5±4.1%; n=6 mice; P<0.05), and neointimal BrdU 
incorporation (Figure 2I; n=8 mice; P<0.05) 2 weeks after cuff placement. Total 

Figure 1. Quaking (QKI) is abundantly 
expressed in vascular smooth muscle 
cells (VSMCs) in human restenotic le-
sions. A and B, Low magnification im-
ages of pan-QKI expression in healthy 
coronary artery (n=4 subjects) and re-
stenotic atherectomy specimens (n=5 
subjects), with positive cells indicated by 
red immunostaining and nuclei staining 
deep blue. Scale bar, 100 μm. C and D, 
High-magnification image of box provid-
ed in (A) and (B). E, High-magnification 
image of Pan-QKI expression in reste-
notic lesion. Arrows denote QKI-positive 
VSMCs. F, Double immunostain of re-
stenotic lesion with Pan-Qki (red) and 
smooth muscle α-actin (ACTA2; blue), 
with double-positive VSMCs (purple 
cells indicated with arrows). G, Isotype 
control of human cortex specimens were 
used as control tissue (IT). H, Pan-QKI 
expression in human cortex. Scale bars, 
100 μm.
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vessel area (Figure 2J; n=6 mice; P=0.42) of cuffed portions of WT and Qkv 
femoral arteries was similar. We did not observe differences in lesional apoptosis 
(TUNEL staining), collagen, and CD45+ leukocyte content (data not shown). 
Collectively, these studies demonstrate that a reduction in QKI expression in vivo 
decreases neointima formation after vascular injury. 

VSMCs Derived From Qkv Mice Display Decreased Proliferation, Migration, 
and ECM Production 
To further assess the functional consequences of abrogated QKI in adult 
VSMCs, we isolated primary VSMCs from WT and Qkv aortas. After 7 days, 
VSMC outgrowth was 1.8-fold reduced for Qkv versus WT (Figure 3A [left] and 
3B; n=6 mice with 6–7 pieces of tissue per aorta; P<0.001). Additionally, Qkv 
VSMCs displayed a 3.5-fold decrease in cellular proliferation (Figure 3C; n=6 
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Figure 2 | Quaking (QKI) expression levels influence neointima formation after vascular wall injury. A, Temporal 
mRNA expression profile of qkI after perivascular placement of cuffs around the femoral artery of 6 wild-type (WT) mice. 
Values shown are relative to uninjured controls and are normalized to GAPDH (n=6 mice). B, Photomicrograph images 
displaying the spatiotemporal expression profile of QKI in femoral arteries after cuff placement in WT mice (n=6; scale bars, 
25 μm; IT, isotype control). C, Western blot analysis of QKI isoform expression in WT and Quaking viable (Qkv) vascular 
smooth muscle cells (VSMCs) derived from arterial outgrowths. Quantitation of protein expression in Qkv mice relative to WT 
mice normalized to β-actin (ACTB) is provided below each blot (n=4–5 mice). D, Photomicrographs of WT and Qkv femoral 
arteries 14 days after femoral cuff placement. Elastin staining defines arterial layers (top), whereas smooth muscle α-actin 
(ACTA2) defines VSMC content and localization (bottom; n=6 mice; scale bars, 25 μm). E–J, Quantitation of neointimal area 
(E), intimal/medial ratio (F), % luminal stenosis (G), % ACTA2-positive cells (H), % 5-bromo-2-deoxyuridine–positive cells (I), 
and vessel surface area (J) in WT and Qkv mice in femoral arteries 14 days after femoral cuff placement (n=6 mice). Data 
are mean±SD. *P<0.05, **P<0.01, ***P<0.001.
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mice; P<0.01), a 2.0-fold decrease in collagen production (Figure 3D; n=4 mice; 
P<0.05), and a 3.0-fold decrease in transwell migration (Figure 3E; n=4 mice; 
P<0.01) as compared with WT VSMCs. These findings were validated in human 
VSMCs derived from the human internal thoracic artery (designated HITC6) after 
lentiviral shRNA–mediated reduction of QKI (sh-cont and sh-qkI), resulting in a 
5.7-fold decrease in proliferation (Figure 3F; n=3 transductions; P<0.05), a 3.6-
fold decrease in collagen production (Figure 3G; n=3 transductions; P<0.01), and 
a 3.1- fold decrease in migration (Figure 3H; n=3 transductions; P<0.01). These 
findings show that the reductions in VSMC proliferation, migration, and collagen 
production observed in Qkv mice can be attributed to decreased QKI expression. 
Altogether, these data point to a significant role for QKI in regulating functions 
associated with dedifferentiated VSMCs. 
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QKI Expression Levels Impact VSMC Phenotype 
Our identification that QKI expression levels impact fibroproliferative properties 
of VSMCs suggests that QKI could play a role in regulating VSMC phenotype. 
Therefore, we investigated if the abrogation of QKI could drive synthetic VSMCs 
to the contractile state. For this, we assessed the mRNA expression profile of 
contractile apparatus proteins in serially passaged, aorta-derived VSMCs from 
WT and Qkv mice. As shown in Figure 4A, significantly higher levels of Acta2, 
smooth muscle myosin heavy chain (Myh11), and Cnn1 mRNAs were expressed 
in VSMCs derived from Qkv as compared with WT mice (n=6 mice; *P<0.05, 
**P<0.01). In contrast, the mRNA levels of smoothelin A (SmtnA) and SmtnB 
were unaltered (Figure 4B; n=6 mice; SmtnA, P=0.42; SmtnB, P=0.45). Western 
blot analyses of cellular lysates harvested from WT and Qkv aortic VSMCs 
revealed that a decrease in QKI expression yields increased ACTA2 levels 
(Figure 4B; n=5 mice; P<0.05). Interestingly, we did not observe any changes in 
the mRNA levels of contractile apparatus proteins harvested from snap-frozen 
aortas of WT and Qkv mice (data not shown). Next, we verified that decreased 
QKI expression is coupled with a global increase in contractile apparatus protein 
expression using HITC6 VSMCs. Western blot analysis of lysates harvested from 
sh-qkI HITC6 VSMCs showed a potent stimulation of ACTA2, CNN1, and the 
heavy isoform of CALD1 protein expression as compared with shcont HITC6 
VSMCs (Figure 4C; n=3 biological replicates; quantitation provided beneath 
respective Western blots), whereas the levels of SMTN were unchanged (Figure 
4C; n=3 biological replicates). Further proof that QKI expression levels play a role 
in regulating VSMC phenotype was derived from the fact that HITA2 VSMCs, a 
constitutively proliferative clonal cell population that poorly expresses contractile 
apparatus proteins,27 expressed significantly higher levels of all 3 QKI isoforms 
as compared with HITC6 VSMCs (Figure 4D). Interestingly, the forced reduction 
of QKI shifted HITA2 VSMCs from a rhomboid to an elongated state (Figure 4E) 
and was associated with increased expression of contractile apparatus 

Figure 3. Abrogation of Quaking (QKI) attenuates vascular smooth muscle cell (VSMC) fibroproliferation.  
A, Phasecontrast images of aortic explants derived from wild-type (WT) and Quaking viable (Qkv) mice (left) and VSMC 
cellular outgrowth after 3 passages (right; scale bar, 50 μm). B, Quantitation of VSMC outgrowth area from WT and Qkv 
aortic explants (arbitrary units; n=6 with 6–7 pieces of tissue per aorta). C, VSMC proliferation assessed by quantification of 
[3H]-thymidine incorporation in WT and Qkv VSMCs (disintegrations per minute [dpm]; n=6). D, VSMC extracellular matrix 
production by WT and Qkv VSMCs (n=4). E, Transwell migration in the presence of a formyl methionyl leucyl phenylalanine 
(fMLP) gradient for WT and Qkv VSMCs. The average number of migrated cells was determined by counting 10 fields of 
view per well (n=4). F, VSMC proliferation as assessed by quantification of [3H]- thymidine incorporation in HITC6 VSMCs 
stably transduced with sh-cont or sh-qkI lentiviral particles (dpm; n=3). G, VSMC collagen production by sh-cont and sh-
qkI HITC6 VSMCs (n=3). H, Transwell migration in the presence of an fMLP gradient for sh-cont– and sh-qkI–transduced 
HITC6 VSMCs. The average number of migrated cells was determined by counting 10 fields of view per well (n=3). For all 
experiments, n is indicative of biological replicates. Data are mean±SD. *P<0.05, **P<0.01.
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Figure 4. Quaking (QKI) expression levels impact vascular smooth muscle cell (VSMC) phenotype. A, mRNA tran-
script abundance for contractile apparatus proteins in wild-type (WT) and Quaking viable (Qkv) VSMCs relative to GAPDH 
mRNA abundance (n=6 mice). B, Western blot analysis of smooth muscle α-actin in cellular lysates harvested from 5 sepa-
rate WT and Qkv aortic explant cultures normalized to α-tubulin (TUBA1A) (n=5). Quantitation of protein expression was 
normalized to β-actin and is shown beneath each blot along with statistical significance. C, Western blot analysis of contractile 
protein expression in sh-cont and sh-qkI HITC6 VSMCs (n=3 separate transductions). D, Western blot analysis of QKI ex-
pression in HITC6 and HITA2 VSMCs (n=3 separate cultures). E, Phasecontrast images of sh-cont– and shqkI– transduced 
HITA2 VSMCs (scale bar, 50 μm), with corresponding relative mRNA transcript abundance detailing contractile apparatus 
expression (n=3 biological replicates). F, Western blots detailing protein expression levels in HITA2 sh-cont and HITA2 sh-qkI 
VSMCs. Blots are representative of 4 separate transductions. G, Phase-contrast images of sh-cont and sh-qkI HITA2 VSMCs 
seeded on fibronectin-coated, deformable elastomere substrate (5 kPa; left). Quantitation of contractioncompetent sh-cont– 
and sh-qkI– transduced HITA2 VSMCs (right; scale bar, 100 μm; n=3). Data are mean±SE. *P<0.05, **P<0.01, ***P<0.001.
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mRNAs and protein (Figure 4E and 4F, respectively). We also observed an 
association between QKI expression levels and VSMC morphology, because 
clonally expanded cuboidal VSMCs expressed significantly higher levels of QKI 
than spindle-shaped VSMCs (Online Figure IIA). Moreover, we also tested if QKI 
levels could impact contractile function by seeding sh-cont and sh-qkI HITA2 
VSMCs on a silicone elastomere substrate, where cell contractile forces induce 
deformations that are visible as wrinkles under a phase contrast microscope. 
As shown in Figure 4G, sh-cont HITA2 VSMCs were incapable of contracting 
the elastomere substrate, whereas 77% of sh-qkI HITA2 VSMCs acquired 
the capacity to contract the elastomere substrate functionally (Figure 4G; n=3 
biological replicates; ***P<0.001). Collectively, these findings strongly suggest 
that a reduction in QKI protein levels shifts VSMCs to the contractile phenotype.

QKI Modulates Myocd Expression and Alternative Splicing 
VSMC maturation is largely dependent on the interaction of SRF with the 
transcriptional coactivator Myocd at CArGboxes in the promoters of contractile 
apparatus proteins.18,19 Because attenuation of QKI was associated with 
increased contractile apparatus protein expression, we investigated whether QKI 
levels could impact Myocd expression. We found that Myocd mRNA expression 
was significantly increased in both Qkv and sh-qkI HITC6 VSMCs (Figure 5A) 
as compared with WT and sh-cont VSMCs (WT 1.0±0.35 versus Qkv 3.0±0.25 
fold; n=4 mice; P<0.01; sh-cont 1.0±0.39 versus sh-qki 2.64±0.24 fold; n=3 
transductions; P<0.05). Next, we tested whether overexpression of QKI in 
human VSMCs could impact Myocd mRNA expression levels. For this, we stably 
transduced HITA2 VSMCs with QKI-5, QKI- 6, or QKI-7. These studies revealed 
positive and negative feedback loops among the distinct QKI isoforms (Figure 
5B; left), and that QKI-6 overexpression significantly attenuates the expression 
of Myocd mRNA (Figure 5B; right; n=3 transductions; P<0.05). Although 
previous in silico analyses identified a qre in the 3-′UTR of the Myocd mRNA,6 
our assessment of the Myocd pre-mRNA uncovered 3 qre’s that are conserved 
between mice and human, namely a coding sequence qre (qre-1), as well as 2 
3′-UTR qre’s (qre-2 and qre-3; Figure 5C). This led us to investigate whether QKI 
could bind to the Myocd (pre)-mRNA transcript. Therefore, we performed RNA 
immunoprecipitation of QKI isoforms in HITA2 using anti-QKI-5 antibody. Indeed, 
QKI was found to bind to the Myocd (pre)-mRNA 5.1-fold more effectively than 
an anti-IgG control (Figure 5D and 5E; n=3 separate IPs; P<0.05). However, 
luciferase reporter experiments revealed no regulation of QKI at the qre’s in the 
Myocd 3′-UTR (Online Figure IIIA and IIIB). Therefore, we focused our attention 
on qre-1 in the Myocd coding region. Importantly, this qre is located at a critical 
junction of the Myocd pre-mRNA, namely the 3′-splice site of an alternative exon 
termed exon 2a (Figure 5C). Moreover, QKI has recently been shown to regulate 
alternative splicing events globally in myotubes by binding proximally to exon-
intron boundries.36 Interestingly, the inclusion of exon 2a introduces a premature 
stop codon into the mature Myocd transcript (termed Myocd_v3). The subsequent 
use of a downstream ATG leads to the generation of an 856-amino acid MYOCD_
v3 isoform that is greatly enriched in VSMCs as compared with cardiac or skeletal 
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muscle.20,31 Surprisingly, HITA2 VSMCs immunostained for QKI- 5, QKI-6, and 
QKI-7 revealed that QKI-6 colocalized with spliceosomal proteins in the cellular 
nucleus (Figure 5F). Next, we tested if the abrogation of QKI protein could 
influence Myocd_v3 expression levels. For this, we assessed the mRNA levels 
of Myocd_v3 in explanted aortic VSMCs derived from WT and Qkv mice (Figure 
5G and Online Figure IIB). WT aortic VSMCs exclusively expressed Myocd_v1 
after serial passaging (Figure 5G; quantitation shown below PCR), whereas Qkv 
VSMCs retained 30.9% exon 2a inclusion (Myocd_v3; n=4 biological replicates; 
P<0.05). This association between a reduction in QKI expression and enriched 
exon 2a inclusion was validated in sh-qkI HITA2 VSMCs (6.8-fold versus sh-cont; 
n=3 transductions; P<0.05) and spindle HITA2 VSMC (3.8-fold versus cuboidal; 
n=3; P<0.01; Online Figure IIC and IID). To confirm that QKI expression levels 
impact the Myocd_v3/Myocd_v1 mRNA balance, we harvested RNA from HITC6 
VSMCs cultured in the presence of serum and 3 days after serum withdrawal, 
which drives these cells toward a contractile phenotype. As a control, we also 
tested if QKI impacts the Myocd_v4/Myocd_v2 balance; however, we did not 
observe alternative splicing of Myocd exon 10a, which in the absence of qre 
proximal to this alternative exon is unlikely (Figure 5H; bottom).31 As shown in 
Figure 5H and Online Figure IIIC, proliferative sh-cont HITC6 VSMCs primarily 
express Myocd_v1 (lane 1; 27% Myocd_v3). In contrast, Myocd_v3 is the primary 
mRNA transcript expressed in shqkI HITC6 VSMCs (lane 2; 51% Myocd_v3). 
Interestingly, serum withdrawal–induced ablation of QKI enhanced exon 2a 
inclusion in sh-cont VSMCs (lane 3; 40% Myocd_v3), while triggering the virtually 
exclusive inclusion of exon 2a in shqkI VSMCs (lane 4; 78% Myocd_v3). Given 
that Myocd_v1 is the primary splice variant expressed in the heart, we sought 
to determine if QkI-5, QkI-6, and QkI-7 expression levels were increased in the 
heart as compared with the aorta. As shown in Online Figure IVA, QkI mRNA 
expression levels are significantly higher in the heart than in the aorta, providing 
the interesting possibility that QKI protein levels are also involved in regulating 
Myocd_v3/Myocd_v1 balance in the healthy and diseased heart (n=6 mice). 
Finally, to test the role of QKI directly in regulating exon 2a alternative splicing, 
we generated a splicing reporter construct by replacing exon 2 of the encoded 
β-hemoglobin (hbb) gene by the genomic sequence encoding myocd exon 2a 
along with flanking intronic regions (2a-wt-qre). Next, we mutated the qre from 
ACTAA→ACTGA (2a-mut-qre; Figure 5I). This mutation was chosen because it 
maintains the presence of a stop codon in exon 2a, while concomitantly abolishing 
the capacity of QKI to bind there. Mutation of the qre in exon 2a led to a striking 
enhancement of exon 2a inclusion (Figure 5I and 5J). Our findings strongly 
suggest that QKI regulates the expression and alternative splicing of Myocd. 
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Figure 5 | Quaking (QKI) regulates the expression and alternative splicing of the myocardin (Myocd) pre-mRNA. 
A, Relative mRNA abundance of Myocd in vascular smooth muscle cells (VSMCs) derived from Quaking viable (Qkv) mice 
as compared with wild-type (WT) VSMCs (n=5 mice; *P<0.05) and sh-cont versus sh-qkI human VSMCs (n=3). B, Relative 
expression levels of distinct QkI transcripts in VSMCs overexpressing EGFP, QKI-5, QKI-6, or QKI-7 (left) and conse-
quences of QKI isoform overexpression on Myocd transcript levels (right; n= 3 biological replicates with 1-way ANOVA and 
Dunnett post hoc test). C, Schematic depicting the coding and 3′-UTR of the myocd pre-mRNA, with coding qre-1 (exon 
2a with surrounding 5′- and 3′-splice sites) and noncoding qre-2 and qre-3 (in 3′-UTR). D, Relative Myocd mRNA transcript 
immunoprecipitated using goat antirabbit IgG or goat antirabbit QKI-5 (from 3 separate IPs). E, qRTPCR for Myocd and 
Gapdh mRNA as described in (D). F, Confocal fluorescent images of HITA2 VSMCs immunostained for QKI-6 (green; left), 
antispliceosome (red; middle), and an overlay of the 2 images (yellow; right; n=5; scale bar, 10 μm). G, PCR analysis for 
Myocd_v3 and Myocd_v1 expression levels in primary aortic VSMCs derived from WT and Qkv mice (image is representa-
tive of 4 biological replicates). 
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Myocd_v3 Expression Levels Impact VSMC Contractile Function 
To gain insight into the consequences of Myocd pre-mRNA alternative splicing 
events, we transduced HITA2 VSMCs with lentivirus encoding EGFP, 2 variants 
of MYOCD_v1 (v1a lacks exon 2a, whereas v1b lacks ATG2 and ATG3 and, 
therefore, exclusively produces MYOCD_v1), or 2 MYOCD_v3 variants 
(v3a includes exon 2a, whereas in v3b the first 2 exons are deleted from the 
encoded cDNA leading exclusively to the production of MYOCD_v3; Figure 6A 
and see Material and Methods section in the Online Data Supplement). As a 
vector expression control, total Myocd mRNA levels were significantly increased 
in all cases as compared with EGFP (primers in common sequence; Online 
Figure VA; n=3; P<0.001), whereas exon 2 to 5 expression levels in EGFP- 
and v3boverexpressing VSMCs were comparable because of the fact that v3b 
lacks the 5′-primer site (Figure 6A and Online Figure VB). Gel electrophoresis 
of these mRNA species confirmed that EGFP-, v1a-, and v1b-transduced 
VSMCs exclusively express Myocd_v1 (Figure 6B; lanes 1–3), whereas v3a-
overexpression exclusively yields Myocd_v3 (Figure 6B; lane 4). Interestingly, 
transduction of VSMCs with v3b was found to induce expression of endogenous 
Myocd_v3 (Figure 6B; lane 5, upper band). Subsequent Western blot analysis 
for HA-tagged MYOCD revealed that overexpression of v3a and v3b in 
VSMCs increased MYOCD protein expression as compared with v1aand v1b-
overexpressing VSMCs (Figure 6C). In keeping with literature, both MYOCD_v1 
and MYOCD_v3 overexpression potently induced ACTA2 protein expression32 
(Figure 6C). To determine if augmentation of MYOCD_v3 could indeed impact 
VSMC contractility, we seeded EGFP-, v1a-, v1b-, v3a-, and v3b-transduced 
HITA2 VSMCs on the aforementioned silicone elastomere substrate. Similar to 
sh-cont– transduced HITA2 VSMCs (Figure 4G), EGFP-transduced VSMCs did 
not contract the substrate and remained proliferative (Figure 6D and 6E; n=3 
biological replicates). In contrast, MYOCD_v1a and v1b overexpression induced a 
low level of contraction and modest proliferation, whereas MYOCD_v3a- and v3b-
overexpressing VSMCs displayed both significantly greater cellular contractility 
and decreased cellular proliferation (Figure 6D and 6E). In keeping with literature, 
we observed modest, yet significant increases in the mRNA levels of contractile 
apparatus protein as a result of MYOCD_v3 overexpression as compared with 
MYOCD_ v1 overexpression (Figure 6F; n=3 biological replicates).31 Collectively, 
these studies suggest that the expression levels of the distinct MYOCD isoforms 
can indeed influence VSMC contractile function.

Figure 5 legend continued. H, PCR analysis of sh-cont– and sh-qkI–transduced (qkI-) HITC6 VSMCs cultured in the pres-
ence of serum (+FCS) and 3 days after serum withdrawal (−FCS; n=3) for Myocd_v3 and Myocd_v1 (top) and Myocd_v4 
and Myocd_v2 expression levels (bottom). I, Schematic of pDup-2a splicing reporters based on Myocd exon 2a. Sequence 
encoding myocd exon 2a (red box) was inserted into pDup51, which contains sequence encoding exons 1 and 3 from 
β-globin. The qre in the WTsequence was mutated within exon 2a (yellow box; ACTAA→ACTGA). HEK293s were trans-
fected with depicted constructs and RNA harvested after 24 hours. J, PCR analysis of spliced variants in 2a-wt-qre– and 
2a-mut-qre–transfected HEK293s (middle; n=6 for each condition) with quantification of splicing provided to the right. Data 
are mean±SE. *P<0.05, **P<0.01, ***P<0.001, #P<0.0001.
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Figure 6 | Expression levels of Myocardin (Myocd) isoforms impact vascular smooth muscle cell (VSMC) con-
traction competency. A, Schematic representation of overexpressed Myocd isoforms, with primary translational start 
site (ATG1), alternative translational start sites (ATG2+ATG3), and premature stop site within exon 2a. B and C, mRNA 
and Western blot analysis (HA tag) for Myocd expression after transduction with constructs described in A (n=3 separate 
transductions). Densitometry of Western blots is depicted underneath (normalized to β-actin; pooled protein lysates from 3 
separate transductions). Expression levels assessed by qRTPCR are shown in Online Figure V. D, Phase-contrast images 
of VSMCs transduced with myocd constructs described in (A), seeded onto deformable silicone substrate. E, Quantitation 
of contraction competence and cellular proliferation in transduced VSMCs (n=3; P<0.0001; ANOVA with Bonferroni multiple 
comparison test; n.s. denotes nonsignificant). F, Relative mRNA expression levels of CArG (Cald1, Cnn1, Myh11, Acta2) and 
MEF (Myl1, Srsf3, Bop1)–induced genes (n=3 biological replicates; und denotes undetectable). Data are mean±SE.*P<0.05, 
**P<0.01, ***P<0.001.

Vascular Injury Triggers Myocd Alternative Splicing 
It is well established that arterial injury induces VSMC dedifferentiation. 30 To test 
if this response to arterial injury is associated with a change in the expression 
levels of Myocd splice variants, apoE-/- mice on a Western-type diet underwent 
wire injury of the left carotid artery. At days 0 (uninjured), 1, 3, 7, 14, 21, and 
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28, the injured carotid arteries were harvested and mRNA transcript levels of 
QkI-5, QkI-6, QkI-7, total Myocd, and Myocd_v3/Myocd_v1 mRNA balance were 
determined (n=4 mice per time point). In keeping with the QkI mRNA expression 
profile observed after femoral cuff placement in WT and apoE-/- mice (Figure 
2A and Online Figure IA), wire injury of the carotid artery resulted in an initial 
decrease in QkI mRNA expression levels, followed by an increase in qkI mRNA 
expression levels, with, in particular, a 1.85-fold increase in QkI-6 mRNA levels 
after 7 days (Figure 7A; *P<0.05). Concordantly, Myocd expression was 2.7-
fold reduced 7 days after arterial injury and was coupled with a striking shift in 
expression of Myocd_v3 to Myocd_v1 expression (n=4 mice per time point; 2 
mice per time point shown on gel; P<0.05; Figure 7B). This coexpression of both 
Myocd_v3 and Myocd_v1 persisted until 21 days post–wire injury, whereas by 
28 days the expression of Myocd in carotid arteries had once again reverted 
to the almost exclusive expression of Myocd_v3 (Figure 7B). These findings 
strongly suggest that QKI-induced alternative splicing of the Myocd pre-mRNA is 
functionally relevant and generates MYOCD isoforms that are required for both 
physiological and pathophysiologic situations in the artery wall.

Figure 7
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Discussion 

The current study demonstrates that QKI expression levels play a central role 
in the determination of VSMC phenotype. We have identified that QKI is poorly 
expressed in VSMCs of healthy coronary artery specimens, suggesting that the 
RNA-binding properties of QKI are repressed in contractile VSMCs. In contrast, 
our in vivo studies indicate that QKI expression is strongly induced in VSMCs in 
response to vascular injury, indicating a potential role for QKI in guiding VSMC 
dedifferentiation, enabling the VSMC to aid in the repair of the damaged portion 
of the artery wall. Importantly, the unabated proliferation of synthetic VSMCs can 
lead to rapid luminal narrowing.12,15,32 To this end, gene expression profiles that 
VSMCs require to proliferate, migrate, and produce ECM production. At present, 
little is known regarding a role for RNAbinding proteins in regulating VSMC 
biology in either healthy or diseased situations. HuR, a RNA-binding protein 
that targets AU-rich regions in 3′-UTRs, has been found to be highly expressed 

Figure 7 | Vascular injury triggers induction of Quaking (qkI) and alternative splicing of myocardin (Myocd). A, 
Temporal expression profile for QkI-5, QkI-6, and QkI-7 and myocd mRNA abundance at various time points after wire injury 
to the carotid artery of 4 apoE-/- per time point (n=4; Kruskal–Wallis ANOVA). B, PCR analysis of Myocd_v3 and Myocd_v1 
expression at various time points after wire injury to the mouse carotid artery (top) and quantitation of relative expression levels 
at designated time points (bottom; n=4; Kruskal–Wallis ANOVA for exon 2a inclusion). Data are mean±SE.*P<0.05. C, In the 
healthy artery, QKI is poorly expressed, enhancing inclusion of Myocd exon 2a. This Myocd splice variant, Myocd_v3, encodes 
the 856-amino acid MYOCD isoform (MYOCD_v3) because of the presence of a premature stop codon in the mature mRNA. 
MYOCD_v3 is the primary isoform expressed in contractile vascular smooth muscle cells (VSMCs). In the diseased artery, QKI 
is highly expressed and binds to the quaking response element in exon 2a, resulting in exon 2a exclusion from the mature Myocd 
mRNA (myocd_v1). This Myocd splice variant encodes the 935-amino acid MYOCD isoform (MYOCD_v1) and is enriched in 
proliferative VSMCs.
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in VSMCs of neointimal lesions where it stabilizes mRNAs encoding cell cycle 
proteins.33 In contrast to HuR, recent studies have identified that the majority 
of qre’s in (pre-)mRNAs are localized to intronic regions,34,35 whereas recent 
studies by Hall et al36 identified that the depletion of QKI in C2C12 myoblasts 
critically regulates alternative splicing events in these cells. In keeping with 
thisthe observed decrease in neointima formation in Qkv mice after femoral 
cuff placement could be the direct result of a decreased capacity to activate 
notion, we identified that QKI is a critical post-transcriptional regulator of the 
Myocd pre-mRNA (Figure 7C). This event profoundly impacts MYOCD isoform 
production,20,31,37 as exon 2a exclusion (Myocd_v1) leads to the generation of 
a 935-amino acid MYOCD_v1 isoform, whereas exon 2a inclusion (Myocd_v3) 
leads to the production of a 856-amino acid MYOCD_v3 isoform. Although both 
isoforms serve as cotranscriptional activators of SRF,20,38 the N-terminal portion 
of MYOCD_v1 confers the protein with the capacity to interact with the myocyte 
enhancing factor 2 (MEF2) family of transcription factors and encodes a RPEL 
domain responsible for the interaction with G-actin.20 Evidence that the QKI-
mediated alternative splicing of the Myocd pre-mRNA is physiologically relevent 
can be derived from the fact that QKI is virtually absent in VSMCs of the healthy 
artery wall, where Myocd is highly expressed and almost exclusively present as 
Myocd_v3 splice variant (Figure 7C). It is well established that injury to the artery 
wall triggers VSMC dedifferentiation.10,22,30,32 We identified that this event is tightly 
coupled with the dynamic modulation of QKI expression, and that the differential 
expression of the distinct QKI isoforms induces the enrichment of the Myocd_v1 
splice variant in proliferative VSMCs. Here, we hypothesize that alterations in 
the Myocd splice variant balance are part of the VSMC-mediated response to 
vascular injury, possibly enhancing the expression of MEF2 target genes (Figure 
7C). Importantly, Firulli et al39 have previously identified that MEF2A, MEF2B, 
and MEF2D are abundantly expressed in neointimal VSMCs of rat restenotic 
tissue, whereas Creemers et al20 identified that MEF2 dose-dependently titrates 
MYOCD_v1 protein from interaction with SRF. As such, a reduction in Myocd 
expression coupled with a decreased interaction with SRF could be required 
to activate gene expression profiles that drive arterial repair. Importantly, our 
data also suggest that VSMCs preferentially express MYOCD_v3 protein, 
because VSMCs expressing equivalent levels of the Myocd_v1 and Myocd_v3 
splice variants expressed markedly more MYOCD_v3 protein, indicating that 
QKI-mediated alternative splicing of Myocd exon 2a plays a role in regulating 
MYOCD protein abundance. SMCs also serve critical roles in the physiological 
functioning of the intestines, testis, uterus, and urinary bladder. Interestingly, QKI 
is abundantly expressed in these tissues,40 providing the interesting possibility 
that, similar to the artery wall, alterations in QKI expression levels could play a 
regulatory role in pathological complications in these tissues, such as uterine 
leiomyoma formation,41 epididymal hyperplasia,42 and bladder dysfunction.43,44 
In conclusion, our findings imply that QKI is not exclusively associated with 
neural development and disease, but that QKI is in fact a critical regulator of the 
functional plasticity that is required for VSMC function under both physiological 
and pathophysiological conditions. 
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Online Figure 1 | Expression levels of qkI transcripts are affected by injury to the vessel wall. (A) Temporal mRNA 
expression profile of QkI-5, QkI-6, QkI-7 in response to femoral artery placement of a perivascular cuff in 3 apoE-/- mice per 
timepoint. Values shown are relative to uninjured control and are normalized to Gapdh (n=3). (B) High magnification images 
of femoral arteries displayed in Figure 2 illustrating the spatiotemporal expression profile of QKI protein after perivascular 
cuff placement in WT mice (n=6 mice; scale bars, 10 μm; IT, isotype control). C) Relative change in QkI-5, -6 and -7 mRNA 
expression levels in flash-frozen aortas of WT and Qkv mice (n=6). Data are normalized to Gapdh and are relative to QkI-5 
mRNA expression levels. Data are mean ± s.e. *p<0.05, **p<0.01.
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Online figure 2 | QKI gene dosage determines VSMC morphology and phenotype. (A) isolated and clonally subcultured cuboidal and 
spindle sh-qkI HITA2 VSMCs. Western blot analysis of QKI and contractile apparatus protein expression in whole cell lysates harvested 
from cuboidal and spindle sh-qkI HITA2 VSMCs (n=3). Quantitation of protein expression in contractile VSMCs is relative to cuboidal 
VSMCs and is normalized to ACTB (n=3). (B) Schematic depicting primer sets used to assess Myocd splice variants. Light grey boxes 
indicate alternative exons of Myocd. (C-D) PCR analysis of Myocd exon 2-5 in HITA2 kd-cuboidal and HITA2 kd-spindle VSMCs (C) and 
HITA2 sh-cont and HITA2 sh-qkI VSMCs (D). Top panel: The approximately 300 bp fragment illustrates inclusion of exon 2a. Quantitation 
provided is indicative of percent exon 2a inclusion and is normalized to Gapdh. Cuboidal vs. contractile, n=3; sh-cont vs. sh-qkI, n=4. 
*p<0.05, **p<0.01.
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Online Figure 3

Online Figure 3 | Mechanisms of modulation of myocd pre-mRNA by QKI. (A) Schematic depicting the coding region of the myocardin 
locus, including the 5- and 3-UTR regions (white boxes), exonic regions (black boxes), and intronic regions (lines between exons). The 
qre in the myocd 3 -UTR are defined as qre-2 and qre-3 (which are 643 and 2085 base pairs downstream of the translational stop codon 
in exon 14), which are also found in the luciferase constructs (bottom right). qre-1 is found in the intronic region between exon 2 and exon 
3, and is located on the 3’ -splice site of exon 2a (top left). (B) Luciferase/Renilla relative expression levels of pMIR-REPORT-qre2, qre3 
and qre-2+3 constructs as depicted in (A) 24h after transient transfection into three separate sh-cont and sh-qkI transduced HEK293 
cultures (n=3 separate transfection with aformentioned luciferase constructs). (C) Quantitation of percent exon 2a inclusion in sh-cont and 
sh-qkI HITC6 VSMCs cultured in the presence (day 0) and absence (day 8) of serum. Data are mean ± s.e. n.s indicates non-significant, 
*p<0.05, **p<0.01.
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Online figure 5

Online Figure 5 | Quantitative assessment of myocd mRNA expression in VSMCs overexpressing distinct Myocd isoforms. (A-C) 
Relative mRNA abundance of myocd exon 10-13 (A) and myocd exon 2-5 (B) in human VSMCs overexpressing EGFP, v1a, v1b, v3a or 
v3b (C). N=3. Data are mean ± S.E.
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Abstract

A hallmark of inflammatory diseases is the excessive recruitment and influx 
of monocytes to sites of tissue damage and their ensuing differentiation into 
macrophages. Numerous stimuli are known to induce transcriptional changes 
associated with macrophage phenotype, but posttranscriptional control of 
human macrophage differentiation is less well understood. Here we show that 
expression levels of the RNA-binding protein Quaking (QKI) are low in monocytes 
and early human atherosclerotic lesions, but are abundant in macrophages 
of advanced plaques. Depletion of QKI protein impairs monocyte adhesion, 
migration, differentiation into macrophages and foam cell formation in vitro and 
in vivo. RNA-seq and microarray analysis of human monocyte and macrophage 
transcriptomes, including those of a unique QKI haploinsufficient patient, reveal 
striking changes in QKI-dependent messenger RNA levels and splicing of RNA 
transcripts. The biological importance of these transcripts and requirement for 
QKI during differentiation illustrates a central role for QKI in posttranscriptionally 
guiding macrophage identity and function.
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Introduction

Monocytes serve as danger sensors within the circulation. The activation of 
blood-borne monocytes by inflammatory stimuli triggers their adhesion and 
homing to sites of tissue injury, where they differentiate into macrophages and 
collectively aid in the resolution of damage1,2. However, the chronic accumulation 
of macrophages at these sites of injury is a hallmark of inflammatory diseases 
such as rheumatoid arthritis3, Crohn’s disease4 and atherosclerosis5–7. Dynamic 
changes in gene expression are associated with monocyte to macrophage 
differentiation, where PU.18, Signal Transducer and Activator of Transcription 
(STATs)9 and CCAAT/Enhancer Binding Protein (C/EBP)10 are key transcription 
factors that drive this alteration in cellular phenotype and function11,12. Importantly, 
numerous studies have identified critical roles for both microRNAs (miRNAs) and 
RNA-binding proteins (RBPs) in posttranscriptionally regulating monocyte13 and 
macrophage14 biology. However, the posttranscriptional regulation of monocyte to 
macrophage differentiation has generally been limited to studies detailing miRNA-
based targeting of individual transcription factors or effector molecules that 
either stimulate or delay this phenotypic conversion15–17. In contrast to miRNAs, 
RBPs mediate both quantitative and qualitative changes to the transcriptome, 
interacting with pre-mRNAs to influence (alternative) splicing, transcript stability, 
editing, subcellular localization and translational activation or repression18–20. 
This broad arsenal of RNA-based control points enables RBPs to modulate the 
proteome in response to immunogenic stimuli17, shifting inflammatory cells from 
an immature or naive state to a mature or activated state, as has previously 
been established in lymphoid cells21,22. In recent times, we discovered that 
expression of the RBP Quaking (QKI) is induced in human restenotic lesion-
resident vascular smooth muscle cells (VSMCs), where it directly mediates a 
splicing event in the Myocardin pre-mRNA that governs VSMC function23. This 
finding prompted us to investigate whether QKI could similarly serve as an 
inflammation-sensitive posttranscriptional guide during monocyte to macrophage 
differentiation. Alternative splicing of the QKI pre-mRNA yields mature transcripts 
of 5, 6 or 7 kb that encode distinct protein isoforms, namely QKI-5, -6 and -7 24,25. 
QKI-5 possesses a nuclear localization signal in the carboxy-terminal region and 
is found in the nucleus of cells. In contrast, QKI-6 and QKI-7 are found in the 
cytoplasm. However, QKI-6 and QKI-7 can also translocate to the nucleus23,26. 
The presence of a KH-family homology domain confers QKI with the capacity 
to bind RNA27, albeit dimerization is required26,28 to bind with high affinity to the 
QKI response element (QRE) sequence (NACUAAY N1-20 UAAY) on target 
RNAs29–33. Importantly, aberrant QKI expression is associated with inflammatory 
diseases such as schizophrenia34,35, cancer36 and restenosis23. Here we show 
that the RBP QKI plays a critical role in regulating the conversion of monocytes 
into macrophages in, for example, atherosclerotic lesions. Our studies pinpoint 
QKI as a dynamic regulator of pre-mRNA splicing and expression profiles that 
drive monocyte activation, adhesion and differentiation into macrophages, and 
facilitates their conversion into foam cells. 
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Figure 1 | Quaking is expressed in macrophages within atherosclerotic lesions. (a) Pan-QKI mRNA 
expression levels in CD68+ macrophages of early and advanced atherosclerotic lesions isolated by laser-capture microdissec-
tion (n¼4). Data expressed as mean±s.e.m.; Student’s t-test, *P<0.05. Scale bar, 50 mm. (b) Immunohistochemical analysis of 
co-localization of pan-QKI and CD68 expression in preliminary intimal thickening (PIT), FCA and intraplaque haemorrage (PIH). 
Dashed line denotes intimal/adventitial border. Scale bar, 50 mm. 
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Results 

Human atherosclerotic lesion macrophages express QKI. 
We previously observed QKI expression in VSMCs23 and in leukocyte foci 
within human coronary restenotic lesions. Based on this observation, we used 
laser-capture microdissection to harvest CD68+ macrophages from early and 
advanced atherosclerotic lesions of human carotid arteries. QKI mRNA was 
4.2-fold enriched in macrophages derived from advanced as compared with 
early atherosclerotic lesions (Fig. 1a). Next, using immunohistochemistry, we 
assessed QKI protein expression in human tissue sections at various stages of 
atherosclerotic lesion development, namely early pathological intimal thickening 
(PIT), fibrous cap atheroma (FCA) and intraplaque haemorrhaging (IPH). Although 
QKI was detectable in CD68+ myeloid cells of PIT, it was abundantly expressed 
in macrophage-rich FCA and IPH lesions (Fig. 1b). Furthermore, QKI-5, -6 and 
-7 were detectable in the nuclear, perinuclear and cytoplasmic regions of intimal 
macrophages in both FCA and IPH, respectively (Fig. 1c). We conclude that the 
accumulation of macrophages in human atherosclerotic lesions is associated 
with increased mRNA and protein expression of all three QKI isoforms within the 
macrophage. 

A reduction in QKI decreases lesional macrophage burden.
To investigate whether decreased QKI expression in monocytes and 
macrophages could influence atherosclerotic lesion formation, we transplanted 
bone marrow (BM) from QKI viable (qkv) mice37, which express reduced levels of 
QKI protein, or their wild-type (wt) littermate controls (LM) into atherogenic LDLR-
/- mice. Although qk knockout mice die as embryos, the qkv mouse harbours 
a spontaneous 1Mb deletion in the QK promoter region that leads to reduced 
levels of QKI mRNA and protein37. Indeed, macrophage colony-stimulating 
factor (M-CSF)- mediated conversion of LM and qkv BM-derived monocytes 
to macrophages showed subtly reduced QKI-5 mRNA and protein levels, and 
almost a complete ablation of QKI-6 and -7 protein (Fig. 1d,e). Following BM 
transplantation, the LDLR-/-/qkv and LDLR-/-/LM mice were fed a high-fat diet for 
8 weeks, to induce atherosclerotic lesion formation. 

Figure 1 legend continued | (c) Immunohistochemical analysis of QKI-5, -6 and -7 expression in PIT, FCA and IPH (top), 
and quantification of QKI-positive cells mm2 per tissue sample (n=5). Data expressed as mean±s.e.m.; one-way analysis 
of variance (ANOVA), Bonferroni’s post-hoc test; *P<0.05, **P<0.01. (d) Quantitative RT–PCR (qRT–PCR) analysis of QKI 
mRNA expression in naive BM-derived CD115þ mouse monocytes and 7 days M-CSF stimulated macrophages of either wt-
littermates (LM) or quaking viable (qkv) mice (n = at least 3 mice per condition). Data expressed as mean±s.e.m.; one-way 
ANOVA, Bonferroni’s post-hoc test; *P<0.05 and **P<0.01. (e) Western blot analysis of QKI-5, -6 and -7 expression levels in 
7 days M-CSF stimulated macrophages derived from BM of wt and qkv mice. Each lane represents an individual mouse ly-
sate (biological n=3). (f) Immunohistochemical analysis for atherosclerotic plaque-resident macrophages (% MoMa-positive 
area) in aortic root sections of g-irradiated (8 Gy) LDLR-/- mice that subsequently were transplanted with BM from either qkv 
mice (qkv-BM) or littermates (LM-BM) and fed a high-fat diet for 8 weeks to develop atherosclerotic lesions (n=12 per group). 
Scale bar, 200 µm. Data expressed as mean±s.e.m.; Student’s t-test, with *P<0.05. 
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Figure 2 | QKI is highly expressed in macrophages derived from PB monocytes. (a) mRNA expres-
sion levels of distinct QKI isoforms following negative selection and FACS sorting for blood-derived human monocyte subsets, 
namely classical (CD14++, CD16-), intermediate (CD14++,CD16+) and non-classical (CD14+,CD16+). Expression is depicted 
relative to copies per glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Data expressed as mean±s.e.m.; one-way 
analysis of variance (ANOVA), Bonferroni’s post-hoc test; *P<0.05 and **P<0.01. (b) Phase-contrast photomicrographs of 
human PB monocytes cultured for 7 days in the presence of either GM-CSF or M-CSF. Scale bar, 50 mm. (c) Quantitative 
RT–PCR (qRT–PCR) analysis for QKI mRNA isoforms in naive PB monocytes isolated using CD14þ microbeads, 7 days 
GM-CSF and 7 days M-CSF differentiated macrophages (n=3). Expression is depicted relative to copies per GAPDH. Data 
expressed as mean±s.e.m.; one-way ANOVA, Bonferroni’s post-hoc test; *P<0.05 and **P<0.01. (d) Western blot analysis 
of QKI protein isoforms in naive monocytes, 7 days GM-CSF and 7 days M-CSF differentiated macrophages (pan-QKI and 
CD14: n=5, QKI-5, 6 and 7: n=1) with quantification of pan-QKI (n=5). Data expressed as mean±s.e.m.; Student’s t-test, with 
**P<0.01. Equivalent concentrations of whole-cell lysates were loaded per lane as determined using a BCA protein assay.
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Interestingly, the longterm reduction of QKI expression during haematopoietic 
reconstitution limited neutrophil and monocytic repopulation (Supplementary 
Data 1). In keeping with this finding, immunohistochemical analysis of the 
aortic root revealed significantly decreased monocyte/macrophage content 
within atherosclerotic lesions of LDLR-/-/qkv mice (Fig. 1f), a finding that 
immunohistochemical analysis revealed was independent of plaque size or 
collagen content. These findings suggested that changes in haematopoietic 
and monocytic QKI expression could influence the macrophage content of 
atherosclerotic lesions. 

QKI is induced on monocyte to macrophage differentiation. 
Having identified high QKI expression in macrophages in atherosclerotic lesions, 
we first explored whether QKI mRNA expression levels differ in macrophage 
precursors, namely classical (CD14++/CD16-), intermediate (CD14++/CD16+) 
and non-classical (CD14+/CD16-) monocytes derived from human peripheral 
blood (PB)2. All three monocyte subpopulations abundantly expressed QKI-5, -6 
and -7 mRNAs as compared with glyceraldehyde 3-phosphate dehydrogenase 
(Fig. 2a). Moreover, QKI-5, -6 and -7 mRNA levels increased as classical 
monocytes progressed towards intermediate or non-classical monocytes. 
Interestingly, QKI-5 mRNA was the most abundantly expressed transcript in 
all three subpopulations. (Fig. 2a). Next, we assessed QKI mRNA and protein 
levels in human PB monocytes treated with granulocyte–macrophage CSF (GM-
CSF) and M-CSF, to stimulate their conversion to pro-inflammatory and anti-
inflammatory macrophages, respectively (Fig. 2b). We observed remarkable 
increases in the expression of all QKI mRNA transcripts in mature macrophages 
(Fig. 2c). However, despite abundant QKI mRNA, the distinct QKI isoforms 
were poorly expressed in freshly isolated PB monocytes as compared with 
mature macrophages (Fig. 2d). The GM-CSF or M-CSF-induced conversion of 
monocytes into macrophages was associated with striking increases in QKI-5, 
-6 and -7 protein levels, with a more pronounced increase in all three isoforms 
observed with M-CSF treatment (Fig. 2d). 

QKI haploinsufficiency perturbs macrophage differentiation. 
To further assess the role of QKI in monocyte and macrophage biology, we 
undertook an in-depth analysis of a unique, QKI haploinsufficient individual 
(Pat-QKI+/--) and her sister control (Sib-QKI+/+)38. This patient is the only 
known carrier of a balanced reciprocal translocation (t(5;6)(q23.1;q26)), where 
a breakpoint in one of her QKI alleles specifically reduces QKI expression by 
50% in both QKI mRNA38 and QKI protein levels as compared with her sibling 
(Sib-QKI+/+; Fig. 3a,b). RNA sequencing (RNA-seq) analysis (see below) 
confirmed altered QKI expression and furthermore revealed the precise location 
of the translocation breakpoint in intron 4 of QKI (Fig. 3b and Supplementary 
Fig. 1a). We next compared the circulating monocytes of these two individuals 
for the expression of well-established monocyte cell surface markers such as 
CD14, CD16, CX3CR1, CCR2, SELPLG and CSF1R by fluorescence-activated 
cell sorting (FACS) analysis. Although monocyte subset ratios were not different 
(Supplementary Fig. 2a), the expression of CSF1R, the receptor that drives 
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macrophage commitment, was elevated in Pat-QKI+/-- non-classical monocytes 
as compared with Sib-QKI+/+ (Supplementary Fig. 2b). As CSF1R is normally 
reduced when monocytes differentiate into macrophages, this observation 
points towards a potential defect in monocyte maturation in the patient. Next, 
we investigated the consequences of decreased QKI expression on monocyte 
to macrophage differentiation. For this, we obtained freshly isolated Pat-QKI+/-- 
and Sib-QKI+/+ monocytes from venous blood and treated the cells for 7 days 
in the presence of either GM-CSF or M-CSF. Similar to the results in Fig. 2b, 
Sib-QKI+/+ monocytes possessed the capacity to adopt the characteristic pro-
inflammatory macrophage morphology, whereas monocytes from Pat-QKI+/-- 
generally retained a monocytic morphology (Fig. 3c top panels). We harvested 
RNA and protein from these macrophages and found that both QKI mRNA and 
protein levels were decreased (Fig. 3d,e). Surprisingly, this reduction in QKI 
did not appear to have an impact on the conversion of monocytes into anti-
inflammatory macrophages (Fig. 3c bottom panels), a finding that prompted us 
to focus on the role of QKI in monocyte to macrophage differentiation in a pro-
inflammatory setting.

QKI impacts transcript abundance in monocytes and macrophages. 
The observed increase in QKI expression during macrophage differentiation 
and well-established function as a splicing and translational regulator23,31,39,40 
suggested that QKI is necessary for posttranscriptional control of events that lead 
to macrophage identity. To identify potential regulatory targets of QKI at a genome-
wide level, we characterized the transcriptomes of Sib-QKI+/+ and Pat-QKI+/-
monocytes and GM-CSF-stimulated macrophages by RNA-seq (Supplementary 
Data 2). First, we assessed the expression levels of established immune-
regulated genes11,12. As shown in Fig. 3f, the mRNA levels of many monocyte 
to macrophage differentiation markers11,12 were similarly regulated in Sib-QKI+/+ 
and Pat-QKI+/-- (CD68↑, ApoE↑, ITGAM↑, CD14↓, CX3CR1↓ and CD163↓). 
In contrast, the expression levels of several key pro- and anti-inflammatory 
markers indicated an antiatherogenic shift in Pat-QKI+/- macrophages (Fig. 3f 
right; IL6↓, IL23a↓, CD16A↓, CD16B↓, ApoE↓ and IL10↑). At the genome-wide 
level, QKI haploinsufficiency altered the abundance of 2,433 and 1,306 mRNA 
species in monocytes and macrophages (Fig. 3g, Supplementary Data 2 and 
Supplementary Fig. 3 top), respectively. Subsequently, we computationally 
determined the subset of mature mRNA transcripts in the genome that contain a 
QKI-binding sequence motif (termed QRE)30 (Supplementary Data 2). Our data 
suggested that QKI directly modulates the expression of 215 (128↑ and 87↓) and 
154 (100↑ and 54↓) mRNAs in PB monocytes and macrophages, respectively 
(Fig. 3g, Venn sum of intersect). The five most differentially expressed genes 
in the patient relative to the sibling that harbour a QRE are shown in Fig. 3h. By 
selecting genes containing QREs, we identified a substantial number of putative 
QKI-mediated changes in transcript abundance (Fig. 3i). Previous genome-
wide studies have reported contrasting roles for QKI as both a repressor and 
stabilizer of target mRNAs31,33. Intrigued by this ambiguity, we determined the 
consequences of QKI haploinsufficiency on mRNA transcript abundance in 
monocytes and macrophages. For this, we tested whether the presence of a 
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QRE within a target mRNA was associated with increased or decreased mRNA 
abundance in the patient relative to her sibling (Supplementary Fig. 3 top). For 
this, we plotted the cumulative distribution fraction (CDF: y axis, as a fraction 
of total genes) against the transcript Log2FC (x axis: Pat-QKI+/- / Sib-QKI+/+) 
and stratified for either putative QKI targets (with QRE) or non-targets (no QRE). 
In PB monocytes, a reduction in QKI was associated with significantly lowered 
target mRNA expression (Fig. 3j left panel, left shift of cyan line). In contrast, 
in PB macrophages the expression levels of mature mRNAs containing QREs 
was strikingly increased in the patient relative to her sibling, as compared with 
those without QREs (Fig. 3j right panel, right shift of cyan line). Collectively, these 
studies suggested that QKI potently regulates gene expression during monocyte-
to-macrophage differentiation. 

Figure 3 | Characterization of monocyte and macrophage biology in a unique QKI haploinsuf-
ficient patient. (a) Schematic of chromosomal translocation event in the qkI haploinsufficient patient (Pat-QKI+/-), reducing 
QKI expression to 50% that of her sister control (Sib-QKI+/+). (b) Top: UCSC Genome Browser display of reference genome QKI 
locus with standard and chimeric reads for the patient and sibling. The reduced expression levels and altered 30-untranslated 
region (UTR) composition in the patient RNA as compared with a sibling control is noteworthy. Patient shows increased intronic 
RNA extending to the point where chimeric reads map at the breakpoint to chr5. Middle: chromosome diagrams showing normal 
chromosomes 5 and 6 with the red line, indicating the location of the breakage fusion point. Bottom: sequence across the fusion 
point. The chromosomal origin of the AG dinucleotide is ambiguous. (c) Photomicrographs of sibling and patient macrophages, 
cultured in GM-CSF or M-CSF for 7 days, respectively. 
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QKI controls splicing in monocytes and macrophages.
Given previous reports that QKI is involved in splicing of pre-mRNAs23,39–42, we 
tested whether QKI acts similarly in monocytes and macrophages. First, we 
evaluated our RNA-seq analysis of Sib-QKI+/+ and Pat-QKI+/--  PB monocytes 
and macrophages for splicing changes (Supplementary Data 3). This analysis 
uncovered 1,513 alternative splicing events between Pat-QKI+/-- and Sib-QKI+/+ 
monocytes and macrophages, revealing events that were unique to either 
monocytes or macrophages, as well as common events (Supplementary Data 3). 
Previous observations for QKI and other RBPs suggested that when a splicing 
factor binds the intron downstream of an alternative exon, it promotes exon 
inclusion; however, when binding the intron upstream of the alternative exon, 
the RBP promotes exon skipping19,43. We analysed the RNA-seq data for such 
a trend using the set of splicing events that change between the Pat-QKI+/- and 
Sib-QKI+/+, to determine the frequency of the QKI-binding motif, ACUAA, around 
these regulated exons, relative to a background set of exons that is expressed, but 
inclusion is unchanged between the two data sets. The results of these analyses 
are shown in Fig. 4a and Supplementary Data 4, and demonstrate ACUAA motif 
enrichment upstream of exons with increasing inclusion in Pat-QKI+/- (QKI 
repressed exons) relative to background exons, as well as an increase in ACUAA 
motif frequency downstream of exons with increased skipping (QKI activated) 
relative to background. This suggested that similar to C2C12 myoblasts39, QKI 
promotes exon skipping by binding the upstream intron, while promoting inclusion 
of alternative exons by binding to the downstream intron, in monocytes and in 
macrophages. These data strongly support a direct, position-dependent role 
for QKI in regulating alternative splicing, while also providing additional protein 
diversity during monocyte-to-macrophage differentiation. As shown in Fig. 4b, 
QKI haploinsufficiency triggered alternative splicing events in PB monocytes 
(orange tracks) and macrophages (blue tracks). Interestingly, the presence of 
QKI-binding sites, as defined by either experimentally determined QKI PAR-CLIP 
sites39 and/or ACUAA motifs clearly associated with changes in exon inclusion 

Figure 3 legend continued | (d,e) Assessment of QKI isoform mRNA and protein expression in 4-day GM-CSF-
stimulated macrophages in  the sibling and patient. (f) Hierarchical clustering (Euclidean algorithm) of key monocyte dif-
ferentiation genes depicting changes in RNA-seq-derived mRNA abundance where dark blue=low expression, whereas 
light blue=high expression (* and/or # indicates >1.5-fold expression change in monocytes or macrophages, respectively). 
(g) Venn diagrams with numbers of differentially expressed genes (minimally ±1.5-fold; patient/sibling expression) for un-
stimulated (top) and GM-CSF stimulated macrophages (bottom). An expression cutoff (Pat+Sib expression >1 CPM) was 
applied. (h) The most differentially expressed genes, harbouring a QRE are depicted. (i) Genome-wide scatterplot of mRNA 
abundance (y axis: Log10 CPM) versus the log2FC (x axis: Patient/sibling CPM) after an expression cutoff (Pat+Sib ex-
pression >1 CPM) in monocytes (left) and GM-CSF-stimulated macrophages (right). Blue dots indicate QRE-containing 
transcripts minimally ±1.5-fold differentially expressed. Grey dots do not fulfill these criteria. (j) CDF (y axis) for QKI target 
(QRE containing: blue line) and non-target (non-QRE containing: cyan line) mRNAs (x axis: log2FC) in monocytes (left) and 
macrophages (right). Left shift indicates lower expression of QKI target genes, whereas a right shift indicates higher expres-
sion of QKI targets in the patient samples. Distributions were compared using a Wilcoxon rank-sum test
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(for example, ADD3), alternative 5’-splice sites (PARP2), alternative 3’-splice 
sites (M6PR) and intron retention (for example, BICD2), thereby expanding the 
detection of veritable QKI-regulated events beyond cassette exons (splice event 
‘se’ location defined by brackets). Importantly, strong correlations were observed 
between QKI expression levels and the magnitude of the splicing event, be it 
between the patient and sibling control, or between monocytes and macrophages 
(Fig. 4b). Finally, we validated several alternatively spliced cassette exons, 
including events in ADD3, LAIR1 and UTRN by reverse transcriptase–PCR 
(RT–PCR), using primers in flanking exons (Fig. 4c). Collectively, our RNA-seq 
data analysis of this unique QKI haploinsufficient individual strongly suggested 
a direct role for QKI in regulating alternative splicing events that could influence 
monocyte to macrophage differentiation. To extend results obtained with the QKI 
haploinsufficient patient, we abrogated QKI expression in naive primary human 
monocytes harvested from freshly drawn venous blood of healthy controls. 
We designed GapmeR antisense oligonucleotides that either targeted QKI for 
degradation (QKI-Gap), or are scrambled as a control (Scr-Gap), coupled with a 
50-FAM label to track their cellular uptake. The QKI-Gap and Scr-Gap compounds 
were administered to the freshly isolated monocytes, concomitant with GM-
CSF for 96 h, to drive the differentiation to pro-inflammatory macrophages. In 
contrast to our attempts to reduce QKI mRNA levels using other well-established 
approaches, we observed virtually no signs of cytotoxicity or apoptosis following 
GapmeR treatment. Furthermore, the treatment did not hamper the capacity of 
monocytes to differentiate into macrophages (Fig. 4d top), while uptake efficiency 
approached 100% (based on FAM+ cells; Fig. 4d bottom). After 96 h, we harvested 
RNA from the QKI-Gap- and Scr-Gap-treated macrophages, which yielded a 
minimal reduction in QKI-5 mRNA levels but remarkable reductions in QKI-6 
and QKI-7 mRNAs (Fig. 4e). Albeit that the GapmeR-mediated reduction in QKI 
expression in primary human macrophages was not as striking as that observed 
in the QKI haploinsufficient patient, it nonetheless enabled us to visualize and 
validate significant changes in several of the aforementioned QKI-mediated 
alternative splicing events, such as ADD3 and FcgR-IIb (FCGR2B) (Fig. 4f; n=3 
donors). It should be noted that the inability to remarkably reduce the expression of 
the nuclear QKI isoform, namely QKI-5, could be responsible for the discrepancy 
between the striking shift in splicing observed in the QKI haploinsufficinet patient 
as compared with the GapmeR-mediated abrogation of QKI expression. Taken 
together, these studies clearly pinpoint QKI as a regulator of pre-mRNA splicing 
during monocyte-to-macrophage differentiation and implicate QKI gene dosage 
as a determinant of splicing event magnitude. 
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Figure 4 | QKI influences pre-mRNA splicing in naive PB monocytes and macrophages. (a) 
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QKI regulates transcript abundance in THP-1 cells. 
To provide further support for a regulatory role for QKI during monocyte-
tomacrophage differentiation, we tested whether QKI could similarly modulate 
transcript abundance and pre-mRNA splicing in a well-established monocyte 
cell line, namely THP-1 cells. Similar to GM-CSF-induced differentiation of PB 
monocytes into macrophages, the 12,13-phorbol myristyl acetate (PMA)-induced 
transition of THP-1 ‘monocytes’ to ‘macrophages’ was associated with the 
following: (1) significantly increased expression of all QKI mRNA transcripts (Fig. 
5a); (2) barely detectable levels of QKI protein in THP-1 ‘monocytes’ (Fig. 5b 
and Supplementary Fig. 4a); and (3) significantly increased expression of QKI 
protein during THP-1 ‘monocyte’ to ‘macrophage’ differentiation (Fig. 5b,c). Next, 
we stably transduced THP-1 ‘monocytes’ with either short-hairpin RNA (shRNA) 
targeting QKI (sh-QKI) to specifically deplete QKI or with a non-targeting shRNA 
control (sh-Cont) (Supplementary Fig. 4b). Similar to GM-CSFstimulated Pat-
QKI+/- versus Sib-QKI+/+ monocytes, sh-QKI THP-1 ‘monocytes’ displayed an 
inability to adopt the ‘macrophage’ morphology following stimulation with PMA 
as compared with sh-Cont THP-1 ‘monocytes’ (Supplementary Fig. 4c arrows). 
We subsequently determined mRNA levels using an exon junction microarray44 
analysing RNA isolated from unstimulated and 3 days PMA-stimulated THP-1 
sh-Cont and sh-QKI ’monocytes’ and ‘macrophages’ (Supplementary Data 5). 
Next, as shown in Fig. 5d, we assessed the expression profile of established 
monocyte differentiation genes (for example, CD14↑, CXCL8↑, CSF1R↑, ApoE↑, 
CX3CR1↓, CCR2↓ and CCL22↓). Similar to QKI haploinsufficient macrophages, 
several markers in sh-QKI THP-1 ‘macrophages’ displayed an anti-atherogenic 
phenotypic shift (IL6↓, IL23a↓, CD16A↓, CD16B↓, ApoE↓ and IL10↑) as compared 
with sh-Cont THP-1 ‘macrophages’ (Fig. 5d). At the genome-wide level, the 
reduction of QKI significantly altered the abundance of 359 and 573 mRNAs in 
THP-1 ‘monocytes’ and ‘macrophages’, respectively (Fig. 5e, Supplementary 
Data 5 and Supplementary Fig. 3 bottom). Of these differentially expressed 
mRNAs, 56 and 128 were computationally predicted QKI targets based on the 
presence of a QRE in the mature mRNA (Fig. 5e intersect). The most differentially 

Figure 4 legend continued | (b) Sashimi plots illustrate RNA-seq read coverage for selected alternative splic-
ing events in Pat-QKI+/- versus Sib- QKI+/+ PB monocytes (orange) and macrophages (blue). Splicing events (se) are 
highlighted by inverted brackets. The location of ACUAA motifs and QKI PAR-CLIPs are provided below. Splicing events 
were defined based on the genomic organization of RefSeq transcripts (bottom tracks). Full event details are provided 
in Supplementary Data 3. (c) PCR validation of alternatively spliced cassette exons in Sib-QKI+/+ and Pat-QKI+/- PB-
derived monocytes and macrophages. Primers were designed to target constitutive flanking exons. PCR product size for 
exon inclusion (top) and exclusion (bottom) variants are provided (left). (d) Phase-contrast and fluorescence-microscopy 
photographs (scale bar, 50 μm) of primary human, PB macrophages of healthy controls that have been treated with 
FAM-labelled GapmeRs, to reduce QKI expression. (e) Quantitative RT–PCR (qRT–PCR) of QKI mRNA isoform expres-
sion in GapmeR-treated macrophages (n=3). Data expressed as mean±s.e.m.; Student’s t-test, with **P<0.01. (f) PCR 
validation of alternatively spliced cassette exons in GapmeR-treated PB-derived macrophages. Primers were designed 
to target constitutive flanking exons. PCR product size for exon inclusion (top) and exclusion (bottom) variants are pro-
vided (left). A representative illustration is shown of an n=3 donors. Data expressed as mean±s.e.m.; Student’s t-test, 
with **P<0.01 and #P=0.08.
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expressed transcripts harbouring a QRE are denoted in Fig. 5f. The expression 
levels of mRNAs targeted by QKI in THP-1 ‘monocytes’ and ‘macrophages’ 
are depicted in Fig. 5g (blue dots) and Fig. 5h (blue lines), relative to those not 
directly affected by changes in QKI levels (Fig. 5g grey dots and Fig. 5h cyan 
lines). Consistent with our analyses in PB monocytes, putative direct QKI target 
mRNAs were mostly reduced on a targeted QKI reduction in THP-1 ‘monocytes’ 
(Fig. 5h, left plot), although a shift towards increased target mRNA abundance in 
THP-1 ‘macrophages’ was not observed (Fig. 5h, right plot). 
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Figure 5

Figure 5 | QKI influences mRNA transcript abundance during differentiation of THP-1 
monocyte-like cells to THP-1 macrophage-like cells. (a) mRNA expression of the QKI isoforms as 
compared with glyceraldehyde 3-phosphate dehydrogenase (GAPDH) in THP-1 ‘monocytes’ and 8 days differentiated 
THP-1 ‘macrophages’ (biological n=3). Data expressed as mean±s.e.m.; Student’s t-test; *P<0.05 and **P<0.01. (b)
Western blot analysis of whole-cell lysates of THP-1 ‘monocytes’ and THP-1 ‘macrophages’. (c) Western blot quan-
tification of QKI protein isoforms, normalized to b-actin in THP-1 ‘monocytes’ and THP-1 ‘macrophages’ (n=3). Data 
expressed as mean±s.e.m.; Student’s t-test; **P<0.01. (d) Hierarchical clustering (Euclidean algorithm) of key monocyte 
differentiation genes depicting changes in microarray-derived mRNA abundance THP-1 ‘monocytes’ (left two lanes) 
and THP-1 ‘macrophages’ (right two lanes), where dark blue=low expression, whereas light blue=high expression (* 
and/or # beside gene name is indicative of a significant >1.5- fold change in expression in monocytes or macrophages, 
respectively). (e) Venn diagrams depicting the number of microarray-derived differentially expressed genes (minimally 
±1.5-fold; sh-QKI/sh-Cont expression, q-value <0.05) for unstimulated THP-1 ‘monocytes’ (left Venn diagram) and THP-
1 ‘macrophages’ (right Venn diagram). (f) The most significantly differentially expressed genes harbouring a QRE are 
shown. (g) Genome-wide scatterplot of mRNA abundance in THP-1 ‘monocytes’ (left scatterplot) and THP-1 ‘macro-
phages’ (right scatterplot); y axis: Log10 probe intensity versus the x axis: log2FC: sh-QKI average probe intensity/
sh-Cont average probe intensity. Blue dots indicate QRE-containing transcripts that are minimally ±1.5 fold differentially 
expressed (q<0.05). Grey dots do not fulfill these criteria. (h) CDF (y axis) for QKI target (QRE containing: blue line) 
and non-target (non- QRE containing: cyan line) mRNAs (x axis: log2FC) in THP-1 ‘monocytes’ (left plot) and THP-1 
‘macrophages’ (right plot). Left shift indicates lower expression of QKI target genes in the sh-QKI samples, whereas a 
right shift is indicative of higher expression of QKI targets in the sh-QKI samples. Distributions were compared using a 
Wilcoxon rank-sum test.
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Figure 5 continued
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QKI modifies pre-mRNA splicing patterns in THP-1 cells. 
Having identified that QKI haploinsufficiency generates pre-mRNA splicing 
events that probably have an impact on monocyte and macrophage biology, we 
also analysed RNA isolated from sh-Cont and sh-QKI THP-1 ‘monocytes’ and 
‘macrophages’ for alternative splicing events using the exon junction microarray 
platform44. This highly sensitive technology uses probes that are designed 
specifically to detect both constitutive exon–exon junctions and alternative exon–
exon junctions, enabling one to quantify inclusion ratios for alternative splicing 
events. These studies uncovered 571 and 629 differentially regulated alternative 
splicing events in THP-1 ‘monocytes’ and ‘macrophages’, respectively, including 
numerous cassette exons, alternative 50- and 30-splice sites, and retained introns 
(Fig. 6a and Supplementary Data 6; n=3). Detected splicing events are illustrated 
in Fig. 6b, where the skip and include intensities (y axis and x axis, respectively) 
of transcript-specific hybridization probes directed to either the constitutive or 
alternatively spliced exons are plotted. The separation score, obtained by 
determining slope differences, indicates the magnitude of the splicing event. Similar 
to the motif enrichment analyses performed for the RNA-seq of PB monocytes 
and macrophages, these studies confirmed that exon skipping frequency was 
significantly correlated with alternative exons that had an ACUAA motif in the 
upstream intron (Fig. 6c left panels and Supplementary Data 4). In contrast to the 
subtle enrichment of inclusion frequency observed in Pat-QKI+/- and Sib-QKI+/+ 
monocytes and macrophages (Fig. 3a right panels), exon inclusion frequency in 
THP-1 ‘monocytes’ and ‘macrophages’ was clearly associated with the presence 
of ACUAA motifs in the downstream intron (Fig. 6c and Supplementary Data 
4). Finally, alternative cassette exons in THP-1 ‘monocytes’ and ‘macrophages’ 
were PCR validated (Fig. 6d). Importantly, we also selected several top splicing 
events from THP-1 ‘monocytes’ and ‘macrophages’ (Supplementary Data 6), 
and validated these in RNA harvested from wt and qkv mice, including REPS1, 
PTPRO and FGFR1OP2 (Fig. 6e).  

QKI targets monocyte activation and differentiation pathways. 
We subsequently determined how QKI-induced changes in mRNA transcript 
abundance could have an impact on Gene Ontology (GO) enrichment of 
coordinately regulated pathways during monocyte-to-macrophage differentiation. 
As shown in Table 1 and Supplementary Data 7, these GO analyses point towards 
a central regulatory role for QKI in immune responses to injury, processes that 
play a critical role in the onset and development of atherosclerosis and other 
inflammation-based diseases. In both monocytes and macrophages, changes 
in QKI expression clearly had an impact on Liver X Receptor (LXR)/ Retinoid 
X Receptor (RXR) activation and Peroxisome Proliferator-Activated Receptor 
(PPAR) activation and signalling, implicating a key role for QKI in regulating 
cholesterol biosynthesis and metabolism. Furthermore, a reduction in QKI 
expression also appeared to influence T-cell and Toll-like receptor signalling, 
biological processes that play prominent roles in the rapid resolution of infection, 
while in chronic settings exacerbate inflammatory conditions. Finally, the gene 
enrichment analysis suggested that posttranscriptional processing of factors 
driving the recruitment, adhesion and diapedesis of immune cells were affected 
by changes in QKI expression. 
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Figure 6 | QKI expression levels influence pre-mRNA splicing during THP-1-based monocyte-like to 
macrophage-like cell differentiation. (a) Schematic depicting detectable alternative splicing events with the splicing-sensitive 
microarray platform and number of inclusion (incl.; top lines) or exclusion (excl.; bottom lines) events observed in unstimulated THP-1 
‘monocytes’ (left) and 3-day PMA-stimulated THP-1 ‘macrophages’ (n=3, qr0.05). (b) Scatterplots of skip (y axis) and include (x axis) 
probe set intensity for selected alternative splicing events in sh-Cont (blue boxes) versus sh-QKI (orange circles) in unstimulated and 
3 days PMA-stimulated THP-1 ‘monocytes’ and ‘macrophages’, respectively. Regression coefficients (constrained to pass the origin) 
are depicted as solid lines. The log2 difference in the slopes (termed separation score; ss) are provided to the right of the plots for each 
event, with for example, an ss of 1.72, indicating a 3.3-fold more inclusion of ADD3 exon 13 in sh-QKI versus sh-Cont THP-1 ‘monocytes’. 
Full event details are provided in Supplementary Data 6. CE, cassette exon; Alt 50 or 30 , alternative 50 or 30 splice site; RI, retained 
intron. (c) SpliceTrap assessment of average proximal ACUAA RNA motif enrichment in 50 bp windows upstream and downstream of 
alternatively spliced cassette exons as compared with a background set of exons (grey circles). The relationship between the frequency 
of exon exclusion (blue triangles) or exon inclusion (red squares) and ACUAA RNA motif enrichment are depicted. (d) PCR validation of 
alternatively spliced cassette exons in sh-Cont and sh-QKI THP-1 ‘monocytes’ and ‘macrophages’. Primers were designed to target con-
stitutive flanking exons. PCR product size for exon inclusion (top) and exclusion (bottom) variants are provided (left). All experiments depict 
biological n=3. (e) PCR validation of three splicing events in wt and qkv mouse-derived primary monocytes and 7 days M-CSF-stimulated 
macrophages. PCR product size for exon inclusion (top) and exclusion (bottom) variants are provided (left). Depicted is a representative 
PCR for at least a biological n=3.

Table 1 | IPA assessment of pre-defined canonical pathways a�ected by changes in QKI expression.

segahporcaMsetyconoM
THP-1 sh-QKI
versus sh-Cont

THP-1 sh-QKI
versus sh-Cont

A�ected canonical
pathway

Log
(P-value)

A�ected genes A�ected canonical
pathway

Log
(P-value)

A�ected genes

Atherosclerosis
signalling

9.2 CXCL8, APOE, ICAM1, PDGFA, PLA2,
G4C, CCR2, F3, LYZ, CCL2, ORM1,
APOC1, IL1B, ORM2, PDGFD, TNF

Superpathway of
cholesterol biosynthesis

10.6 FDPS, PDFT1, EBP, DHCR7, ACAT2, IDI1,
HSD17B7, MSMO1, HMGCS1, CYP51A1

Superpathway of
cholesterol biosynthesis

8.2 MVD, FDPS, CHCR7, ACAT2,
HSD17B7, MSMO1,
HMGCS1,CYP51A1

Cholesterol biosynthesis I,
II, and III

8.1 FDFT1, EBP, DHCR7, DHCR24, HSD17B7,
MSMO1, CYP51A1

LXR/RXR activation 7.4 SCD, APOE, LYZ, ORM1, CCL2,
APOC1, IL1B, ORM2, CD14, PTGS2,
IL1RAP, TNF, CYP51A1

Superpathway of
gernanylgeranylphosphate
Biosynthesis I

4.4 FDPS, ACAT2, IDI1, FNTB, HMGCS1

Hepatic fibrosis/hepatic
stellate cell activation

6.1 CXCL8, APOE, ICAM1, PDGFA, PLA2,
G4C, CCR2, F3, LYZ, CCL2, ORM1,
APOC1, IL1B, ORM2, PDGFD, TNF

LXR/RXR activation 4.4 SCD, FDFT1, LYZ, IL1A, LDLR, IL36RN, NR1H3,
IL6, CLU, CYP51A1, IL36B, AGT

PPAR signalling 5.8 PPARG, JUN, PPARD, PDGFA, MRAS ,
IL1B, PTGS2,PDGFD, TNF, IL1RAP

Altered T-cell and B-cell
signalling in rheumatoid
arthritis

4.3 IL1A, CSF1, IL36RN, TLR6, TLR8, TLR7, IL6,
CSF2, IL36B, IL17A

RNA-seq Pat-QKI
versus Sib-QKI

RNA-seq Pat-QKI
versus Sib-QKI

A�ected canonical
pathway

Log
(P-value)

A�ected genes A�ected canonical
pathway

Log
(P-value)

A�ected genes

T-cell receptor signalling 8.9 CD247, PTPN7, CAMK4 , PRKCQ,
CD3E, PLCG1, CD8A, CD3D,CD8B,
CD28, CD3G, LCK, TXK , ZAP70, ITK

Granulocyte adhesion and
diapedesis

4.9 CXCL8, IL1A, HRH2, MMP7, SDC1, PPBP,
ITGA6 , RDX, CCL24, CCL17, MMP2, CCL22,
C5, FPR1, CCL13, ICAM2 , IL1RN, MMP19,
ITGA4

CCR5 signalling in
macrophages

7.8 CD247, CD3G, CCR5, CAMK4 ,
PRKCQ, CCL4, CD3E, PLCG2, PLCG1,
CCL3, CD3D, GNG10

Agranulocyte adhesion
and diapedesis

4 CXCL8, MMP7, IL1A, PPBP, ITGA6 , RDX,
CCL24, CCL17, MMP2, CCL22, C5, MYL9 ,
CCL13, ICAM2 , IL1RN, PODXL, MMP19,
ITGA4

Role of NFAT in
regulation of the immune
response

7 CD247, CAMK4 , PRKCQ, CD3E,
GCER1A, PLCG1, CD3D, GNG10,
CD28, CD3G, LCK, GNAT1, PLCG2,
ZAP70, FCGR3A/GCGR3B, FCGR1B,
ITK

Toll-like receptor signalling 3 MAP2K6 , IL1A, TICAM2 , IL1RN, TLR7,
MAPK13, TLR3, IRAK2, TRAF1

EIF2 signalling 5.8 RPL24, RPL36A, RPS3A, RPS27,
RPL17, RPS18, RPS10, RPL39, RPL12,
RPL7A, RPL7, RPL9, RPS28, RPL23A,
RPL39L, RPSA

Cysteine biosynthesis/
homocysteine degradation

2.9 CBS/CBSL, CTH

iCOS-iCOSL signalling in
T-helper cells

5.7 CD247, CD3G, CD28, LCK, CAMK4 ,
PRKCQ, CD3E, ZAP70, PLCG1, CD3D,
ICOSLG/ LOC102723996, ITK

Axonal guidance signalling 2.9 SLIT3, ERAP2, MMP7, SLIT1, PDGFA,
SEMA6A , BCAR1, TUBB2B, EPHB1, TUBA8 ,
MYSM1, PRKAR1B, GNB1L, WNT5B , ITGA4 ,
SEMA3G, PAK4 , ADAM15, TUBA4A , MMP2,
KEL, MYL9 , FZD4, ADAM12, SEMA4G ,
SEMA7A , FZD7

IPA, Ingenuity Pathway Analysis; QKI, Quaking.
The top five a�ected canonical pathways are shown, along with their respective –log(P-value) and the genes that are a�ected within the particular pathway. Full IPA output is provided in Supplementary
Data 7.
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QKI facilitates monocyte adhesion and migration. 
Our experimentally determined changes in (pre)-mRNA splicing and expression, 
as well as bioinformatically predicted changes in biological processes, prompted 
us to evaluate whether these QKI-induced posttranscriptional modifications could 
affect monocyte and macrophage function. To test this, we first assessed whether 
cell survival is affected by a reduction of QKI expression in THP-1 ‘monocytes’. 
Importantly, the cumulative population doublings and apoptotic rates were not 
affected by decreased QKI levels (Fig. 7a,b). Next, we assessed cell adhesion to 
glass coverslips treated with effector molecules (collagen and activated platelets) 
in the presence of fluid shear stress, an experimental design that mimics the 
response of monocytes to endothelial denudation in the vessel45. Live-cell 
imaging clearly showed that the shRNA-mediated depletion of QKI in THP-1 
‘monocytes’ reduced cellular adhesion under flow conditions, as evidenced by 
their continued rolling along the substrate and inability to firmly attach (Fig. 7c 
and Supplementary Movies 1 and 2). This firm adhesion of monocytes is aided 
by the activation of b1-integrins on the cell surface that mediate high-affinity 
interactions with the extracellular matrix at sites of injury36. We tested whether 
QKI depletion had an impact on b1-integrin function by incubating sh-Cont and 
sh-QKI THP-1 ‘monocytes’ with an antibody (TS2/16) that forces b1-integrins 
into the activated, adhesive conformation37. Interestingly, the abrogation of QKI 
did not affect monocyte adhesion properties in this setting (Fig. 7d), indicating 
that proper integrin expression and functionality is not dependent on QKI. We 
subsequently tested whether QKI expression levels could have an impact on 
monocyte migration in vitro by seeding sh-QKI or sh-Cont THP-1 ‘monocytes’ into 
transwell migration chambers and assessed their ability to migrate towards the 
chemoattractant formyl-methionyl-leucyl-phenylalanine (fMLP). Indeed, depletion 
of QKI in monocytes inhibited migration (Fig. 7e). This finding prompted us to 
similarly assess the capacity of Pat-QKI+/- and Sib-QKI+/+ monocytes freshly 
isolated from venous blood to migrate to macrophage chemoattractant protein 
1, a physiologic recruiter of monocytes at sites of vascular injury. These studies 
revealed a significant reduction in transwell migration for Pat-QKI+/ monocytes 
(Fig. 7e), validating our findings in THP-1 ‘monocytes’, and provided evidence 
that QKI influences monocyte adhesion and migration in inflammatory settings. 

QKI drives foam cell formation.
As QKI expression remarkably increased during monocyte-tomacrophage 
differentiation (Fig. 2c–f) and our aforementioned GO analysis revealed a strong 
association for changes in QKI expression and lipid metabolism (Fig. 7a), we 
tested whether a reduction in QKI expression influences the handling of lipids. For 
this, we first assessed the mRNA expression levels of a subset of established lipid-
related genes in monocytes and macrophages derived from WT and qkv mice. 
As shown in Fig. 8a, monocytes from qkv mice are characterized by significant 
reductions in NR1H3 (known as LXRa) and PPARG (PPARg) expression, as 
well as cholesterol uptake (CD36 and LDLR) and efflux (ABCG1) receptors, as 
compared with WT monocytes. These effects were diminished on conversion to 
macrophages (Fig. 8a). We subsequently assessed the expression levels of 
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these lipid metabolism/homeostasis genes in human PB-derived monocytes and 
macrophages (Fig. 8b and Supplementary Fig. 5). Similar to qkv monocytes, 
Pat-QKI+/- monocytes were characterized by decreased NR1H3 and PPARG 
expression, as well as LDLR and SCARB1 (Fig. 8b). In contrast to qkv monocytes, 
ABCG1 expression was potently increased. Similar to qkv macrophages, 
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Figure 7 | QKI expression levels have an impact on monocyte adhesion as well as migration and 
differentiation. (a) Cumulative population doublings (y axis: CPDs) were counted to assess the effect of QKI reduction on 
cellular proliferation over time (x axis: days). Population growth curves were compared using linear regression analysis.(b) Quan-
tification of cellular apoptosis, where annexin V+ and propidium iodideþ cells were categorized as apoptotic, as determined by 
FACS analysis. (c) Quantification of sh-Cont and sh-QKI THP-1 ‘monocyte’ adhesion to collagen matrix pretreated with platelet-
rich plasma under flow, mimicking in-vivo endothelial denudation. Direction of flow is indicated below the photomicrographs 
(n=3). Data expressed as mean±s.e.m.; Student’s t-test; *P<0.05. Scale bar, 100 mm. (Also see Supplementary Movies 1 and 
2). (d) Assessment of integrin-mediated adhesion. Quantification of adhesion to collagen for untreated, PMA- or TS2/16-treated 
sh-Cont and sh-QKI THP-1 ‘monocytes’ are plotted. TS2/16 is an antibody that turns all b1-integrins in the high-affinity conforma-
tion, inducing cellular adhesion. (e) Quantification of cellular transwell migration towards either fMLP (for THP-1 ‘monocytes’) or 
macrophage chemoattractant protein 1 (MCP-1; for PB monocytes from either sibling or patient (n4 technical replicates). Data 
expressed as mean±s.e.m.; Student’s t-test; *P<0.05 and **P<0.01.
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this differential gene expression profile appeared to normalize in Pat-QKI+/- 
macrophages as compared with Sib-QKI+/+ macrophages (Fig. 8b). Moreover, 
in primary human macrophages where GapmeR-mediated knockdown of QKI 
was realized, we observed significant increases in MYLIP/IDOL and ABCG1 
expression, whereas CD36 displayed a trend towards decreased expression 
(Supplementary Fig. 5). Having identified that changes in QKI expression levels 
had an impact on lipid-associated gene expression, we investigated whether lipid 
loading affected QKI expression levels. Indeed, treatment with either acetylated 
low-density lipoprotein (acLDL) or b-very low-density lipoprotein (b-VLDL) led to 
significant increases in QKI-5 mRNA levels, while QKI-6 and QKI-7 levels also 
increased, albeit not significantly (Fig. 8c). In contrast to primary monocytes 
and macrophages, THP-1 ‘monocytes’ did not display significant changes in 
lipid metabolism gene expression. However, as shown in Fig. 8d, treatment 
with modified LDL increased expression of cholesterol uptake genes (CD36 and 
VLDLR), along with significant increases in cholesterol efflux genes (ABCA1 
and ABCG1). Taken together, these studies suggested that changes in QKI 
expression could have an impact on the net balance of genes that control lipid 
metabolism and homeostasis. Finally, we tested whether these QKI-mediated 
changes in lipid-associated gene expression could translate into consequences 
for lipid uptake and foam cell formation, a phenomenon tightly associated with 
pro-inflammatory macrophage function7. As shown in Fig. 8e, the impact of 
decreased QKI expression on foam cell formation on loading with b-VLDL was 
clear, as sh-QKI THP-1 ‘macrophages’ displayed less extensive lipid staining as 
compared with sh-Cont THP-1 ‘macrophages’ (Fig. 8e). Similarly, in Pat-QKI+/- 
macrophages we observed significantly less lipid staining after b-VLDL treatment 
(Fig. 8f). Even more striking was the potent decrease in oxidized LDL (oxLDL) 
loading, an atherosclerosis-relevant antigen, in Pat-QKI+/- macrophages (Fig. 
8f). Collectively, these studies strongly suggested that the posttranscriptional 
processing of (pre-) mRNA transcripts by QKI is essential for the physiologic 
functioning of monocytes and macrophages in disease settings such as 
atherosclerosis. 
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Figure 8 continued

Figure 8 | QKI regulates the expression of atherosclerosis-related mRNAs and impairs foam cell 
formation. (a) Quantitative RT–PCR (qRT–PCR) analysis of established atherosclerosis-related genes in wt of qkv-derived 
monocytes and macrophages. Gene expression in qkv samples are relative to either WT monocytes or WT macrophages (n=3). 
Data expressed as mean±s.e.m.; Student’s t-test; *P<0.05, **P<0.01. (b) RNA-seq-derived expression values to illustrate the ex-
pression of established atherosclerosis-related genes in sibling or patient monocytes and macrophages. (c) qRT–PCR analysis of 
QKI isoform mRNA expression in unstimulated THP-1 ‘macrophages’, or treated with b-VLDL or acLDL for 24 h. Data expressed 
as mean±s.e.m.; one-way analysis of variance (ANOVA), Bonferroni’s post-hoc test; *P<0.05. (d) qRT–PCR analysis of well-
known atherosclerosis-related genes in sh-cont or sh-QKI THP-1 ‘macrophages’ that were either left untreated or treated with 
acLDL or b-VLDL to induce foam cell formation (n¼3). Data expressed as mean±s.e.m.; Student’s t-test; *P<0.05 and **P<0.01. 
(e) Photomicrographs of an Oil-red-O staining to assess b-VLDL, acLDL uptake in either sh-Cont or sh-QKI THP-1 ‘macro-
phages’. Scale bar, 100 μm. Inset is a high-magnification image of lipid-droplet accumulation. Data expressed as mean±s.e.m.; 
Student’s t-test; **P<0.01. (f) Photomicrographs of an Oil-red-O staining to assess b-VLDL, acLDL or oxidized LDL (oxLDL) 
uptake in either Sib-QKI+/+ (upper panels) or Pat-QKI+/- (lower panels) macrophages that were first differentiated for 7 days with 
GM-CSF. Scale bar, 100 μm. Inset is a high-magnification image of lipid-droplet accumulation. Data expressed as mean±s.e.m.; 
Student’s t-test; *P<0.05 and **P<0.01.



7

Quaking in monocytes & macrophages

127

Discussion 

Genes involved in regulating the transition of monocytes into pro-inflammatory 
macrophages serve as excellent therapeutic targets for limiting the progression of 
inflammation-driven diseases such as rheumatoid arthritis and atherosclerosis3,6. 
Our data indicate that alongside wide-ranging changes in gene expression, 
the differentiation of monocytes to macrophages requires extensive alternative 
splicing of pre-mRNA species and pinpoint QKI as a novel posttranscriptional 
regulator of both of these processes (Fig. 9). Expression of the transcription 
factor PU.1 is associated with the activation of gene expression profiles that drive 
the differentiation of CD34+ haematopoietic progenitor cells towards a myeloid 
fate, including monocytes and macrophages46,47. Recent work by Pham et al.48 
identified that the binding of PU.1 appears to be enhanced by cooperativity with 
neighbouring transcription factor binding sites, such as KLF4. Importantly, PU.1 
induces the expression of critical monocyte transcription factors, including KLF4 
49. Of note, KLF4 has been demonstrated to bind to the QKI promoter region 
of VSMCs, which is GC rich50. Furthermore, chromatin immunoprecipitation 
sequencing data derived from HL-60 cells embedded in the UCSC Encode 
browser revealed two experimentally determined PU.1-binding sites in the QKI 
promoter51 (Supplementary Fig. 6). Collectively, these findings suggest that PU.1, 
potentially in concert with KLF4, could be responsible for driving QKI expression 
during monocyte-to macrophage differentiation. Our findings also suggest 
that the abundant expression of QKI mRNAs in naive monocytes could serve 
to prime these cells with the capacity to rapidly respond to pro-inflammatory 
triggers at sites of injury. Although we did not assess the translational kinetics 
of QKI mRNA into protein, our investigation of monocyte activation, adhesion 
and differentiation strongly suggests that the determination of pre-mRNA fate by 
QKI critically has an impact on the capacity of the monocyte to aid in response to 
vascular injury. To date, the genome-wide (alternative) splicing patterns during 
monocyte-to-macrophage differentiation had not been described. However, the 
consequences of many splicing events herein described, such as ᵧ-adducin 
(ADD3), FCGR2B and VLDLR are unknown. However, given that phosphorylation 
of the g-adducin C terminus triggers dissociation from spectrin and cortical actin 
loss52, it is plausible that the QKI-mediated exclusion of a 13 amino acid coding 
exon proximal to this region could have an impact on cytoskeletal dynamics in 
monocytes and macrophages. Furthermore, alternative splicing of exon 6 in 
FCGR2B could potentially have an impact on the inhibitory role of this protein in 
monocyte- and macrophage-mediated phagocytosis at sites of vascular injury53. 
Therapeutic strategies tailored to target such splicing events in monocytes could 
potentially deter their conversion to disease-accelerating macrophages. The 
expanding repertoire of RNA species have led to the emergence of RNA-based 
therapeutics as a novel means of treating both rare and common diseases, such 
as muscular dystrophy and cancer, respectively54,55. This is based on extensive 
efforts geared towards identifying how changes in coding (alternative splicing) 
and non-coding RNAs (miRNA and longnon- coding RNA) have an impact on 
cellular pathophysiology56. Importantly, the fate of these coding and non-coding 
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RNAs at the cellular level are determined primarily by the more than 500 RBPs 
that regulate eukaryotic cell biology32. Recently, the RNA motifs to which a 
significant portion of these RBPs bind has been characterized32, enabling the 
systematic identification of RNA targets for a given RBP within cells, including 
QKI29–32. Our genome-wide evaluation of posttranscriptional events mediated by 
QKI implicate both direct and indirect posttranscriptional roles for this protein, 
where the absence of ACUAA motifs or QREs could nonetheless involve QKI, 
potentially by tethering to other RBPs, or through QKI-mediated changes in the 
expression of other RBPs57. Moreover, in spite of the presence of QREs within 
target mRNAs, monocytes and macrophages probably express a large variety 
of RBPs that compete with QKI for access to either identical or similar motifs 
with varying affinities within a short stretch of RNA nucleotides19, which could 
preclude the observation of a posttranscriptional event. In conclusion, we have 
identified QKI as a critical posttranscriptional regulator of pre-mRNA splicing 
and transcript abundance in monocytes and macrophages. We propose that the 
RBP-induced reprogramming of the posttranscriptional landscape could generate 
novel targets for the effective attenuation of inflammatory diseases. Note added 
in proof: After the acceptance of our paper, we were informed by Dehghan et al.58 
of the CHARGE Consortium’s identification that single nucleotide polymorphisms 
proximal to QKI significantly associated with myocardial infarction and coronary 
heart disease risk. 

Figure 9 | Schematic depicting how QKI posttranscriptionally regulates monocyte to macrophage 
differentiation and atherosclerosis development. QKI mRNA expression increases in intermediate monocytes, 
reaching a peak in the non-classical monocyte (middle). Monocytes adhere to the endothelium at sites of tissue injury, leading to 
their activation and migration into the subendothelial space. This process requires QKI, as the targeted ablation of QKI impaired 
monocyte adhesion and migration, and the evident transition in cellular phenotype requires extensive reprogramming of the post-
transcriptional landscape. On tissue entrance, the monocyte differentiates into a macrophage, a conversion that was associated 
with a potent increase in QKI protein. This increase potentiates the interaction of QKI with (pre-)mRNA targets, enhancing splicing 
and target mRNA repression. The loss of QKI in macrophages results in an inability to adopt the macrophage phenotype and a 
perturbation of lipid uptake and foam cell formation.
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Supplementary video 1 		  Supplementary video 2
Control-sh THP-1 adhesion		  sh-QKI THP-1 adhesion

Supplementary videos 1 & 2 | Initial adhesion of sh-Cont or sh-QKI THP-1 ‘monocytes’ in an in vitro cell perfusion 
system. Glass coverslips were coated with type I collagen, after which the system was perfused with platelet-rich plasma 
for 10 minutes, leading to the deposition of effector molecules to which the monocyte can adhere. These movies display the 
perfusion of sh-Cont or sh-QKI THP-1 ‘monocytes’ over this bio-active substrate, leading to their attachment to the surface. 
Total cellular perfusion time was 5 minutes with a flow rate of 1 dyne cm-2. The movie is representative of at least three 
perfusions.

Supplementary figure 1

RNA-seq shows chr6-derived read coverage on chr5. Genomic location according to UCSC genome 
browser on chromosome 5. Read coverage is only seen in patient tracks.
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Supplementary figure 2
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Supplementary figure 3 -  data analysis flow diagram

Supplementary Figure 3 | Schematic representation of transcript stratification. Flow-diagram 
illustrating the bioinformatic approach utilized for analysis of RNA-seq data (top) and microarray-based data (bottom). 
Vertical arrows depict stratification based on the presence or absence of QRE’s intranscripts and those achieving expression 
and/or significance cut-offs. Horizontal arrows indicate transcripts used to generate Venn diagrams (Fig.3g,5e), tables of 
most up and downregulated genes (Fig. 3h, 5f), scatterplots (Fig. 3i, 5g) and Cumulative Distribution Fraction plots (Fig. 
3j, 5h).
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Supplementary figure 4

Supplementary Figure 4 | QKI protein is differentially expressed during THP-1 monocyte- like 
to macrophage-like differentiation. a. Intracellular FACS analysis of THP-1 ‘monocytes’ for total QKI expression. 
b. Western blot analysis of QKI-5, -6 and -7 expression in cellular lysates harvested from sh-Cont and sh-QKI transduced 
THP-1 ‘macrophages’ following stimulation with PMA for 3d. c. Phase-contrast photomicrographs of 3 days stimulated THP-
1 ‘macrophages’. Scale bar = 50 μm.

Supplementary figure 5

Supplementary Figure 5 | GapmeR-mediated reduction of QKI expression regulates the 
expression of atherosclerosis-related mRNAs. qRT-PCR analysis of established atherosclerosis-
related genes in QKI-Gap as compared to Scr-Gap treated macrophages. Gene expression in QKI-Gap macrophages are 
relative to Scr-Gap macrophages (n=3). Data expressed as mean +/- s.e.m; Student’s t-test; *p<0.05, ** p<0.01.
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Supplementary figure 6

Supplementary Figure 6 | Experimentally determined and putative transcription factor binding
sites in the QKI promoter region. Top tracks: Genomic location and organization according to UCSC genome 
browser on chromosome 6 mapping to the QKI locus. Tracks 2 and 3 represent the read coverage for two independent 
chromatin-immunoprecipitations in HL60 cells for PU.1 1, a well-known myeloid transcription factor. Tracks 4,5,6,7 represent 
read coverage for sibling and patient monocyte and macrophages. Track 8 represents percentage GC in 5 bp windows, 
indicative of putative Kruppel-Like Factor binding sites.

 

Transcription factors that bind to the QKI promoter region

PU.1 binding PU.1 binding 

Putative Kruppel Like Factor binding sitets
(High GC%)

Supplementary excel files | Data on gene expression and splicing events 
derived from RNA-seq data in monocytes and macrophages and the splicing-
microarray in THP-1 ‘monocytes’ and ‘macrophages’. 

http://www.nature.com/articles/ncomms10846#supplementary-information
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Methods

Human immunohistochemistry studies. 
Early lesions are defined as fatty streaks or PIT, whereas advanced plaques 
consist of both FCA and IPH (fibroatheroma with early-stage or late-stage 
necrotic core). Scoring of plaque stage, based on characteristics such as thin 
cap fibroatheroma (vulnerable or ruptured plaques), vascularization, IPH and/
or thrombi/fibrin deposits, were scored by a trained pathologist. Paraffin tissue 
sections from human carotid arteries were deparaffinized and rehydrated. After 
pre-treatment with TE buffer (pH 9 for QKI-5 and QKI-7) or citrate buffer (pH 6 
for QKI 6) for antigen retrieval, sections were incubated overnight at 4C with 
primary mouse-anti-human pan-QKI (10 mg ml-1, clone N147/6; UC Davis/
NIH NeuroMab Facility, Davis, CA, USA), mouse anti-human QKI-5 (10 mg ml-
1, clone N195A/16; NeuroMab/Antibodies, Inc.); mouse anti-human QKI-6 (10 
mg ml-1 clone N182/17; NeuroMab/Antibodies Inc.) or mouse anti-human QKI-7 
(10 mg ml-1, clone N183/15; NeuroMab/Antibodies Inc.) diluted in Tris-buffered 
saline containing 1% BSA and 0.1% Tween 20. Subsequently, sections were 
washed in Tris-buffered saline and incubated with a secondary biotinylated 
sheep-anti-mouse antibody (GE Healthcare, Eindhoven, The Netherlands). Next, 
the sections were incubated with streptavidin ABC-alkaline phosphatase (Vector 
Laboratories, Peterborough, UK) and colour was developed using the Vector Red 
staining kit (Vector Laboratories), followed by haematoxylin counterstaining. No 
primary antibody was used for the negative control. QKI/CD68 co-localization 
immunostaining was achieved using CD68 (Dako-KP1, DakoCytomation) and 
pan-QKI antibodies, with CD68 and QKI being counterstained with Vector Blue 
and Vector Red, respectively. For quantification, slides were analysed in a blinded 
manner using a Leica DM3000 light microscope (Leica Microsystems) coupled to 
computerized morphometry (Leica Qwin 3.5.1). 

BM transplantation. 
Male LDLR-/- mice were housed in sterile filter-top cages and fed a chow diet 
(Special Diet Services, Witham, Essex, UK). Drinking water was infused with 
antibiotics (83 m l-1 ciprofloxacin and 67mg l-1 polymyxin B sulfate) and 6.5 g l-1 
sugar and was provided ad libitum. BM transplantation studies were performed 
as previously described with minor modifications59. Briefly, to induce BM 
aplasia, 10- to 12-week-old recipient mice were exposed to a single dose of 9Gy 
(0.19Gymin-1, 200 kV, 4mA) total body irradiation, using an Andrex Smart 225 
Ro¨ntgen source (YXLON International, Copenhagen, Denmark) with a 6-mm 
aluminium filter, 1 day before transplantation. After 24 h, BM cell suspensions 
were prepared by flushing the femurs of 12-week-old qkv mice or age-matched 
LM controls (C57/Bl6-J background; Jackson Laboratories, Bar Harbor, USA) with 
PBS, after which 5x106 cells were injected into the tail vein of recipient mice. After 
8 weeks of recovery, the mice were placed on a Western-type diet, containing 
0.25% cholesterol and 15% cacao butter (Special Diet Services) for 8 weeks 
(n=12 per group). Immunohistochemical analysis and quantification of the aortic 
root using anti-Monocyte and Macrophage-2 (MOMA2) antibody (Sigma-Aldrich) 



136

7

for MOMA2-positive cell area (expressed as a percentage of total plaque area), 
VSMC content (smooth muscle a-actin-positive cells) and collagen (picosirius 
red staining) was performed in a blinded manner. Haematologic chimerism of 
the transplanted LDLR-/- mice was validated using the following primers: qk 
forward primer 5’-TGTGACTTGGGGACTGTCAA-3’ ; qk reverse primer 5’- 
AAAGGGAAAATTTAGCAACAA-3’ . BM-derived WT and qkv monocytes were 
isolated using CD115+ antibody coupled to magnetic beads (Miltenyi Biotech, 
Leiden, The Netherlands) and differentiated for 7 days to macrophages using 
mouse recombinant M-CSF (PeproTech, Hamburg, Germany) in RPMI 1640 
medium (Gibco, Bleiswijk, The Netherlands) containing 10% FCS (Bodinco, 
Alkmaar, The Netherlands) and 0.01 mgml-1 glutamine, 50 units per ml penicillin 
and 50 mgml-1 streptomycin. 

Lentiviral transduction of monocytes. 
Human THP-1 ‘monocytes’ (ATCC, Manassas, VA, USA) were transduced 
with lentiviral particles encoding either sh-QKI or sh-Cont (catalogue number: 
SHC202; MISSION library, Sigma-Aldrich). Stable transductants were selected 
using 3 mgml-1 puromycin (Sigma-Aldrich) for 72 h. 

GapmeR design.
A single-stranded RNA–DNA hybrid antisense oligonucleotide (GapmeR) was 
designed to target exon 2 of QKI (Eurogentec, Maastricht, The Netherlands), 
along with a scrambled GapmeR control. Both the GapmeR and scrambled 
control were 22 nucleotides in length and consisted of RNA (A,C,G,U) and DNA 
(dA, dC, dG, dT) in a 6-10-6 manner, with a phosphorothioate backbone (*) and 
a 6-FAM label on the 50-end. GapmeR sequences were as follows: 50-A*C*
A*U*G*U*dC*dT*dT*dT*dC*dC*dG*dT* dA*dC*U*C*U*G*C*U-30 for the QKI-
targeting GapmeR and 50-U*G*C*C*U*C* dT*dC*dT*dC*dG*dT*dA*dC*dC 
*dG*U*A*U*U*U*A-30 for the scrambled control. 

Monocyte subpopulation analysis. 
Human monocytes were derived from healthy donor buffy coats (Ethical Approval 
Number BTL 10.090) following Ficoll density gradient centrifugation and isolated 
from the PB mononuclear cell fraction using a negative selection cocktail to isolate 
unlabelled monocytes (StemCell Technologies, Grenoble, France). Purified 
monocytes were subsequently incubated with 1 mgml-1 CD14-FITC and 1 mgml-1 

CD16-Pc5 (Beckman Coulter, Woerden, The Netherlands) for 30 min at 4C and 
FACS sorted using a FACSCalibur (BD Biosciences, Breda, The Netherlands). 
RNA was isolated from the subpopulations using Trizol reagent (Thermo Fisher 
Scientific, Bleiswijk, The Netherlands). 

Monocyte and macrophage culture.
Human monocytes were isolated from buffy coats of healthy donors with an 
antibody to CD14, conjugated to magnetic beads to allow for MACS sorting 
(Miltenyi Biotech). Cells were cultured in RPMI media supplemented with 10% 
FCS and 0.01 mgml1 glutamine at 37C and 5% CO2. Differentiation of primary 
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CD14+ monocytes to pro-inflammatory macrophages was achieved by stimulating 
with 5 ngml-1 GM-CSF (Thermo Fisher Scientific) or 5ngml-1 M-CSF (Miltenyi 
Biotech). Human THP-1 ‘monocytes’ were cultured in RPMI media supplemented 
with 10% FCS and 0.01 mgml-1 glutamine at 37C and 5% CO2, with differentiation 
into macrophages being induced by treating with 100nM PMA60. TS/216 for 
integrin activation experiments was kindly provided by Dr Arnoud Sonneberg, 
Netherlands Cancer Institute, Amsterdam, The Netherlands. Foam-cell formation 
was assessed by treating sh-Cont and sh-QKI THP-1 ‘macrophages’ or Sib-
QKI+/+ and Pat-QKI+/- macrophages for 24 h with either 25 mgml-1 b-VLDL or 
50 mgml-1 acLDL, or 10 mgml-1 oxLDL, after which the cells were fixed with 10% 
Formafix, and Oil-Red-O stained and haematoxylin counterstained. Oil-Red-O 
area per field of view was divided by the number of cells using ImageJ software. 

In vitro perfusion assay. 
Glass coverslips were coated with type I collagen, after which the system was 
perfused with platelet-rich plasma for 10 min. Next, the system was flushed with 
flow buffer (20 mmol l1 HEPES, 132 mmol l-1 NaCl, 6 mmol l-1 KCl, 1 mmol l-1 
MgSO4, 1.2 mmol l-1 KH2PO4, 5 mmol l-1 glucose, 1.0 mmol l-1 CaCl2 and 0.5% 
BSA) for 2min. Sh-Cont and sh-QKI THP-1 were resuspended in flow buffer at a 
concentration of 4x106 ml-1, after which the cells were perfused over the substrate 
for 5min at 1 dyne cm-2. Cellular adhesion was tracked visually using a Leica 
DMI5000 microscope. The flow rate was subsequently increased to 2 dynes 
cm2 for 2min, followed by the visual assessment of firm adhesion of perfused 
monocytes for a duration of 3 min, after which photomicrographs of ten random 
fields of view in the fluidic chamber were taken and quantified. 

Cellular migration assays. 
Transwell cellular migration studies of sh-Cont and sh-QkI THP-1 ‘monocytes’ 
towards 1 nM N-formyl-methionyl-leucyl-phenylalanine (fMLP, Sigma-Aldrich) 
or 10 ng ml-1 macrophage chemoattractant protein 1 (R&D Systems, Abingdon, 
UK) for human primary monocytes were performed as previously described61. 
Briefly, cell migration was assessed using Corning Transwell polycarbonate 
membrane cell culture inserts (6.5mm transwell with 5.0 mm pore size, Sigma). 
The lower chamber was loaded with RPMI containing 0.25% BSA and desired 
chemoattractant. Wells containing no chemoattractant were used as negative 
controls. Cells were loaded in the upper chamber of the transwell inserts (105 
cells) and incubated overnight at 37C. The following day, cell migration (adherent 
cells) was quantified by manual counting or ImageJ. 

Gene expression microarrays. 
RNA was isolated from unstimulated sh-Cont and sh-QkI THP-1 ‘monocytes’ 
(day 0), and from sh-Cont and sh-QkI THP-1 cells stimulated with 100nM PMA 
for 3 days using Trizol (Thermo Fisher Scientific) and the RNeasy Mini Kit 
(Qiagen, Heidelberg, Germany) according to the manufacturer’s instructions. 
RNA quantity and quality was measured using a NanoDrop spectrophotometer 
(Nanodrop Technologies, Wesington, USA) and an Agilent 2100 bioanalyser 
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(Agilent Technologies, Santa Clara, USA). Samples meeting a RNA integrity 
number critieria of >8 were used for further analysis.

Splicing microarrays. 
Microarray data is deposited in GEO under the accession number GSE74887. 
Targets were prepared from three replicate cultures for each sample. 
Complementary DNA synthesis and amplification was performed using the WT 
Expression Kit (Ambion, Bleiswijk, The Netherlands). Samples were enzymatically 
fragmented and biotinylated using the WT Terminal Labeling Kit (Affymetrix, 
Santa Clara, California, USA). Labelled target was hybridized to the HJAY 
Chip (Affymetrix 540091). Chips were washed and scanned using the Fluidics 
Station 450 and Affymetrix Gene ChIP Scanner 3000 7G (Affymetrix). Data 
were analysed as previously described62. Briefly, in the absence of mismatch 
probes on these microarrays, probe intensities were first used to construct an 
empirical CDF, which was subsequently used to calculate an empirical P-value 
that a particular probe’s intensity arose from the background of all probes. 
Probes were stratified for GC content (thermodynamically favourable GC base 
pairing). For each probe set, the median P-value of the set of individual probes 
in the probe set was used as the P-value for that probe set. Before assessing 
for alternatively spliced transcripts from a particular locus, we first determined 
whether the gene was expressed. Next, if the expression criteria was met, we 
determined whether RNA containing two or more alternative splice junctions was 
detectable using the isoform-specific probes. In situations where the probe sets 
for two or more alternative isoforms were ‘present’ in any sample of the data, 
an alternative splicing event was scored. For these events, the junction probe 
sets that hybridized to individual isoforms were identified and the probes they 
contained were used for the Kruskal–Wallis test. Next, we normalized individual 
probe intensities and grouped the replicate values. Subsequently, using R 
software, the kruskal.test function was used to test the hypothesis that the probe 
intensities come from identical populations. If the resulting P-value was small 
enough, the null hypothesis was rejected and the alternative hypothesis that the 
probes were differentially expressed was accepted. To determine an appropriate 
value for the 0.01 significance level, 12,740 Kruskal–Wallis tests on randomly 
selected probe sets were performed, yielding an a-value that associated with 
the 1% quantile of randomly selected probes (1.975486x103). To account for 
multiple testing, a Bonferroni-corrected a-value of 1.975486x103/1.2740x104=1.
550617x107 was used as a P-value cutoff for significance. The Sepscore is log2 
(Include/Skip ratio) of the experimental sample over the reference sample. Exon 
inclusion generates a positive Sepscore, whereas exon exclusion generates a 
negative Sepscore. 

Word (5-mer) enrichment and positional mapping. 
Counts of all 5-mers (ACUAA) in the selected region of an exon set are compared 
with their counts from a background set of sequences using Fisher’s exact test, 
with multiple testing correction. For motif mapping, we plotted the frequency of 
specific motifs in 50- nucleotide windows slid along the intron sequences upstream 
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and downstream of each selected exon set with 5-nucleotide sampling intervals. 
At each interval, we computed the average number of motifs in exons activated or 
repressed in shRNA-treated cells, and background exons in the same experiment 
with no splicing change. For the background set, we empirically estimated the 
95% confidence interval of motif frequency (error bars). For peaks of consecutive 
points outside the 95% interval, we applied the Mann–Whitney–Wilcoxon test 
to estimate a P-value that the motif frequency at each point within the peak is 
greater than background. As the points were not independent, we estimated a 
q-value for each peak by finding the most significant P-value for any point in the 
peak and applying Bonferroni correction for the number of points within the peak. 
A second Bonferroni correction controlled for the number of possible positions at 
which a peak might occur, yielding the final q-values. To explain further; the effect 
of QKI depletion on every assessed exon was calculated from the RNA-seq or the 
splicingsensitive microarray: that is, whether a reduction in QKI causes inclusion 
or exclusion from the final mature mRNA transcript. Next, the intronic regions 
around differentially spliced exons were analysed for the presence of ACUAA 
motifs (5-mers). By doing this for every alternatively spliced exon, we could detect 
an enrichment of ACUAA motifs in the upstream introns of the exons that were 
included in a ‘QKI-deficient’ cell: QKI is not binding upstream; thus, the exon is 
included, as measured by RNA-seq or splicing-sensitive microarray. In contrast, 
we could detect an enrichment of ACUAA motifs in the downstream introns of 
the exons that are included on QKI reduction. QKI binding in the downstream 
intron would normally give inclusion, but now QKI cannot bind downstream; thus, 
exclusion is now favoured as assessed by the RNA-seq or splicing-sensitive 
microarray. 

RNA-seq library preparation. 
RNA-seq data are deposited in GEO under the accession number GSE74979. 
For each sample, the non-ribosomal fraction of 3 mg of total RNA was isolated 
using a Ribo-Zero rRNA removal Kit (Epicentre, Madison, Wisconsin, USA). 
Ribo-Zero-treated RNAs were used to generate barcoded cDNA libraries using 
the TruSeq RNA Sample Preparation kit (Illumina), with the following additions. 
Size selections were performed before and after cDNA amplification on an E-gel 
Safe Imager (Invitrogen) using 2% E-gel SizeSelect gels (Invitrogen). The cDNA 
fraction of 300 bp in size (including adapters) was isolated and purified. Indexed 
libraries were pooled and sequenced (paired-end 50 or 100 bp reads) on the 
Illumina HiSEQ platform to a depth of 41–70 million reads per sample (QB3 
Vincent J. Coates Genomics Sequencing Laboratory). After removal of PCR 
duplicates and repeats, there were 21–26 million uniquely mapping paired-end 
reads (37–61%). 

Mapping and analysis of RNA-seq data.
All samples were mapped using Tophat2 63,64 with Bowtie2 64 as the underlying 
alignment tool. The input Illumina fastq files consisted of paired-end reads with 
each end containing 100 bp (except for 2 samples with 50 bp of paired-end 
reads). For equivalency, 100-bp reads were trimmed to 50 bp before mapping. 
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The target genome assembly for the human samples was GRCh37/UCSC-
hg19 and Tophat was additionally supplied with a gene model (using its ‘-GTF’ 
parameter) with data from the hg19 UCSC KnownGenes track65. For multiple-
mapped fragments, only the highest scoring mapping determined by Bowtie2 
was kept. Only mappings with both read ends aligned were kept. Potential PCR 
duplicates (mappings of more than one fragment with identical positions for both 
read ends) were removed with the samtools ‘rmdup’66 function, keeping only one 
of any potential duplicates. The final set of mapped paired-end reads for a sample 
were converted to position-by-position coverage of the relevant genome assembly 
using the bedtools ‘genomeCoverageBed’ function67. To determine the count of 
fragments mapping to a gene, the position-by-position coverage was summed 
over the exonic positions of the gene. This gene total coverage was divided by 
a factor of 100, to account for the 100-bp of coverage induced by each mapped 
paired-end fragment (50 bp from each end) and rounded to an integer. This was 
calculated for each gene in the UCSC Known Gene set. For input to DESeq68, 
all genes with non-zero counts in any sample were considered. Two replicates 
of each sample were combined per the DESeq methodology. SpliceTrap69 was 
used to analyse splicing changes with the parameters j15, ch0.1, ir0.1 and 
IRMyes. For mapping of reads that are chimeric to the reference genome70, to 
identify the translocation breakpoint on chr6 we used STAR-Fusion https://github.
com/ STAR-Fusion/. Non-splice junction reads from the macrophage samples 
that mapped from the QKI gene on chr6 to any location on chr5 were inspected 
and several were found, which mapped from QKI intron 4 to a site that is strongly 
transcribed from chr5 in the patient but not at all in her sibling. 

Genome-wide computational analysis for RNA motifs. 
Human mature mRNA sequences were downloaded from UCSC RefSeq database 
(hg19). Computational screening was performed for the QRE motif, UACUAAY 
N1-20 UAAY, and counts calculated for the longest annotated transcript. 
After cross-referencing these transcripts with either the transcripts annotated 
on the microarray or the RNA-seq, we annotated the number or QREs in the 
Supplementary Data. Transcripts of which we were unable to assess whether 
they contain one or more QREs, we annotated as NA and these were excluded 
from analysis to generate the CDF plots in Figs 3j and 5h. To generate the Venn 
diagrams and scatterplots for the RNA-seq of monocytes and macrophages (Fig. 
3g,i), a ±1.5-fold change cutoff was applied together with a minimal expression 
cutoff of patient+sibling Z1 CPM, to avoid artificially large fold changes due to 
very low expression values. To generate the Venn diagrams and scatterplots for 
the THP-1-derived expression data (Fig. 5e, g), we applied a ±1.5-fold change 
cutoff and applied a DESeq-derived q-value cutoff of qr0.05. 

MISO analysis. 
Mixture of isoforms (MISO) analysis was used to assess, quantify and visualize 
alternative transcripts based on RNA-seq data. Sequences obtained from RNA-
seq were aligned using TopHat2 to the human genome v19 transcriptome 
(annotation-set kindly provided by Dr Christopher Burge, MIT, Cambridge, 
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USA). Using the alignment files (BAM files), MISO analyses was performed on 
our RNA-seq paired-end sequencing data to identify alternative splicing events, 
as previously described71. Second, an annotation set containing only exons 
surrounding the splicing event were included in the analysis to generate a more 
in-depth analysis of select splicing events. A pairwise comparison was performed 
using the sibling and patient monocyte and macrophage on both the full and 
selected annotation sets. Additional visualization was performed using the sashimi 
plot subpackage from MISO, while modifications in the plotting procedure were 
made to allow visualization of supplementary annotation tracks including ACTAA 
and QKI PAR-CLIP sites, along with RefSeq transcripts that define the event at 
(https://github.com/wyleung/rnaveer). 

Western blot analysis. 
Polyacrylamide gel electrophoresis was used to resolve proteins from cellular 
lysates harvested in RIPA buffer. Protein determinations (BCA) were performed 
to ensure equal loading of protein on a per-sample basis. QKI-5, -6 and -7 
were detected using primary mouse monoclonal antibodies that target pan-QKI 
(1:1,000, N73/168; UC Davis/NIH NeuroMab Facility), QKI-5 (1:1,000, N195A/16; 
UC Davis/NIH NeuroMab Facility), QKI-6 (1:1,000, N182/17; UC Davis/NIH 
NeuroMab Facility) or QKI-7 (1:1,000, N183/15.1; UC Davis/NIH NeuroMab 
Facility), or polyclonal antibodies targeting QKI-5 (1:1,000, AB9904; Millipore, 
Amsterdam, The Netherlands), QKI-6 (1:2,000, AB9906; Millipore) and QKI-7 
(1:2,000, AB9908; Millipore). For loading references, rabbit polyclonal antibodies 
were used to detect b-actin or Histone H3 (both 1:4,000; Abcam, Cambridge, 
UK). All gels were run and blotted with Bio-Rad TGX pre-cast gels and blotted on 
nitrocellulose 0.2 mm using the Bio-Rad TurboBlot system (Bio-Rad Laboratories). 
Full blots are shown in Supplementary Fig. 7. 

Quantification of pre-mRNA expression levels by PCR. 
RNA was harvested from monocytes and macrophages using Trizol reagent 
(Thermo Fisher Scientific). Standard mouse and human cDNA was made using 
oligo-dT primers (Invitrogen), whereas cDNA for alternative splicing studies 
was synthesized using random primers (Invitrogen). Primer sets designed for 
specific pre-mRNA amplification by quantitative RT–PCR analysis are provided 
in Supplementary Table 1. Quantitative RT–PCR analysis for designated mRNA 
products was performed using SYBR Green master mix (Bio-Rad, Veenendaal, 
The Netherlands). For optimal resolution of pre-mRNA splicing patterns, samples 
were run on an Agilent 2100 bioanalyser (Agilent), with full images provided in 
Supplementary Figs 8–10. 

Statistics.
 For all experiments, N defined the number of biological replicates. All in vitro and 
in vivo results were analysed using GraphPad software with either a Student’s 
t-test or analysis of variance (with a Bonferonni post-test being used). All results 
are expressed as mean±s.e.m. Differences in P-values <0.05 or <0.01 were 
considered significant and indicated as follows: *P<0.05 or **P<0.01, respectively. 
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Abstract

Proper regulation of endothelial cell-cell contacts is essential for physiological 
functioning of the endothelium. Interendothelial junctions are actively involved 
in the control of vascular leakage, leukocyte diapedesis, and the initiation and 
progression of angiogenesis. We found that the RNAbinding protein quaking is 
highly expressed by endothelial cells, and that its expression was augmented by 
prolonged culture under laminar flow and the transcription factor KLF2 binding 
to the promoter. Moreover, we demonstrated that quaking directly binds to the 
mRNA of VE-cadherin and β-catenin and can induce mRNA translation mediated 
by the 3′UTR of these genes. Reduced quaking levels attenuated VE-cadherin 
and β-catenin expression and endothelial barrier function in vitro and resulted 
in increased bradykinin-induced vascular leakage in vivo. Taken together, we 
report that quaking is essential in maintaining endothelial barrier function. Our 
results provide novel insight into the importance of post-transcriptional regulation 
in controlling vascular integrity.
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Introduction

All blood vessels are lined with a single layer of endothelial cells (ECs), which 
form a vital barrier between the blood and underlying tissue. The control of the EC 
barrier is critical to maintain vascular stability and retain circulating fluids, solutes, 
proteins and cells within the vasculature. Excessive vascular permeability plays 
a key role in many pathophysiological conditions such as septic shock, vascular 
leakage, hypertension, edema and atherosclerosis1,2. Inter-endothelial contacts 
within the monolayer must therefore be maintained for proper barrier function, 
while on the other hand, the cellular junctions must be sufficiently plastic to 
allow the growth and development of blood vessels, as well as the passage of 
leukocytes to the underlying tissue in case of an inflammatory reaction3.These 
specialized endothelial cell-cell adhesions are mediated by adherens, tight- and 
gap junctions2. In ECs, cell-cell interactions at adherens junctions are facilitated 
by the transmembrane protein VE-cadherin, of which the extracellular domain 
forms a zipper-like structure between the cells4. The intracellular domain of VE-
cadherin is linked to the actin cytoskeleton via a complex array of structural and 
signaling proteins, including β -, γ -, α - and p120-catenins2. In recent years, the 
importance of post-transcriptional control of gene expression in EC biology has 
become increasingly evident. For instance, microRNAs, such as the EC-enriched 
microRNA-126, were shown to play a critical role in vascular integrity and EC 
homeostasis5–7. Next to microRNAs, non-coding RNAs such tie-1AS, MIAT and 
TUG1, are also novel players in endothelial function8–11. So far, RNA-binding 
proteins (RBP) have attracted less attention as essential post-transcriptional 
regulators of RNA fate. The human genome encodes an estimated 424 RBPs 
many of which function in post-transcriptional regulation driving alternative 
splicing of pre-mRNAs, nuclear export or retention, RNA stability and degradation, 
sequestration in granules and, ultimately, the translation into protein11. RBPs can 
mediate RNA and protein expression by binding to the 3′ UTR of target mRNAs12. 
RBPs are classified by their capacity to directly interact with RNA through RNA-
binding domains such as the RNA-Recognition-Motif or the K-Homology Domain. 
Similar to transcription factors binding to DNA motifs, RBPs can recognize and 
bind to their targets by recognizing specific RNA sequence motifs13. Given the 
large repertoire of RBPs present in any given cells, little is known about the role 
of RBPs in endothelial cell biology. The double-stranded RBP 76/NF70 was 
shown to facilitate vascular endothelial growth factor expression under hypoxic 
conditions by promoting vascular endothelial growth factor mRNA loading onto 
polysomes14. Also, splicing factor 2 regulates alternative splicing of the endothelial 
endoglin gene15 and stabilization of the Sirtuin 1 mRNA by the RBP HuR was 
shown to repress the endothelial inflammatory response16. The RNA-binding 
protein Quaking (QKI) may also be highly relevant for endothelial function as it 
was shown to be essential for embryonic blood vessel development and visceral 
endoderm function17,18, and has also been implicated in angiogenesis19. While, 
QKI was originally identified for its role in myelination of the central and peripheral 
nervous system, later studies revealed that the RBP QKI is more ubiquitously 
expressed20. There are three major QKI protein isoforms; QKI-5, QKI-6, and 
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QKI-7 that require to either homo- or hetero-dimerize in order to bind RNA21. 
The post-transcriptional events published to be orchestrated by QKI include pre-
mRNA splicing, mRNA export, mRNA stability and translation22–26. Consequently, 
QKI is involved in multiple cellular processes such as cellular differentiation, 
apoptosis, proliferation and migration20. Upon vascular injury, we have previously 
demonstrated that QKI plays a critical role in the proliferation and contractility 
of vascular smooth muscle cells by mediating the alternative splicing of the 
transcription factor myocardin27. During these studies, we noted that QKI is highly 
enriched in the endothelium of healthy control arteries. Therefore we assessed 
whether QKI contributes to endothelial function in vitro and in vivo. Here we 
identify QKI as a novel post-transcriptional regulator of expression of both VE-
cadherin and β -catenin and as an essential regulator of EC barrier function.

Figure 1 | Quaking is highly expressed in macro- and micro-vascular endothelial cells. (a) 
Immunofluorescent staining of pan-QKI (blue) and endothelium marker (red, VE-cadherin-CreER/
RosatdTomato) in mouse aorta sections. Scale bar 200 μ m. (b) Immunofluorescent staining of 
QKI-5, QKI-6 or QKI-7 (green), F-actin (red) and DAPI (blue) in HUVECs. Scale bars 50 μ m. (c) 
Immunofluorescent staining of QKI-5, QKI-6 or QKI-7 (green), endothelium marker (red, MECA-32) 
and DAPI (blue) in mouse kidney sections. Arrows indicate peritubular capillaries, circles indicate 
glomeruli. Scale bars 50 μ m. (d) Immunofluorescent staining of pan-QKI, QKI-5, QKI-6 or QKI-7 
(green), and DAPI (blue) in MVECs. Scale bars 100 μ m.
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Results 

Quaking is expressed in macro- and micro-vascular endothelial cells. 
Given our previous observation that QKI is expressed in the endothelium of 
healthy human arteries27, we first assessed QKI expression in ECs of the native 
macrovascular vessels in vivo. For this we performed immunostaining of QKI on 
aortic sections of VE-cadherin-CreER/RosatdTomato reporter mice. QKI protein 
was highly enriched in ECs as compared to medial smooth muscle cells in the 
healthy artery as evidenced by its co-localization with the endothelial specific 
marker VE-cadherin (Fig. 1a). In the deeper layers of the adventitia, perivascular 
fibroblasts were also found to stain positive for QKI. To confirm whether QKI was 
also expressed in cultured human macrovascular ECs we assessed mRNA and 
protein levels of the three major isoforms of QKI in cultured human umbilical vein 
endothelial cells (HUVECs). The mRNAs of all three isoforms, QKI-5, QKI-6 and 
QKI-7 were abundantly expressed with the most abundant isoform Qki5 expressed 
at a similar level as the endothelial Nos3 gene under static culture conditions 
(Supplementary Fig. 1a). Also, western blot readily confirmed the presence of 
the corresponding QKI protein isoforms in the lysates of the cells (Supplementary 
Fig. 1b). As earlier reports showed distinct cellular localization of the QKI protein 
isoforms in glial cells28 and Hela cells29 we performed immunostaining for the QKI 
isoforms in the cultured ECs. Indeed, confirming these previous reports, QKI-5 
and QKI-6 expression was highly enriched in the nuclei while QKI-7 displayed a 
cytoplasmic localization (Fig. 1b). We next assessed QKI expression in ECs of 
the microvasculature by immunostaining of the QKI protein isoforms in mouse 
kidney sections and cultured human pulmonary microvascular endothelial cells 
(MVECs). Co-staining for the mouse endothelial antigen-23 (MECA32) clearly 
demonstrated QKI expression in the microvascular beds including the peritubular 
capillaries (Fig. 1c, arrows) and to a lesser extent the glomerular endothelium 
(Fig. 1c, circles). Evident staining was also observed in the kidney epithelium. 
Moreover, similar to HUVECs, distinct sub-cellular localization of the QKI-protein 
isoforms was observed in MVECs (Fig. 1d). Interestingly, particularly at higher 
magnification, in both HUVECs and MVECs, QKI-7 appeared to be focally 
enriched at the plasma membrane. Staining with an antibody that recognizes all 
three protein isoforms (pan-QKI) showed that the vast majority of QKI protein is 
localized in the nucleus (Fig. 1d). Taken together, these results demonstrate that 
QKI is highly expressed in the endothelium of both the macrovascular as well as 
in the microvascular beds. 
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Laminar shear stress induces QKI expression. 
Depending on their location in the vascular tree, ECs are exposed to varying 
magnitudes and types of shear stress caused by the flowing blood. It has been well 
established that the type of shear stress, either by laminar or disturbed flow, drives 
distinct cellular signaling pathways resulting in either quiescent or inflammatory 
EC phenotype, respectively30. Given the marked expression of QKI in ECs in 
healthy vessels, we postulated that vascular protective hemodynamic conditions 
may drive the expression of QKI. To test this, we cultured ECs under laminar 
shear for 7 days (10 dyne/cm2). Compared to statically cultured control cells, 
ECs exposed to laminar flow showed higher expression of the shear-responsive 
genes Nos3 and Krüppel-Like Factor 2 (Klf2)31,32 (Fig. 2a,b). Consistent with this 
quiescent EC phenotype, laminar flow exposed ECs showed well organized VE-
cadherin at the cell-cell junctions, as well as short dense shear-fiber formation 
and alignment to the direction of the flow (Fig. 2b). Using this culture system, we 
determined whether prolonged laminar flow could also induce QKI expression. 
Quantitative RT-PCR revealed that the mRNA of all three Qki isoforms is indeed 
augmented by a shear dependent mechanism (Fig. 2c). Moreover, immunoblot 
analysis and fluorescent immunostaining of control (static) and 7 days sheared ECs 
revealed an evident increase in QKI protein expression (Fig. 2d,e). Interestingly, 
the mRNA and protein levels of the cytoplasmic isoform QKI-7 showed the 
most prominent increase upon prolonged laminar flow. To assess the molecular 
pathway by which QKI expression is augmented under laminar flow conditions 
we examined the promotor region of QKI. This revealed a prominent GC-rich 
DNA stretch, encompassing 78.1% GC content in the 1000 base pairs upstream 
of the QKI ATG start site with many CpG sites present (Fig. 3a, upper illustration). 
The shear induced transcription factor KLF2 binds to GC-rich DNA sequences33 
and has been described to drive a laminar shear dependent anti-inflammatory 
gene expression profile in EC34,35. We utilized a QKI promoter-luciferase reporter 
gene to test whether QKI expression could be directly induced by binding of KLF2 
to the promoter region. Co-transfection of this reporter gene with the KLF2 cDNA 
in HEK293T cells resulted in an induction of the activity of the QKI promoter 
region (Fig. 3a, bar graph). Next, we tested whether lentiviral overexpression of 
KLF2 in HUVECs could also induce QKI expression. Overexpression of KLF2 
resulted in increased expression of Nos3 mRNA, but did not result in altered Qki 
mRNA levels (Fig. 3b). In contrast, overexpression of KLF2 did result in a marked 
increase in QKI protein levels, as evidenced by immunostaining and immunoblot 
analysis (Fig. 3c,d). NOS3 protein detection was taken along for validation that 
a functional KLF2 was overexpressed (Fig. 3b–d). These experiments support 
the hypothesis that QKI protein expression can be mediated by the transcription 
factor KLF2, either through direct interaction with the QKI promoter region and/
or through additional post-transcriptional mechanisms. Taken together, we show 
that QKI expression is particularly expressed in quiescent, healthy ECs.
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Figure 2 | Endothelial cells cultured under laminar flow show increased QKI expression. (a) Quantitative 
RT-PCR analysis of Klf2 and Nos3 mRNA isolated from HUVECs cultured under static or laminar flow 
conditions. Results are presented relative to static cultured cells, set as 1. Mean ± s.e.m of n = 3–6. *P < 0.05. (b) 
Immunofluorescent staining of NOS3 (green, left panels) or VE-cadherin (green, right panels) and nuclei (blue) 
or F-actin (red) in HUVECs cultured under static or laminar flow conditions. Scale bars 100 μ m. (c) Quantitative 
RT-PCR analysis of Qki5, Qki6 and Qki7 mRNA isolated from HUVECs cultured under static or laminar flow 
conditions. Results are presented relative to static cultured cells, set as 1. Mean ± s.e.m of n = 6–7. *P < 0.05. (d) 
Immunoblot analysis of QKI-5, QKI- 6, QKI-7, NOS3 or GAPDH (loading control) in protein lysates of HUVECs 
cultured under static or laminar flow conditions. Bar graph shows quantification of 3 independent experiments, 
mean ± s.e.m. Results are relative to static cultured cells, set as 1. (e) Immunofluorescent staining of QKI-5, QKI-
6 or QKI-7 (green) in HUVECs cultured under static or laminar flow conditions. Scale bars 100 μ m.
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Figure 3 | Quaking is induced by KLF2. (a) Schematic representation of the promoter of QKI gene, 
demonstrating a high GC content (upper panel). Bar graph shows QKI promoter-luciferase reporter activity in HEK293T 
cells after transduction with lenti-KLF2 virus or lenti-mock virus. Results are presented relative to reporter activity in mock 
transduced cells, set as 1. Mean ± s.d. from one experiment representative of three independent experiments. *P < 0.05. 
(b) Quantitative RT-PCR analysis of Klf2, Nos3, Qki5, Qki6 and Qki7 mRNA isolated from HUVECs transduced with mock 
or KLF2 overexpressing lenti-virus. Results are presented relative to cells transduced with mock virus, set as 1. Mean ± 
s.e.m. of n = 4. *P < 0.05. (c) Immunoblot analysis of QKI-5, QKI-6, QKI-7, NOS3 or ACTB (loading control) in protein lysates 
of HUVECs transduced with mock or KLF2 overexpressing lenti-virus. Bar graph shows quantification of 3 independent 
experiments, mean ± s.e.m. Results are relative to static cultured cells, set as 1. *P < 0.05. (d) Immunofluorescent staining 
of QKI-5, QKI-6, QKI-7 or NOS3 (green) and F-actin (red, rights panels) in HUVECs cultured transduced with mock or KLF2 
overexpressing lenti-virus. Scale bars 100 μm.

QKI affects endothelial barrier function and binds the VE-cadherin and 
β-catenin mRNAs to promote translation. 
To gain insight into the function of QKI in ECs we silenced QKI expression in 
ECs using lentiviral shRNA vectors targeting the QKI mRNA (shQKI) and a 
non-QKI targeting control shRNA (shCtrl). Repression of QKI expression was 
validated using qRT-PCR, immunoblot analysis and immunofluorescent staining 
(Fig. 4a–c). Next, shCtrl- and shQKI-treated ECs were seeded on gelatin-coated 
culture chambers that have electrodes present in the growth area to facilitate the 
measuring of electrical resistance by Electric Cell-substrate Impedance Sensing 
(ECIS)36. Targeted reduction of QKI in ECs did not affect the capacity of the cells 
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Figure 4

Figure 4 | Targeting QKI perturbs endothelial barrier function in vitro. (a) Quantitative RT-PCR analysis of Qki5, 
Qki6 and Qki7 mRNA isolated from HUVECs transduced with anti-Qki shRNA (shQKI) or control shRNA (shCtrl). Results are presented 
relative to shCtrl, set as 1. Mean ± s.e.m. of n = 5. *P < 0.05. (b) Immunoblot analysis of QKI-5, QKI-6, QKI-7 or GAPDH (loading 
control) in protein lysates of shCtrl or shQKI HUVECs. (c) Immunofluorescent staining of QKI-5, QKI-6 or QKI-7 (green) in shCtrl or 
shQKI HUVECs. Scale bars 50 μ m. (d) Transendothelial electrical resistance of shCtrl or shQKI transduced HUVECs seeded on ECIS 
electrodes. Left grey box indicates time frame of adhesion and spreading, right grey box indicates time frame of stable monolayer. (e) 
Relative transendothelial electrical resistance of shCtrl or shQKI HUVEC stable monolayer, time frame indicated by right grey box in d, 
shCtrl set so 1. Mean ± s.e.m. of n = 3. *P < 0.05. (f) Absolute endothelial electric resistance attributable to cell-cell contact (Rb, left bar 
graph) and cellmatrix interaction (Alpha, right bar graph) of shCtrl or shQki HUVECs. Mean ± s.d. of n = 2. *P < 0.05.

to adhere and spread (Fig. 4d), but did result in the inability to form a proper high 
resistance monolayer as compared to control cells (Fig. 4d,e). Applying further 
mathematical modeling using the provided ECIS software, this modeling uses the 
impedance data to calculate the cell morphological parameters cell-cell contact 
and cell-matrix interaction37,38, it was confirmed that QKI reduction potently and 
specifically attenuated the endothelial cell-cell interactions (Fig. 4f). Given the 
RNA-binding properties of QKI, we postulated that the effects on barrier function 
could be explained by the post-transcriptional regulation of the mRNAs of genes 
involved in cell-cell interactions. To identify potential binding partners of QKI 
that are involved in barrier function, we examined the previously published gene 
list of 1430 potential target genes that have been computationally determined 
to contain a Quaking Response Element (QRE) (NACUAAY-N1–20-UAAY)39. 
Interestingly, VE-cadherin and β -catenin, essential for endothelial adherent 
junctions, both were shown to harbor high-affinity QREs in the 3′ UTRs of their 
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mRNA (Supplementary Fig. 2). Next to this we as well examined the published 
QKI PAR-CLIP in HEK293 cells40, as well as the pre-mRNA sequence of VE-
cadherin, since VE-cadherin is not expressed in HEK293T cells (Supplementary 
Fig. 2). In intronic regions several QREs are present, however no alternative 
splicing events of the flanking exons have been annotated (UCSC or Refseq). 
Using RNA immuno-precipitation, we first assessed whether QKI could bind to 
the mRNA of VE-cadherin and β -catenin. Indeed qRT-PCR analysis confirmed 
that mRNAs of both VE-cadherin and β -catenin were highly enriched in the 
QKI-antibody precipitated RNA fraction both in HUVECs (Fig. 5a,b) as well as 
in MVECs (Supplementary Fig. 3a,b). Since the QREs in the VE-cadherin and 
β -catenin mRNAs were localized in their 3′ UTRs, we next sought to determine 
whether, next to binding, QKI as well has an effect on protein translation. For this 
we utilized luciferase-reporter genes fused to the 3′ UTRs of both genes. Indeed, 
the presence of a QRE in the 3′ UTRs from both genes showed a clear increase 
in luciferase activity, while these effects were blunted when QKI was repressed 
(Fig. 5c,d). These data indicate that QKI does not only bind to the mRNA of VE-
cadherin and β -catenin, but also increases the translation by binding to the 3′ 
UTRs of these mRNAs. 

Figure 5 | Quaking protein binds to VE-cadherin and β-catenin mRNA and affects translation 
(a,b) RNAimmunoprecipitation in HUVECs using an IgG control or QKI-5 antibody. VE-cadherin (a), β -catenin (b) or Gapdh 
mRNA abundance in immune-precipitated fraction was determined by qRT-PCR. Results are presented relative to IgG 
immunoprecipitation, set as 1. Mean ± s.d. from one experiment representative of three independent experiments. *P < 
0.05. (c,d) VE-cadherin (c), β -catenin (d) or Control (Ctrl) 3′ UTR luciferasereporter constructs were co-transfected with 
shCtrl or shQKI in HEK293T cells and luciferase activity levels measured. Results are presented relative to Ctrl 3′ UTR in 
shCtrl cells, set as 1. Mean ± s.d. from one experiment representative of three independent experiments. *P < 0.05.

Reducing QKI predisposes to vascular leakage
We next used ECs to validate that a reduction of QKI indeed decreases the 
abundance of VE-cadherin and β -catenin expression. While shRNA-mediated 
QKI knockdown in the EC did not reveal a pronounced reduction of either 
VE-cadherin or β -catenin mRNA (Fig. 6a), immunoblot analysis did show 
reduced VE-cadherin and β -catenin protein levels in ECs (Fig. 6b). In addition, 
immunofluorescence staining of VE-cadherin and β -catenin in shCtrl or shQKI 
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ECs revealed that the expression of both VE-cadherin and β -catenin were 
diminished at the adherent junctions of shQKI treated cells (Fig. 6c). These data 
confirm that in ECs, QKI does not regulate mRNA transcript abundance, but 
instead mediates translation and thereby protein expression of VE-cadherin and β 
-catenin. Finally, we postulated that decreased QKI expression would also result 
in impaired EC barrier function in vivo. To that end, we used the Quakingviable 
(Qkv) mouse strain that has been widely used as a model to study the effects of 
decreased QKI levels. Vascular leakage and EC barrier function was assessed in 
vivo by Evans blue extravasation upon stimulation with bradykinin. Bradykinin is a 
well described potent permeability-increasing inflammatory mediator by signaling 
through the bradykinin receptors (BDKRB1 and BDKRB2)41 and Orsenigo et al. 
have shown VE-cadherin mediated vascular leakage in response to bradykinin42. 
Moreover, it has been reported that the mouse intestine microvasculature shows 
a strong susceptibility to bradykinin43. Therefore, we used a similar approach to 
robustly quantify extravasated Evans blue 5 minutes after intravenous injection of 
bradykinin. In concordance with our in vitro studies, a reduction of QKI expression 
in vivo indeed resulted in a significant 40% increase of Evans blue leakage upon 
bradykinin stimulation (Fig. 6d). These results further confirm that QKI expression 
is required for maintaining the integrity of EC barrier function in vivo. 

Figure 6 | Abridged QKI results in reduced VE-cadherin and β-catenin and enhanced vascular 
leakage. (a) Quantitative RT-PCR analysis of VE-cadherin and β -catenin mRNA isolated from shCtrl or shQKI HUVECs. 
Results are presented relative to shCtrl, set as 1. Mean ± s.e.m. of n = 5. *P < 0.05. (b) Immunoblot analysis of pan-QKI, 
VE-cadherin, β -catenin or GAPDH (loading control) in protein lysates of shCtrl or shQKI HUVECs. Bar graph shows 
quantification of 3 independent experiments, mean ± s.e.m. Results are relative to static cultured cells, set as 1. *P < 0.05. (c) 
Immunofluorescent staining of VE-cadherin or β -catenin in shCtrl or shQKI HUVECs. Scale bars 50 μ m.
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Figure 6 legend continued | (d) Vascular leakage upon Bradykinin (8 mg/kg) stimulation was measured 
in the gut microvasculature of WT and Qkv mice, by spectrophotometric quantification of extravasated 
albumin that was labeled using Evans Blue. Results are presented relative to those of WT mice, set as 
1. Mean ± s.e.m. of n = 8–9. *P < 0.05. (e) A schematic diagram of endothelial QKI, induced by laminar 
flow and KLF2, in maintaining endothelial adherence junctions by binding to and inducing translation of 
VE-cadherin and β -catenin mRNA.

Discussion 
In this study we provide evidence that the RBP QKI is highly expressed in 
quiescent ECs and is required for the maintenance of endothelial barrier function 
by increasing the expression of VE-cadherin and β -catenin in the intra-cellular 
junctions of the endothelium. Following the notion that the 3′ UTRs of both the 
β -catenin and VE-cadherin mRNA contained QKI-binding sites, we investigated 
the role of QKI in the expression of these genes and demonstrated that the 
interaction of QKI with the 3′ UTR region of VE-cadherin and β -catenin mRNA 
resulted in increased translation of these genes (Fig. 6e). Previous reports 
demonstrated that the binding of QKI to the 3′ UTR region of target mRNAs can 
affects mRNA stability and translation in a transcript and cell-specific fashion. For 
instance, in oligodendrocytes, QKI binding to the mRNAs of myelin basic protein 
(MBP)44 and its regulator Hnrnpa145 was demonstrated to stabilize these mRNA 
levels by counteracting their rate of degradation. In contrast, QKI binding to the 
UTR of the Forkhead Box O1 mRNAs in cancer cells results in lower levels of this 
mRNA46,47. In contrast, our data in this study have indicated that in endothelial 
cells, binding of QKI to VE-cadherin and β -catenin 3′ UTRs does not impact 
the mRNA levels, yet does enhance protein expression of VE-cadherin and β 
-catenin. Two previous reports have also implicated post-transcriptional regulation  
of β -catenin by QKI. In those studies adenovirus-mediated overexpression of 
QKI resulted in a decrease of protein expression, similarly without a change 
in mRNA abundance47,48. Together these results point to complex regulatory 
mechanisms, for example the direct competition of QKI and other RBPs binding 
to the 3′ UTR, such as the RBPs Tristeraprolin49 or HuR50,51. Increased expression 
of VE-cadherin and β -catenin following the binding of QKI to their 3′ UTRs could 
also be explained by a direct competition for binding with microRNAs that would 
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cause translational arrest without mRNA degradation. However, in silico analyses 
revealed no known microRNA binding sites at the QRE site in the 3′ UTRs of VE-
cadherin and β -catenin. Alternatively, increased expression of the QKI-bound 
mRNAs could be related to affect QKI-dependent localization and shuttling of 
these mRNAs. The homo- or hetero-dimerization dependent binding of RNA52,53, 
the distinct subcellular localization of the QKI isoforms29 and the presence of QKI 
in specific RNA containing granules26 are consistent with a role for QKI in the 
intracellular distribution of mRNA between the nucleus and various cytoplasmic 
compartments. For instance, nuclear retention was demonstrated for the MBP-
1 mRNA in Qkv mice54. Given the above, it is tempting to speculate that, in EC, 
QKI-7 containing heterodimers serve to shuttle bound mRNA to the cellular 
periphery and facilitate the local translation at for example adherens junctions. 
Endothelial barrier function and the prevention of vascular leakage is tightly 
coupled to signaling pathways that are induced by laminar shear stress55. Our 
observation that ECs cultured for prolonged time under laminar flow, induced QKI 
mRNA and protein expression and most likely, influenced its junction-stabilizing 
functions, is consistent with this concept. Notably, lentiviral overexpression of 
the flow induced transcription factor KLF2 did reveal an increased QKI protein 
expression as assessed by immunostaining and immunoblot. Therefore, our 
promoter activity experiments indicate that KLF2 mediates the promoter activity 
of QKI. This hypothesis was supported by the work of Redmond and co-workers 
who reported that, compared to control cells, QKI was one of the most repressed 
genes in the embryonic yolk sack erythroid cells of KLF2 knockout mice56. 

Together this points towards a regulation of QKI by KLF2, however it cannot 
be excluded that other parallel pathways are involved. For instance, several 
microRNA-mediated feedback loops have been described in literature, such as 
KLF2 driven microRNA-143 and microRNA-148 expression57 which, based on in 
silico analyses, are also predicted to bind to the 3′ UTRs of the QKI mRNAs. Based 
on in silico analysis these microRNAs could target the QKI 3′ UTRs, but not VE-
cadherin and β -catenin, and induce mRNA degradation in HUVECs. Strikingly, 
genome wide in silico analyses suggested that the QKI 3′ UTRs are probably 
extremely susceptible to microRNA regulation, ranking number 11 genome wide 
in the number of potential microRNA seed sequences present in its 3′ UTR58. 
Combined with the induced QKI promoter activity by KLF2, microRNAs could 
result in an induction of QKI protein expression without an evident increase in QKI 
mRNA levels, as observed upon lentiviral KLF2 overexpression in HUVEC cells. 
The difference seen in QKI mRNA levels upon laminar flow and induced KLF2 
expression, could be explained by other changes. Laminar flow induces not only 
KLF2, but also other signalling pathways that might contribute to the regulation 
of QKI mRNA and protein expression. Next to the change in microRNAs and 
QKI by KLF2 and/or laminar flow we do not exclude that the expression of other 
RNA-binding proteins might also be changed and capable of influencing QKI 
mRNA and protein levels. Taken together, while previous studies demonstrated 
a critical role for QKI in embryonic blood vessel development by mediating intra-
cellular interactions between ECs and the cells of the visceral endoderm, we now 
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show that the RNA-binding protein QKI also serves a postnatal role in the proper 
formation of endothelial cell-cell contacts and barrier function (Fig. 6e). Our 
data underscore the importance of post-transcriptional regulation in endothelial 
homeostasis and might have implications for future therapeutic strategies aimed 
to preserve vascular integrity in health and disease. 

Supplementary data

Supplementary figure 2 | Quaking Response elements in VE-cadherin and ß-catenin. 
A schematic diagram of VE-cadherin and ß-catenin pre-mRNA with QKI response elements (QREs).

Supplementary figure 3 | Quaking protein binds to VE-cadherin and β-catenin mRNA (a-b) 
RNA-immunoprecipitation in MVECs using an IgG control or QKI-5 antibody. VE-cadherin (a), β-catenin (b) or Gapdh 
mRNA abundance in immune-precipitated fraction was determined by qRT-PCR. Results are presented relative to IgG 
immunoprecipitation, set as 1. Mean ± s.d. from one experiment representative of four independent experiments. *P<0.05.

Supplementary figure 1 | Quaking 
is highly expressed in HUVECs (a) 
Quantitative RT-PCR analysis of VE-cadherin, 
Nos3, Qki5, Qki6 and Qki7 mRNA isolated from 
HUVECs. Results are presented as percentage of 
GAPDH. Mean ± s.e.m. of n=15. (b) Immunoblot 
analysis of QKI-5, QKI-6, QKI-7 or GAPDH 
(loading control) in protein lysates of HUVECs.
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Methods 

Mice
C57BL/6 J mice were obtained from the Jackson Laboratory. Inducible 
Tg(Cdh5-cre/ERT2)1Rha (Jackson Laboratory) mice were crossed to B6.Cg-
Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J (Jackson Laboratory) to obtain 
VE-cadherin-CreER/RosatdTomato reporter mice. Tamoxifen (Sigma-Aldrich) 
was dissolved in a sunflower oil/ethanol (10:1) mixture at 10 mg/ml. Tamoxifen 
2 mg was injected daily intraperitoneal into 8-week-old VE-cadherin-CreER/
RosatdTomato mice for 5 consecutive days. Quakingviable (Qkv) mice were 
generously provided by dr. S. Richard, McGill University, Montreal, Canada. 
Quakingviable mice have an autosomal recessive 1 Mb deletion in the promoter 
region of the Qki gene59,60. This results in decreased expression of QKI-6 and 
QKI-7 isoforms and serves as a well-recognized model to study QKI dependent 
effects in vivo. All animal use and experimental procedures were approved by 
the regulatory authorities of the Leiden University Medical Center and within 
the guidelines set by the Dutch government. All experiments were performed in 
accordance with relevant guidelines and regulations. 

Cell culture
HUVECs were isolated from human umbilical cords. The umbilical cords were 
collected and kept at 4 °C in PBS for a maximum of 3 days. To harvest the ECs, 
the vein was cannulated and flushed with sterile PBS. Thereafter, pre-heated 
(37 °C) trypsin-EDTA (Gibco) was incubated for 15 minutes in 37 °C PBS after 
which the vein was flushed with PBS again. The resulting cell suspension was 
spun down (1500 rpm, RT, 10 minutes), resuspended in Endothelial growth 
medium-2 (Lonza), and plated on 1% gelatin coated T75 flasks, cultured at 37 
°C, 5% CO2. Experiments were performed with cell passage 1–3. MVEC were a 
kind gift from Prof. M.J.T.H. Goumans, Leiden University Medical Center, Leiden, 
the Netherlands. MVECs are human pulmonary microvascular endothelial 
cells and were culture in microvascular endothelial cell medium-2 (EGM-2-MV, 
Lonza). Human embryonic kidney cells (HEK293T) were cultured in DMEM 
(Gibco) supplemented with 100 U/ml penicillin, 100 U/ml streptomycin, 300 μ g/
ml glutamin (all from Gibco) and 10% fetal calf serum (Cambrex). 

Primary antibodies 
Antibodies used to detect QKI-5, QKI-6 or QKI-7 were obtained from Millipore 
(rabbit polyclonals) or Neuromab (mouse monoclonals). MECA-32, VE-cadherin 
and NOS3 from BD Biosciences, GAPDH and β -catenin from Cell Signaling and 
β -actin from Abcam. 

Immunofluorescent staining
Cells cultured on glass coverslips or Ibidi 8-well μ -slides, cross-sections of 
aorta from VE-cadherin-CreER/RosatdTomato mice, or cross-sections of kidney 
from C57BL/6 J mice were washed twice with Hanks’ Balanced Salt Solution 
containing Ca2+ and Mg2+ (HBSS, Gibco), fixed with 3.7% formalin (Millipore) 
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for 10 minutes and permeabilized with 0.5% Triton X-100 for 2 minutes (Sigma-
Aldrich) in HBSS. Indicated antibodies were incubated in HBSS containing 1% 
bovine serum albumin and 1% fetal calf serum for 1 hour. Appropriate secondary 
antibodies labeled with Alexa fluorophores were obtained from Invitrogen and 
phalloidin-rhodamine was obtained from Sigma-Aldrich. Cells or sections were 
mounted with Prolong® gold antifade mountant with DAPI (Life technologies) 
and imaging was performed on an inverted Leica SP5 confocal imaging system. 

Quantitative RT-PCR
RNA isolation was performed using TRIZOL reagent (Invitrogen) and isolated 
using Qiagens’ RNAeasy kit according to manufactures instructions. 500–2000 
ng of total RNA was used for reverse transcription mediated cDNA synthesis 
using random primers (Invitrogen) according to the manufactures protocols. 
SYBR Select (Invitrogen) and a Biorad CFX384 were used for qRT-PCR analysis 
(primers, Table 1). The change in mRNA expression was calculated by the 
comparative change-in-cycle-method (ΔΔCT). 

Immunoblot analysis
Protein lysates were generated using radioimmunoprecipitation buffer 
supplemented with protease inhibitors cocktail (Complete, Roche), total protein 
content was determined using BCA Protein Assay Kit (Pierce), and 5–20 μ g of 
total protein was resolved using Any-kD Mini-PROTEAN TGX Precast SDS page 
gels (Biorad). Gels were blotted onto nitrocellulose membranes using the Trans-
Blot Turbo Transfer System (Biorad) and blocked with 5% non-fat milk powder 
in PBS with 0.01% of Tween (PBST). Membranes were incubated with primary 
antibodies overnight at 4 °C, thereafter appropriate HRP-labeled secondary 
antibodies were incubated for 1 hour at room temperature and thoroughly 
washed with PBST. Next, membranes were incubated with SuperSignal West 
Dura Chemiluminescent Substrate (Pierce) and exposed on BioMax XAR Film 
(Kodak) or Ultracruz autoradiography film (Santa Cruz). 

Laminar shear stress experiments
Laminar shear stress experiments were performed using an Ibidi flow system. 
HUVECs were seeded onto closed perfusion chambers (IbidiTreat 0.4 μ -Slide I or 
VI, Luer) at a concentration of 1.5 × 106 cells per ml. Cells were allowed to adhere 
for 3 hours and the chamber was connected to a computer-controlled air pressure 
pump and a fluidic unit with a two-way switching valve. The pump setup allowed 
pumping of 16 ml cell culture medium from two reservoirs in a unidirectional way 
through the flow channel over the monolayer of ECs at a constant shear stress of 
10 dyne/cm2. The chamber and reservoirs containing the medium were kept in 
an incubator at 37 °C and 5% CO2. Medium was refreshed after 1 and 4 days of 
culture. RNA was isolated from cells not subjected to flow or subjected to shear 
stress for 7 days in a 0.4 μ -Slide I Luer flow chamber, while the 6 lanes of a 0.4 
μ -Slide VI Luer were used for immunofluorescent stainings. 

Lentiviral vectors, lentiviral particle production and transduction



8

Quaking in endothelial cells

165

Four different shRNA constructs targeting human QKI were obtained from the 
Mission Library (Sigma Aldrich) and tested for their efficiency to knock down 
QKI. The best shRNA was selected to perform all experiments. As a control, 
a non-targeting shRNA was used. The human KLF2 overexpression construct 
was kindly provided by Prof. A. Horrevoets, VU University Medical Center, 
Amsterdam, the Netherlands. Lentiviral particles were produced as described 
by the Sigma Library protocol using HEK293T cells. Lentiviral transductions of 
HUVECs were done with cell passage 1 or 2. Lentiviral particles were incubated 
overnight and puromycin selection (0.5 μ g/ml) for 24 hours was started 24 hours 
after lentiviral transduction. 

Endothelial barrier measurements
Endothelial barrier was measured by Electric-cell impedance sensing. HUVEC 
cultures were grown to confluency, where after the cells were detached using 
trypsin-EDTA solution, counted using trypan blue and seeded in the electrode 
arrays (Ibidi, 8 wells, 10 electrodes per well) coated with gelatin (1% in 0.9% NaCl) 
at a density of 50.000 cells/well. Measurements of trans-endothelial electrical 
resistance were performed in real time by means of an ECIS-Zθ instrument 
(Applied Biophysics) at 37 °C, 5% CO2. Cell spreading and monolayer formation 
were subsequently monitored by measuring the resistance at 4000 Hz. For the 
mathematical modelling to calculate resistance attributable to the functions cell-
cell adhesion and cell-matrix interaction, the resistance and capacitance were 
measured at 11 different AC frequencies ranging from 62.5 Hz up to 64000 Hz. 

RNA immunoprecipitation 
RNA-immunoprecipitation was performed using Millipore’s validated RIPAb + 
QKI-5 kit according to manufacture instructions. 

Luciferase assays 
HEK293T cells were transfected with a human QKI promoter-luciferase reporter 
construct (SwitchGear Genomics), human β -catenin 3′ UTR luciferase-reporter 
plasmid (SwitchGear Genomics), human VE-cadherin 3′ UTR luciferase-reporter 
plasmid (last 545 bp of 3′ UTR of human VE-cadherin cloned into pMIR-REPORT™ 
miRNA Expression Reporter Vector System; Applied Biosystems), control 3′ UTR 
luciferase-reporter plasmid (60 bp of murine SDF-1 3′ UTR cloned into pMIR-
REPORT™ miRNA Expression Reporter Vector System; Applied Biosystems) 
or empty 3′ UTR luciferase-reporter construct (SwitchGear Genomics) through 
the use of polyethylenimine (3 μ g/1 μ g DNA; Polysciences Inc). When indicated 
shRNA against QKI or non-targeting shRNA were co-transfected. Twenty-four 
hours after transfection luciferase activity was assessed with the Dual Luciferase 
Reporter reagents (Promega) and a GloMax® 96 microplate luminometer 
(Promega) and was normalized to a constitutively expressed renilla reporter. 

In vivo vascular leakage
Female Quaking viable (Qkv) mice or wild type littermates aged 16–20 weeks 
old were anesthetized by intraperitoneal injection with 10 ml/kg of fentanyl (50 
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μ g/ml), dexmedetomidine (Dexdomitor, 0.5 mg/ml), and midazolam (Dormicum, 
5 mg/ml). Next, the mice were injected intravenous with 100 μ l of 1% Evans 
Blue (Sigma-Aldrich) in PBS. After 15 minutes 8 mg/kg bradykinin was injected 
intravenous and mice were exsanguinated by cardiac puncture after 5 minutes. 
Plasma was collected, mice were perfused with 20 ml of PBS. The gut was taken 
out from stomach until the rectum, weighed, cut into small pieces and incubated 
overnight at 55 °C in 2 ml of Formamide (Sigma-Aldrich). Next, tubes were spun 
down, and supernatants were collected to determine light absorbance at 450 
nm (reference) and 620 nm (Evans blue) wavelengths using a 96-wells plate 
in a spectrophotometer (SpectraMax, Molecular Devices). The Evans Blue OD/
reference OD ratio per gram of wet tissue is given. 

Statistical analysis 
The difference between two groups was analyzed by Student’s t-test. P values of 
less than 0.05 were considered significant.
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Abstract

In the pathophysiologic setting of acute and chronic kidney injury, the excessive 
activation and recruitment of blood-borne monocytes prompts their differentiation 
into pro-inflammatory macrophages, a process that leads to progressive 
glomerulosclerosis and interstitial fibrosis. Importantly, this differentiation of 
monocytes into macrophages requires the meticulous coordination of gene 
expression at both the transcriptional and post-transcriptional level. The 
transcriptomes of these cells are ultimately determined by RNA-binding proteins 
such as Quaking, that define their pre-mRNA splicing and mRNA transcript 
patterns. Here, we demonstrate that the specific abrogation of Quaking 
expression in monocytes, using a recently developed conditional null allele of 
quaking in mice, is associated with changes in splicing that ameliorates the 
activation of pro-inflammatory processes due to an inability to fully adopt the 
pro-inflammatory macrophage phenotype. This led to a reduction of macrophage 
infiltration and significantly diminished interstitial collagen deposition upon 
unilateral urethral obstruction. Collectively, diminished Quaking expression in 
monocytes and macrophages limits renal interstitial fibrosis and is associated with 
Quaking-mediated alternative splicing of pre-mRNA transcripts in differentiated 
macrophages. Modulation of the cellular transcriptome by interfering with RBP 
expression or activity deserves attention as a novel means of limiting disease 
progression by skewing monocytes towards an anti-inflammatory and anti-fibrotic 
phenotype. 
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Introduction 
In the pathophysiologic setting of acute and chronic kidney injury, the recruitment 
of circulating monocytes has been extensively described to play a central role in 
driving glomerulosclerosis and interstitial fibrosis1-3. The chronic and progressive 
sclerosis of the kidney, commonly known as chronic kidney disease (CKD) can 
lead to end-stage renal disease (ESRD) caused by e.g. diabetes, hypertension, 
ischemia reperfusion injury following kidney transplantation and acute or chronic 
allograft rejection4,5 and has a life-time prevalence of approximately 10% 6. 
Strikingly, this fibrotic process is directly associated with decreased renal 
function, necessitating renal-replacement therapies such as dialysis or organ 
transplantation 7,8. Furthermore, CKD is associated with a high mortality rate 
due to an increased risk of cardiovascular events6,9.  As such, gaining a better 
understanding of macrophage-induced kidney injury, and their role in the initiation, 
maintenance and progression of CKD into ESRD represents an unmet clinical 
need to develop new therapeutic strategies to prevent loss of renal function. 
 
Circulating monocytes serve as potent mediators of inflammation and organ 
damage by  their homing, extravasation and differentiation into tissue macrophages 
at sites of injury10 ,11. Depending on the local milieu, monocytes differentiate into 
macrophages that are characterized by distinct capacities to generate pro- and/
or anti-inflammatory cytokines, phagocytose dead cells and debris, and instruct 
adaptive immune responses by presenting antigens. A subset of these circulating 
monocytes, namely non-classical monocytes, has been implicated in directing 
processes that are geared towards resolving detrimental organ dysfunction by 
promoting angiogenesis, tissue remodelling and scar-tissue formation 12.  This 
well-orchestrated reparative response ideally restores tissue architecture and 
organ function. 

The inflammatory response to tissue injury has been proposed to be primarily 
coordinated at the post-transcriptional level within immune cells 13,14,15. In 
particular microRNAs and RNA-binding proteins (RBPs) are being allocated 
defining roles in this process due to their capacity to impact RNA stability, 
localization, (alternative) splicing , and translation 14,16-19. One such RBP is the 
signal transduction and activation of RNA (STAR) family member Quaking (QKI), 
which comprises three main isoforms, termed QKI-5, QKI-6 and QKI-7 based 
on the length of their respective mRNA.  Of note,   the differential expression 
of QKI, which binds to RNA species through a conserved binding motif 20-22 has 
been demonstrated to dynamically alter the post-transcriptional landscape in 
microglia, oligodendrocytes, endothelial cells, (smooth) muscle cells, monocytes 
and macrophages 23-35, linking changes in QKI expression levels with angiocentric 
gliomas, schizophrenia, cancer, atherosclerosis, and vascular stenosis 
respectively. 

Recently, we demonstrated that the RBP QKI serves an essential role in 
orchestrating the transcriptome of monocytes and macrophages by governing 
pre-mRNA splicing and gene expression in atherosclerosis36.  Given that 
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monocyte recruitment and infiltration into the damaged kidney, and subsequent 
generation of pro-inflammatory cytokines by macrophages is associated with 
kidney injury and the subsequent fibrotic response, we sought to determine if the 
specific abrogation of QKI in monocytes could attenuate interstitial fibrosis. Here, 
we detail our discovery that the attenuation of QKI in monocytes in vivo, using a 
recently generated conditional null allele of qkI in mice, ameliorates their capacity 
to drive pro-inflammatory processes, thereby reducing renal interstitial fibrosis 
upon unilateral urethral obstruction (UUO).  We postulate that the modulation of 
the cellular transcriptome by interfering with RBP expression or activity represents 
a novel and potent means of shifting cells from a pro-inflammatory and disease-
advancing, to an anti-inflammatory and tissue regenerative phenotype. 
 

Results

Quaking is abundantly expressed in the kidney
To determine the expression of the QKI protein isoforms within the kidney, we 
performed immunohistochemistry on cryo-sections of healthy mouse kidneys 
using antibodies that specifically detect the individual QKI-5, QKI-6 and QKI-
7 isoforms, together with the endothelial cell marker MECA-32. As illustrated 
in Figure 1A, all three QKI isoforms are expressed in tubular epithelial cells, 
although some tubuli appear void of QKI-7. Also endothelial cells (arrowheads) 
and a few striking intraglomerular cells (arrows) that are MECA-32 negative, 
do express QKI. Strikingly, the latter are too few in number to represent either 
mesangial cells or podocytes. As previously described25,30,32,34, QKI-5 and QKI-6 
display nuclear enrichment within renal cells, but are also abundantly detected 
in the cytoplasm of the tubular epithelium. In contrast, QKI-7 is located primarily 
peri-nuclear and thus cytoplasmic (Figure 1A; arrows lower panels). Given that 
QKI is regarded as a global regulator of the cellular transcriptome, the expression 
of QKI in individual cell-types within the kidney could impact their transcriptome 
and thereby cellular function in a disease setting. 

Macrophages expressing QKI home to the kidney upon injury
Previously we have established that QKI modulates the transcriptome in 
monocytes and macrophages  in atherosclerosis36. Following this notion, we next 
examined if QKI is also involved in the inflammatory response to renal injury. 
To test this, we performed unilateral urethral obstruction (UUO) in wild-type 
C57BL6 mice, a kidney injury model that is associated with tubular cell injury, 
inflammation and elaborate interstitial fibrosis37. After 10 days, we harvested 
RNA and tissue from the damaged (UUO) and contralateral (CLK) kidneys. As 
expected, we detected increased production of the extracellular matrix protein 
collagen 1a1 (COL1A1), as well as enhanced intracellular expression of the 
fibroblast-marker smooth-muscle alpha actin (α-SMA) in UUO kidneys (Figure 
1B), confirming the induction of a vast fibrotic response. While qkI-5 mRNA was 
most abundant in kidney lysates, and qkI-6 and qkI-7 mRNA’s were relatively less 
expressed (Figure 1C, white bars) and mRNA expression levels of all three QKI 
variants were significantly increased in fibrotic kidneys as compared to healthy 
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contra-lateral kidneys (Figure 1C, grey bars), possibly through the influx of 
inflammatory cells such as bone marrow-derived monocytes and macrophages. 
It should be mentioned however that other kidney-resident cell types, such as 
activated fibroblasts that undergo a striking proliferative response38,39, could 
thereby also impact the observed enrichment in QKI mRNA expression levels in 
UUO kidney lysates. Nevertheless, immunohistochemical analysis revealed high 
expression of QKI in infiltrating macrophages upon UUO, as evidenced by Pan-
QKI (staining all three QKI-isoforms) and F4/80 co-localization in UUO kidneys 
(Figure 1D, arrowheads). Moreover, M-CSF stimulated bone marrow-derived 
mouse macrophages were found to abundantly express QKI in vitro (Figure 2a, 
open bars). Next, we determined whether the expression of macrophage-specific 
markers such as CD115 and F4/80 were augmented in the fibrotic kidneys, 
profiles that would be indicative of monocyte/macrophage influx (Figure 1B, set 
of bars at the right). Collectively, these findings suggest that QKI mRNA levels 
are enriched in the fibrotic kidney due to, at least in part, infiltrating monocytes/
macrophages. 

Figure 1

A
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Figure 1 continued

Figure 1 | QKI is expressed in infiltrating macrophages upon unilateral urethral obstruction. 
(A) Immunostaining of mouse kidney cryosections for QKI-5 (green, upper panels), QKI-6 (green, middle panels) and QKI-
7 (green, lower panels). Endothelial cells are stained using the MECA-32 antibody in red. Nuclei are stained blue using 
DAPI. (B) Whole kidney lysates of either CLK or UUO kidneys were assessed for mRNA levels of fibrosis markers (α-SMA, 
COL1A1) and macrophage markers (CD115, F4/80). (C) Whole kidney lysates are assessed for QKI mRNA levels using 
qRT-PCR in healthy contralateral kidneys (CLK) as compared to fibrotic kidneys 10 days after UUO. (D) Immunostaining for 
Pan-QKI (green) and F4/80 (macrophage marker in red) on cyrosections of fibrotic kidneys 10 days after UUO. * p≤0.05 by 
Students’ t-test, error bars represent SEM. 

QKI viable mice show decreased interstitial fibrosis upon UUO
Next, we assessed whether a reduction in QKI expression levels could ameliorate 
the inflammatory response upon kidney injury. For this, we employed the Quaking 
viable (qkv) mouse, which has previously been described to express reduced levels 
of QKI throughout its’ tissues40,41 and assessed whether these mice are protected 
from renal interstitial fibrosis. In vitro, we could validate that QKI mRNA levels 
were significantly reduced in qkv bone marrow-derived macrophages derived 
from qkv mice, as compared to WT littermate controls (Figure 2A). Importantly, 
while fibrotic kidneys harvested from WT littermate controls displayed abundant 
expression of the macrophage specific markers F4/80 and CD115 10 days after 
UUO, qkv mouse fibrotic kidneys were characterized by significantly reduced 
mRNA levels of macrophage specific markers F4/80 and CD115 at day 5 and 
day 10 (Figure 2B). These results are indicative of reduced monocyte influx and 
differentiation into macrophages when QKI levels are decreased. The reduction 
in macrophage content was validated by Western blot analysis of whole-kidney 
lysates for the macrophage marker CD206, in which decreased expression was 
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observed in qkv kidneys (Figure 2C, quantitation of n=7 mice is presented below). 
Given the attributing role of infiltrating macrophages in inducing renal fibrosis, we 
assessed whether the fibrosis markers α-SMA and COL1A1 mRNA levels were 
similarly reduced in qkv UUO kidneys. Indeed, these markers were substantially 
less abundant in qkv UUO kidneys on the mRNA (Figure 2D) and protein level 
as assessed by western blot (Figure 2C, upper blot, quantitation of n=7 mice 
is presented below). To further substantiate these anti-fibrotic effect observed 
in qkv  UUO kidneys, we performed Sirius Red staining of paraffin embedded 
kidney sections to visualise and quantitate all interstitially deposited collagens. 
These studies clearly showed decreased interstitial fibrosis as evidenced by 
less collagen staining in qkv UUO kidneys as compared to WT-littermate control 
UUO kidneys (representative photomicrographs are presented in Figure 2E and 
colorimetric quantitation in Figure 2F). Moreover, a strong correlation between 
F4/80 and COL1A1 mRNA expression existed (Pearson R=0.68, p<0.0001, 
Figure 2G). Taken together, these data suggest that  ubiquitous reduction of 
QKI expression leads to reduced macrophage influx and subsequently reduced 
interstitial fibrosis of the kidney. 
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Figure 2 continued

Figure 2 | Quaking viable mice display decreased macrophage influx and decreased 
interstitial fibrosis upon unilateral urethral obstruction.  (A) mRNA expression of QKI mRNA levels in 
cultured macrophages of either Quaking viable (qkv) or wild-type (WT) littermate controls. (B) mRNA levels of macrophage 
markers (F4/80, CD115) in whole kidney lysates derived from either qkv mice (grey bars) or WT littermate controls on 
day 5 and day 10 after UUO.  (C) Western blot analysis of whole UUO kidney lysates for α-SMA, CD206 and Histone-H3. 
Quantitation using ImageJ software is provided below. (D) mRNA levels of fibrosis markers (α-SMA  and COL1A1) in whole 
kidney lysates derived from either qkv mice (grey bars) or WT littermate controls (open bars) on day 5 and day 10 after UUO.  
(E) Representative photomicrographs of Sirius Red staining for collagen on 4 micron sections of 5 or 10 day UUO kidneys 
from either qkv or WT littermate controls. (F) Quantitation of Sirius red staining is provided. (G) Pearson R correlation is 
plotted for COL1A1 and F4/80 expression. * p≤0.05 by Students’ t-test, error bars represent SEM.  

Monocyte-specific knockout of QKI ameliorates renal interstitial fibrosis
To test whether the observed effects were cell autonomous to monocytes and 
macrophages and not the result of a reduction of QKI in e.g. interstitial fibroblasts 
or renal epithelial cells, we generated  qkIFL/FL;LysM-cre mice, yielding a monocyte/
macrophage specific reduction of QKI (Figure 3A). These genetically modified 
qkIFL/FL;LysM-cre mice constitutively express a Cre-recombinase driven by the LysM 
promoter (also described as Lyz2), yielding monocyte/macrophage-specific Cre-
recombinase expression42. The presence of loxP sites flanking the genomic DNA 
sequence encoding exon 2 of the qkI gene induces an exonic frame-shift that 
generates a premature stop codon in exon 3, leading to the monocyte-specific 
abrogation of all QKI protein isoforms that are generated by extensive 
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Figure 3 | Monocyte specific knockout of QKI ameliorates interstitial fibrosis upon unilateral 
urethral obstruction.  (A) Schematic representing the genomic architecture of the conditional QKI knockout mouse 
(not to scale). (B) mRNA levels of the floxed exon 2 of the QKI mRNA in 10 day CLK and UUO kidneys. (C) Sirius red 
staining for collagen in 4 micron sections of 10 day UUO kidneys derived from qkIFL/FL;LysM-cre or WT littermate controls. (D) 
Colorimetric quantitation of Sirius Red staining using ImageJ software. (E) mRNA levels of macrophage markers (CD115, 
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F4/80) in whole kidney lysates derived from either qkIFL/FL;LysM-cre fl mice (grey bars) or WT littermate controls (open bars) on 
day 10 after UUO. (F) mRNA levels of fibrosis markers (α-SMA, COL1A1) in whole kidney lysates derived from either qkIFL/

FL;LysM-cre fl mice (grey bars) or WT littermate controls (open bars) on day 10 after UUO.  * p≤0.05 by Students’ t-test, error 
bars represent SEM. 

alternative splicing of their 3’end (as illustrated in figure 3A).  Although the LysM-
driven LoxP-recombination event doesn’t terminate transcription of the qki locus 
in the non-myeloid cells of the kidney, mRNA levels of the floxed exon 2 were 
significantly reduced in whole kidney lysates of qkIFL/FL;LysM-cre UUO kidneys (Figure 
3B). Moreover, this demonstrates that the recombination event is specifically 
induced in infiltrating cells in UUO kidneys and not in contralateral kidneys that 
are void of infiltrating cells. We subsequently assessed whether these mice are 
protected from UUO-induced kidney fibrosis, similar to the qkv mice. Indeed, 
qkIFL/FL;LysM-cre mice also showed reduced interstitial fibrosis as evidenced by 
decreased sirius red staining (representative photomicrographs are shown in 
Figure 3C and quantitation is provided in Figure 3D). Furthermore, mRNA levels 
of the macrophage markers F4/80 and CD115 were significantly reduced in qkIFL/

FL;LysM-cre   fibrotic kidneys (Figure 3E), whereas the fibrosis genes α-SMA and 
COL1A1 only showed a trend towards reduced expression levels in qkIFL/FL;LysM-cre 

UUO kidneys (Figure 3F). These data further support our hypothesis that it is 
the expression of QKI in monocytes and macrophages that contributes to the 
formation of interstitial fibrosis upon UUO. 

QKI mediates alternative splicing of genes involved in macrophage function 
Given that extensive literature exists regarding a role for QKI in guiding  alternative 
splicing of pre-mRNA transcripts21,23,24,29,32,33,35, we assessed whether these effects 
could similarly be affected macrophages from qkIFL/FL;LysM-cre mice. To this end we 
cultured bone marrow-derived macrophages using M-CSF stimulation (Figure 
4A). Indeed, using an N-terminal antibody that detects all three QKI isoforms, QKI 
was almost completely abrograted in these cultured macrophages (Figure 3C). 
Surprisingly, an aspecific band is visible in qkIFL/FL;LysM-cre lysates, either resembling 
cross-reactivity of the antibody to other KH-domain containing RBPs when used 
for western blot analysis or subtotal recombination in this culture. 
Using PCR and primers in the exons flanking the exon of interest, we could show 
several striking alternative splicing events regulated by QKI, including γ-adducin 
(ADD3), protein tyrosine phosphatase receptor type O (PTPRO), Fibroblast 
Growth Factor Receptor 1 Oncogene Partner 2 (FGFR1OP2) and RalBP1-
associated Eps domain-containing protein 1 (REPS1) (Figure 4C, quantitation in 
Figure 4E). Moreover, in silico analysis of the splicing events clearly demonstrated 
that the presence of a quaking binding site (QBS), defined as an ACUAA/
AUUAA nucleotide motif, exerted position-dependent effects as evidenced by the 
alternative splicing of cassette exons upon QKI depletion. As illustrated in Figure 
4D, a QBS located upstream of the ADD3 and PTPRO cassette exons indicate 
that in the presence of QKI, binding of QKI to this motif induces exon skipping. 
In contrast, diminished expression of QKI in qkIFL/FL;LysM-cre macrophages limits the 
interaction of QKI at these QBSs, thereby decreasing exon skipping and favouring 
exon inclusion. This effect is reversed when a QBS is located downstream of 
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the cassette exon, such as within the FGFR1OP2 gene. In this setting, exon 
skipping is favoured in the qkIFL/FL;LysM-cre macrophages. Finally, the REPS1 gene 
illustrates that the presence of a QBS both upstream and downstream of the 
cassette exon appears to promote exon skipping in WT macrophages.  These 
findings show that the removal of QKI causes a drastic switch in mRNA isoforms 
encoding ADD3, PTPRO, FGFR1OP2 and REPS1, that may be responsible for 
the observed anti-fibrotic phenotype.

					   

Figure 4 | QKI mediates alternative splicing in macrophages (A) Photomicrographs of cultured bone marrow-derived 
macrophages 3 days after M-CSF stimulation. (B) Western blot analysis of cultured mouse macrophages from qkIFL/FL;LysM-

cre or WT littermate controls using a pan-qki (N-terminal) antibody and HistoneH3 loading control. (C) PCR analysis of 
cassette exon alternative splicing in 5 days M-CSF stimulated cultured macrophages derived from either WT or qkIFL/
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FL;LysM-cre mouse bone marrow. Gel electrophoresis of PCR products generated using primers in flanking exons are shown, 
illustrating the abundance of alternative mRNA isoforms expressed. (E) Densometric quantitation using ImageJ software 
and statistical testing is provided for the assessed splicing events. (D) In silico analysis of the particular exon assessed 
illustrates the predicted alternative splicing event based on QBS position (defined as an ACUAA/AUUAA motif) and denotes 
the predominant splicing event in WT (green line) or qkIFL/FL;LysM-cre (red line) macrophages. * p≤0.05 by Students’ t-test.

Discussion

The well-coordinated recruitment of monocytes to sites of tissue injury represents 
a critical aspect of damage resolution, while their excessive recruitment and 
conversion into macrophages is disease-advancing. Within the kidney, the 
monocyte plays a central role following acute kidney injury, while the macrophage 
drives inflammatory pathways that enhance fibrotic responses that are a hallmark 
of chronic kidney disease1,5,7,43. Here, we identified that the targeted reduction of 
the RNA-binding protein QKI, in two distinct mouse models skews these myeloid 
cells into an anti-inflammatory and anti-fibrotic phenotype. Moreover, a cell 
autonomous reduction of QKI decreased monocyte influx upon kidney damage. 
Previously, a pivotal role of QKI in mediating alternative splicing and gene 
expression has been demonstrated, thereby determining cellular phenotype and 
function23,24,29,32,33,35. In this study we were able to identify several key splicing 
events in this recently developed conditional QKI knockout mouse, further 
substantiating the role of QKI in pre-mRNA splicing. Interestingly, the presence of 
a QBS upstream and downstream of the cassette exon in the REPS1 pre-mRNA, 
illustrates that it cannot be excluded that competition with other splicing factors 
or e.g. the secondary structure of the pre-mRNA influences effect that QKI exerts 
on a particular alternative splicing event. Moreover, the recent discovery that 
QKI also mediates the generation of circular RNAs through a splicing-dependent 
mechanism when a QBS is present upstream ánd downstream of an exon, such 
as in the REPS-1 mRNA, opens another interesting avenue of investigation29. 
Our identification that QKI expression levels potently mediate alternative splicing 
in the ADD3 locus, a structural cytoskeletal protein that influences the cortical 
actin layer44, could very well influence the homing of monocytes to the injured 
kidney. Moreover, PTPRO, a tyrosine phosphatase, has been shown to localise 
to the cellular “integrin adhesome”45, which is essential in monocyte adhesion 
and migration46. PTPRO has furthermore been implicated in ischemia reperfusion 
injury of the liver by activating Nuclear factor-κB (NF-κB) 47  and thereby the 
classical or non-classical activation of monocytes/macrophages48,49.  Interestingly, 
FGFR1OP2 is extensively investigated in the context of hematopoietic 
malignancies including acute myeloid leukemia and myelomonocytic leukemia 
where it is involved in monocyte precursor differentiation in the bone marrow50-52. 
The conclusion that the described alternative splicing events and their resulting 
protein isoforms contribute to proper physiological monocyte/macrophage 
function is likely, but remains to be fully elucidated. 
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It is tempting to speculate that a reduction of QKI expression levels not only 
affects the phenotype of monocytes and infiltrating macrophages, but could also 
skew these cells towards a tissue-regenerative and fibrosis-ameliorating function.  
Although some controversy still exists about the exact role of monocytes and 
macrophages in organ fibrosis, it has been suggested that macrophages can 
also contribute to the resolution of fibrosis by affecting myofibroblast function 
and enhancing matrix metalloproteinase (MMP) and collagenase expression, 
while concomitantly decreasing the expression of tissue inhibitors of MMPs 
(TIMPs)53-55. While numerous studies have provided evidence that organ fibrosis 
can be reversed56-62, a limited number of studies have actually shown regression 
or resolution of fibrotic lesions in the renal compartment63-65. Recently, Sugimoto 
and colleagues  provided evidence of effective renal fibrosis resolution following 
the administration of an activator of Activin-like kinase 3 (ALK3/BMPR1A), namely 
THR-12366. Similar to our observation that a reduction of QKI in a monocyte-
specific fashion reduces monocyte infiltration, inflammation and kidney fibrosis, 
the THR-123 treatment regimen employed, lead to a decrease in monocyte influx 
and a reversal of kidney fibrosis in vivo. Similarly, our lab previously identified that 
modifying the transcriptome bone marrow cells by hematopoietic overexpression 
of microRNA-126, exerts anti-inflammatory and anti-fibrotic effects in vivo. We 
therefore propose that monocytes and macrophages are the ideal cell type of 
which the cellular phenotype can be tailored to ameliorate or even direct reversal 
of kidney fibrosis. 

At present, abrogating the expression or activity of RNA-binding proteins does 
not yet belong to the list of therapeutic modalities utilized for limiting disease 
progression in general. This could potentially be due to their upstream hierarchical 
position in guiding cellular transcriptomes in health and disease. Nonetheless, 
our data suggest that targeting QKI in the monocyte could be an effective 
means of limiting their adhesion, extravasation and differentiation at sites of 
kidney injury. To achieve this goal, several technologies could be implemented, 
namely: 1) naked or lipid-encapsulated siRNAs to target RBPs (reviewed in 67); 2) 
pRNAs and RNAaptamer-based approaches 68-70; and 3) RNA-based antisense 
oligonucleotides. 

In conclusion, we have identified that the RNA-binding protein QKI impacts the 
phenotype of infiltrating macrophages and their capacity to drive inflammatory 
processes in the setting of kidney injury. As opposed to triggering pro-inflammatory 
cascades, limiting QKI expression in monocytes  and macrophages could serve 
as an effective means of limiting renal fibrosis in the damaged kidney.  
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Material and Methods
Cell culture
Mouse macrophages were derived from whole bonemarrow samples of mouse 
femurs. Cells were plated in 6 well plates at a density of 2 x106 cells per well in 
RPMI medium containing 100 U/ml penicillin, 100 U/ml streptomycin, 300 μg/
ml glutamin (Gibco) and 10% fetal calf serum (Cambrex). Additionally, 10ng/ml 
recombinant mouse M-CSF (Peprotech) was added to differentiate the cells into 
macrophages in 7 days. Medium was changed once after 3 days. Monocytes 
were isolated using MACS-technology using the CD115 positive selection kit for 
mouse monocytes (Myltenyi). 

Antibody		  Manufacturer		  Cat nr		  Application
Rabbit α-QKI-5	 	 Millipore	 	 AB9904		 WB + IF
Rabbit α-QKI-6	 	 Millipore	 	 AB9906		 IF
Rabbit α-QKI-7	 	 Millipore	 	 AB9908		 IF
Rat α-Meca-32	 	 BD Pharmingen		 550563		 IF
Rat α-F4/80	 	 Abcam	 	 	 ab6640		 IF
Mouse  α-Pan-QKI	 Neuromab	 	 75-168	 	 WB
Mouse α-QKI-5	 	 Neuromab	 	 73-232	 	 WB
Mouse α-QKI-6	 	 Neuromab	 	 73-190	 	 WB
Mouse α-QKI-7	 	 Neuromab	 	 73-200	 	 WB
Rabbit α-CD206	 Abcam	 	 	 ab64693	 WB
Mouse α-αSMA		 Abcam	 	 	 ab7817		 WB
Rabbit  α-HistoneH3	 Abcam	 	 	 ab1791		 WB

Western blot analysis
A quarter of a kidney was homogenised using a IKA® tissue homogeniser in 500ul 
RIPA buffer (Sigma Aldrich) containing Complete® protease inhibitors (Roche). 
Subsequently, a Pierce BCA protein assay (Thermo Scientific) was performed to 
assess the absolute quantity of protein in each sample. Next 10-40 micrograms 
of total protein lysate was loaded per lane on precast Any-kD acrylamide gels 
(Bio-rad) for gel-electrophoresis. Using the Trans-Blot ® TurboTM  Transfer 
system (Bio-rad), protein was transferred to Nitrocellulose (Bio-rad) membranes 
for further analysis. Membranes were blocked and antibodies incubated o/n at 
4°C in 5% skim milk powder (Nutricia) in PBS. The appropriate HRP-labeled 
secondary antibodies (Dako) were incubated for 1 hour at room temperature, 
followed by extensive washing with PBS. Band-visualisation was achieved using 
SuperSignal West-Dura® Extended Duration Substrate (Thermo Scientific) for 
HRP. Next, exposure on UltraCruz® Autoradiography Film or KODAK-XAR film 
amd development by a Konica developer followed. Finally, band-intensities were 
quantified using ImageJ software.  

RNA isolation, cDNA synthesis and qRT-PCR analysis
A quarter of a kidney was lysed in Trizol Reagent (Invitrogen) using an electrical 
tissue homogeniser (IKA®). Subsequently, chloroform and ethanol were used 
to phase-separate the RNA and subsequently RNeasy mini-columns (Qiagen) 
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were used to further purify the RNA according to manufacturers’ guidelines. A on-
column DNAse step was also performed to eliminate any contaminating genomic 
DNA. cDNA synthesis was performed using 1ug RNA, random primers, FS-buffer, 
DNTPs, M-MLV-RT in the presence of RNAsin according to the manufacturers’ 
guidelines (all Promega products). qRT-PCR was perfomed using SYBR-select 
(Invitrogen) and PCR was run on a Biorad CFX-384. Relative mRNA expression 
was calculated using the ΔΔCT method, and was normalised to GAPDH mRNA 
levels. PCR products generated by the splicing primers were run on an Agilent 
Bioanalyzer for quantitative analysis. Primer pairs used are listed below. 

mRNA expression & splicing primers	5’ - 3’
FW-QKI5			   GTGTATTAGGTGCGGTGGCT
REV-QKI5			   ATAGGTTAGTTGCCGGTGGC
FW-QKI6			   ACCTAGTGGTGTATTAGGTATGGCT
REV-QKI6			   CCGGAGGCTGCTGAGACTA
FW-QKI7			   ACATTGGCACCAGCTACATCA
REV-QKI7			   CAGCAAGTCAATGGGCTGAAAT
FW-EMR1			   CCTGGACGAATCCTGTGAAG
REV-EMR1			   GGTGGGACCACAGAGAGTTG
FW-CD115			   AGAGTGATGTGTGGTCCTAC
REV-CD115			   GTTAGCATAGTCCTGGTCTC
FW-COL1A1	 	 	 TGACTGGAAGAGCGGAGAGT
REV-COL1A1	 	 	 GTTCGGGCTGATGTACCAGT
FW-aSMA			   CTGACAGAGGCACCACTGAA
REV-aSMA			   CATCTCCAGAGTCCAGCACA
FW-exon2-QKI			   GGTGGGACCCATTGTTCAGT
REV-exon5-QKI			  AGGCTGTCTTCACCTTCAGC
FW-GAPDH			   ACTCCCACTCTTCCACCTTC
REV-GAPDH			   CACCACCCTGTTGCTGTAG
FW-ACTB			   AGGTCATCACTATTGGCAACGA
REV-ACTB			   CCAAGAAGGAAGGCTGGAAAA
FW-ADD3-splicing		  CCACCTCCTGGAAGGAGAAC
REV-ADD3-splicing		  CATGGAGGTGAAGCTCTTGGA
FW-PTPRO-splicing	 	 ATGTGGAGCTGGCACGTTTG
REV-PTPRO-splicing	 	 ACGGGGTTTGTTAGTTTCCTCT
FW-FGFR1OP2-splicing	 CATGGCCAGCAAGAAAGATGAC
REV-FGFR1OP2 -splicing	 TTTGGTCAACATGTGCTTGC
FW-REPS1-splicing		  AGCCAGGTGAGGTAGGTTACT
REV-REPS1-splicing		  CTGCATGTGGATTTTGCTTGGA
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Conditional mouse design and genotyping
The mouse qkI conditional null allele was constructed using a previously described 
targeting vector71,72. The final genomic organisation is depicted in Figure 3A with 
two loxP sequences flanking exon 2 of the qki gene. Ear biopsies were used 
to isolate gDNA using the AccuStart II PCR Genotyping Kit (Quanta-Bio) for 
genotyping using primers listed in the table below. The appropriate genotype, as 
well as successful recombination was always verified by PCR in every mouse. 
The conditional mouse model is further validated in previous studies within our 
labs 23.
 
Genotyping primers	 5’ - 3’
FW-QKI-flox	 	 	 ACAGAGGCTTTTCCTGACCA 
REV-QKI-flox	 	 	 TTCAGAACCCCCACATTACC
FW-QKI-recombination		  CCTGGAATGGTGCTTTCCTA
REV-QKI-recombination		 TTCAGAACCCCCACATTACC
FW-quaking viable genotyping	 TCTAAAGAGCATTTTCGAAGT
REV-quaking viable genotyping	 TTGCTAACTGAATATTACT

Immunohistochemistry
Fluorescent stainings were all performed on mouse kidney cryosections that were 
obtained by freezing tissue samples embedded in O.C.T. (TissueTek®) in a mold 
and placing the mold in an Isopentane solution cooled by Liquid nitrogen. Next, 
4 micron sections were cut using a cryostat (Leica), slides were air-dryed for 30 
minutes, then fixed in actone for 10 minutes at room temperature, air-dryed again 
for 30 minutes and stored at -20ºC. Before staining, slides were washed three 
times in PBS at room temperature. Thereafter put in blocking buffer (PBS+1%BSA 
+ 1% FCS) for at least 1 hour at room temperature. Slides were incubated with 
primary antibodies in blocking buffer for at least 3 hours at room temperature 
or at 4ºC o/n, whereafter extensive washing in PBS followed and subsequently 
incubated with the appropriate Alexa® (Invitrogen) labelled secondary antibodies 
in blocking buffer. Embedding the slides was done in Pro-Long gold (Invitrogen) 
containing DAPI. Imaging was performed on a Leica DM5500 or a Leica SP5 
confocal imaging system.
 
Histochemistry analysis for collagen content was done using Picosirius red staining 
on formalin fixed, paraffin embedded tissues. CLK and UUO kidneys were fixed 
in 3,7% formalin in PBS for 2 hours then put on 70% ethanol and subsequently 
dehydrated o/n followed by paraffin embedding according to standard hospital 
protocols. For analyses 4 micron sections were cut. Prior to staining, slides were 
brought to water by first deparaffinising in Xylene, then taken through a series 
of solutions decreasing in ethanol percentage (100% to 50%) in 10% steps 
taking 5 minutes at a time, finally incubation in H2O for half an hour. Slides were 
submerged in Sirius Red F3B solution (0.1% Direct Red 80, Sigma Aldrich) in a 
saturated aqueous solution of picric acid for 1 hour at room temperature. Slides 
were washed in 3 stages of acidified water consisting of 5 ml glacial acetic acid 
(Millipore) in 1 liter of H2O (Braun). After this, slides were dehydrated to 100% 
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ethanol and thereafter Xylene, then embedded in Entellan. Images were taking 
using a Leica DMI4400B microscrope and collagen deposition was quantified 
using ImageJ software. Outliers were removed using an statistical outlier test.  

Statistical analysis
All data was statistically tested using a two-tailed Students’ t-test. Error bars in all 
figures represent SEM. 

Mouse studies
All mouse studies were approved and performed according to the guidelines of 
the relevant authorities of the Leiden University Medical Center/Leiden University 
in The Netherlands or the Lady Davis Institute/McGill University, Montreal, 
Canada. Unilateral Urethral Obstruction was performed as described earlier37. 

Acknowledgements
We gratefully acknowledge funding by the Netherlands Institute for Regenerative 
Medicine to (Grant no: FES0908). We also acknowledge a private research 
endowment to EV. Also, we thank Dr. Koren K. Mann for in depth discussions, 
materials and practical help culturing mouse macrophages. Lastly, we 
acknowledge the staff of the small animal research facilities of both the Lady 
Davis Institute and the Leiden University Medical Center. 

Author contributions
RB, GV, JD, JP, RB, LD, EV, JG and HZ performed experiments included in 
the manuscript. RB, GV, AZ, SR, EV designed the experiments and edited the 
manuscript. RB composed all the figures. JG, HB and TR contributed through in 
depth discussions, experimental advice and revision of the manuscript.  AJ, SR 
and EV provided funding.  
Author disclosures
All authors have no competing financial interest related to this research
 



188

9

References

1	 Anders, H.-J. & Ryu, M. Renal microenvironments and macrophage phenotypes 	
	 determine progression or resolution of renal inflammation and fibrosis. Kidney 	 	
	 international 80, 915-925 (2011).
2	 Lin, S. L., Castaño, A. P., Nowlin, B. T., Lupher, M. L. & Duffield, J. S. Bone marrow 	
	 Ly6Chigh monocytes are selectively recruited to injured kidney and differentiate into 	
	 functionally distinct populations. The Journal of Immunology 183, 6733-6743 (2009).
3	 Wada, T. et al. Involvement of bone-marrow-derived cells in kidney fibrosis. Clinical and 	
	 experimental nephrology 15, 8-13 (2011).
4	 Rogers, N. M., Ferenbach, D. A., Isenberg, J. S., Thomson, A. W. & Hughes, J. Dendritic 	
	 cells and macrophages in the kidney: a spectrum of good and evil. Nature reviews. 	
	 Nephrology 10, 625-643, doi:10.1038/nrneph.2014.170 (2014).
5	 Meng, X. M., Nikolic-Paterson, D. J. & Lan, H. Y. Inflammatory processes in renal fibrosis. 	
	 Nature reviews. Nephrology 10, 493-503, doi:10.1038/nrneph.2014.114 (2014).
6	 Coresh, J. et al. Prevalence of chronic kidney disease in the United States. Jama 298, 	
	 2038-2047, doi:10.1001/jama.298.17.2038 (2007).
7	 Zeisberg, M. & Neilson, E. G. Mechanisms of tubulointerstitial fibrosis. J Am Soc Nephrol 	
	 21, 1819-1834, doi:10.1681/ASN.2010080793 (2010).
8	 Levey, A. S. & Coresh, J. Chronic kidney disease. The Lancet 379, 165-180 (2012).
9	 Foley, R. N., Parfrey, P. S. & Sarnak, M. J. Epidemiology of cardiovascular disease in 	
	 chronic renal disease. J Am Soc Nephrol 9, S16-23 (1998).
10	 Shi, C. & Pamer, E. G. Monocyte recruitment during infection and inflammation. Nature 	
	 reviews. Immunology 11, 762-774, doi:10.1038/nri3070 (2011).
11	 Geissmann, F. et al. Development of monocytes, macrophages, and dendritic cells. 	
	 Science 327, 656-661 (2010).
12	 Murray, P. J. & Wynn, T. A. Protective and pathogenic functions of macrophage subsets. 	
	 Nature reviews. Immunology 11, 723-737, doi:10.1038/nri3073 (2011).
13	 Kafasla, P., Karakasiliotis, I. & Kontoyiannis, D. L. Decoding the functions of post-	
	 transcriptional regulators in the determination of inflammatory states: focus on 	 	
	 macrophage activation. Wiley Interdiscip Rev Syst Biol Med 4, 509-523, doi:10.1002/	
	 wsbm.1179 (2012).
14	 Kafasla, P., Skliris, A. & Kontoyiannis, D. L. Post-transcriptional coordination of 		
	 immunological responses by RNA-binding proteins. Nature immunology 15, 492-502, 	
	 doi:10.1038/ni.2884 (2014).
15	 de Klerk, E. & t Hoen, P. A. Alternative mRNA transcription, processing, and translation: 	
	 insights from RNA sequencing. Trends Genet 31, 128-139, doi:10.1016/j.tig.2015.01.001 	
	 (2015).
16	 Anderson, P. Post-transcriptional control of cytokine production. Nature immunology 9, 	
	 353-359, doi:10.1038/ni1584 (2008).
17	 Leppek, K. et al. Roquin promotes constitutive mRNA decay via a conserved class of 	
	 stem-loop recognition motifs. Cell 153, 869-881, doi:10.1016/j.cell.2013.04.016 (2013).
18	 Contreras, J. & Rao, D. MicroRNAs in inflammation and immune responses. Leukemia 	
	 26, 404-413 (2012).
19	 Nilsen, T. W. & Graveley, B. R. Expansion of the eukaryotic proteome by alternative 	
	 splicing. Nature 463, 457-463, doi:10.1038/nature08909 (2010).



9

Quaking in kidney fibrosis

189

20	 Galarneau, A. & Richard, S. Target RNA motif and target mRNAs of the Quaking STAR 	
	 protein. Nature structural & molecular biology 12, 691-698, doi:10.1038/nsmb963 (2005).
21	 Hafner, M. et al. Transcriptome-wide identification of RNA-binding protein and microRNA 	
	 target sites by PAR-CLIP. Cell 141, 129-141, doi:10.1016/j.cell.2010.03.009 (2010).
22	 Ray, D. et al. A compendium of RNA-binding motifs for decoding gene regulation. Nature 	
	 499, 172-177, doi:10.1038/nature12311 (2013).
23	 Darbelli, L., Vogel, G., Almazan, G. & Richard, S. Quaking Regulates Neurofascin 155 	
	 Expression for Myelin and Axoglial Junction Maintenance. The Journal of 		
	 neuroscience : the official journal of the Society for Neuroscience 36, 4106-4120, 	
	 doi:10.1523/JNEUROSCI.3529-15.2016 (2016).
24	 Darbelli, L. & Richard, S. Emerging functions of the Quaking RNA-binding proteins and 	
	 link to human diseases. Wiley interdisciplinary reviews. RNA 7, 399-412, doi:10.1002/	
	 wrna.1344 (2016).
25	 Larocque, D. et al. The QKI-6 and QKI-7 RNA binding proteins block proliferation and 	
	 promote Schwann cell myelination. PloS one 4, e5867 (2009).
26	 Aberg, K., Saetre, P., Jareborg, N. & Jazin, E. Human QKI, a potential regulator of 	
	 mRNA 	 expression of human oligodendrocyte-related genes involved in schizophrenia. 	
	 Proceedings of the National Academy of Sciences of the United States of America 103, 	
	 7482-7487, doi:10.1073/pnas.0601213103 (2006).
27	 Bandopadhayay, P. et al. MYB-QKI rearrangements in angiocentric glioma drive 		
	 tumorigenicity through a tripartite mechanism. Nature genetics 48, 273-282, doi:10.1038/	
	 ng.3500 (2016).
28	 Chen, A.-J. et al. STAR RNA-binding protein Quaking suppresses cancer via stabilization 	
	 of specific miRNA. Genes & development 26, 1459-1472 (2012).
29	 Conn, S. J. et al. The RNA binding protein quaking regulates formation of circRNAs. Cell 	
	 160, 1125-1134 (2015).
30	 Larocque, D. et al. Nuclear retention of MBP mRNAs in the quaking viable mice. Neuron 	
	 36, 815-829 (2002).
31	 de Bruin, R. G. et al. The RNA-binding protein quaking maintains endothelial barrier 	
	 function and affects VE-cadherin and β-catenin protein expression. Scientific Reports 6, 	
	 21643 (2016).
32	 Hall, M. P. et al. Quaking and PTB control overlapping splicing regulatory networks during 	
	 muscle cell differentiation. Rna 19, 627-638 (2013).
33	 van der Veer, E. P. et al. Quaking, an RNA-binding protein, is a critical regulator 		
	 of vascular smooth muscle cell phenotype. Circulation research 113, 1065-1075, 		
	 doi:10.1161/CIRCRESAHA.113.301302 (2013).
34	 Wang, Y., Vogel, G., Yu, Z. & Richard, S. The QKI-5 and QKI-6 RNA binding proteins 	
	 regulate the expression of microRNA 7 in glial cells. Molecular and cellular biology 33, 	
	 1233-1243 (2013).
35	 Zong, F.-Y. et al. The RNA-binding protein QKI suppresses cancer-associated aberrant 	
	 splicing. PLoS genetics 10, e1004289 (2014).
36	 de Bruin, R. G. et al. Quaking promotes monocyte differentiation into pro-atherogenic 	
	 macrophages by controlling pre-mRNA splicing and gene expression. Nature 		
	 communications 7, 10846, doi:10.1038/ncomms10846 (2016).
37	 Bijkerk, R. et al. Silencing of microRNA-132 reduces renal fibrosis by selectively inhibiting 	
	 myofibroblast proliferation. Kidney Int 89, 1268-1280, doi:10.1016/j.kint.2016.01.029



190

9

38	 Bijkerk, R. et al. Silencing of Pericyte MicroRNA-132 Reduces Renal Fibrosis and 	
	 Myofibroblast Proliferation and is Associated with Altered Sirt1 and Cox2 Expression. 	
	 MicroRNAs in Kidney Health and Disease, 103 (2013).
39	 Humphreys, B. D. et al. Fate tracing reveals the pericyte and not epithelial origin of 	
	 myofibroblasts in kidney fibrosis. The American journal of pathology 176, 85-97 (2010).
40	 Li, Z. et al. Defective smooth muscle development in qkI-deficient mice. Development, 	
	 growth & differentiation 45, 449-462 (2003).
41	 Sidman, R. L., Dickie, M. M. & Appel, S. H. Mutant mice (quaking and jimpy) with deficient 	
	 myelination in the central nervous system. Science 144, 309-311 (1964).
42	 Odegaard, J. I. et al. Macrophage-specific PPAR&ggr; controls alternative activation and 	
	 improves insulin resistance. Nature 447, 1116-1120 (2007).
43	 Engel, D. R. et al. CX3CR1 reduces kidney fibrosis by inhibiting local proliferation 	
	 of profibrotic macrophages. Journal of immunology 194, 1628-1638, doi:10.4049/		
	 jimmunol.1402149 (2015).
44	 Matsuoka, Y., Li, X. & Bennett, V. Adducin: structure, function and regulation. Cellular and 	
	 molecular life sciences : CMLS 57, 884-895, doi:10.1007/PL00000731 (2000).
45	 Winograd-Katz, S. E., Fassler, R., Geiger, B. & Legate, K. R. The integrin adhesome: 	
	 from genes and proteins to human disease. Nature reviews. Molecular cell biology 15, 	
	 273-288, doi:10.1038/nrm3769 (2014).
46	 Imhof, B. A. & Aurrand-Lions, M. Adhesion mechanisms regulating the migration of 	
	 monocytes. Nature reviews. Immunology 4, 432-444, doi:10.1038/nri1375 (2004).
47	 Hou, J. et al. PTPRO plays a dual role in hepatic ischemia reperfusion injury through 	
	 feedback activation of NF-kappaB. Journal of hepatology 60, 306-312, doi:10.1016/j.	
	 jhep.2013.09.028 (2014).
48	 Martinez, F. O. & Gordon, S. The M1 and M2 paradigm of macrophage activation: time for 	
	 reassessment. F1000prime reports 6, 13, doi:10.12703/P6-13 (2014).
49	 Waddell, S. J. et al. Dissecting interferon-induced transcriptional programs in human 	
	 peripheral blood cells. PloS one 5, e9753, doi:10.1371/journal.pone.0009753 (2010).
50	 Bossi, D. et al. Functional characterization of a novel FGFR1OP-RET rearrangement 	
	 in hematopoietic malignancies. Molecular oncology 8, 221-231, doi:10.1016/j.		
	 molonc.2013.11.004 (2014).
51	 Qin, H., Wu, Q., Cowell, J. K. & Ren, M. FGFR1OP2-FGFR1 induced 	 	 	
	 myeloid leukemia and T-cell lymphoma in a mouse model. Haematologica 101, e91-94, 	
	 doi:10.3324/haematol.2015.137695 (2016).
52	 Ballerini, P. et al. RET fusion genes are associated with chronic myelomonocytic 		
	 leukemia 	and enhance monocytic differentiation. Leukemia 26, 2384-2389, doi:10.1038/	
	 leu.2012.109 (2012).
53	 Giannandrea, M. & Parks, W. C. Diverse functions of matrix metalloproteinases during 	
	 fibrosis. Disease models & mechanisms 7, 193-203 (2014).
54	 Hemmann, S., Graf, J., Roderfeld, M. & Roeb, E. Expression of MMPs and TIMPs in liver 	
	 fibrosis–a systematic review with special emphasis on anti-fibrotic strategies. Journal of 	
	 hepatology 46, 955-975 (2007).
55	 Vernon, M. A., Mylonas, K. J. & Hughes, J. in Seminars in nephrology.  302-317 		
	 (Elsevier).
56	 Duffield, J. S. et al. Selective depletion of macrophages reveals distinct, opposing roles 	
	 during liver injury and repair. The Journal of clinical investigation 115, 56-65 (2005).



9

Quaking in kidney fibrosis

191

57	 Atabai, K. et al. Mfge8 diminishes the severity of tissue fibrosis in mice by binding and 	
	 targeting collagen for uptake by macrophages. The Journal of clinical investigation 119, 	
	 3713-3722 (2009).
58	 Lucattelli, M. et al. Collagen phagocytosis by lung alveolar macrophages in animal 	
	 models of emphysema. European Respiratory Journal 22, 728-734 (2003).
59	 Madsen, D. H. et al. M2-like macrophages are responsible for collagen degradation 	
	 through a mannose receptor–mediated pathway. The Journal of cell biology 202, 951-966 	
	 (2013)
60	 Yang, L. et al. Vascular endothelial growth factor promotes fibrosis resolution and repair 	
	 in mice. Gastroenterology 146, 1339-1350 e1331, doi:10.1053/j.gastro.2014.01.061 	
	 (2014).
61	 Fallowfield, J. A. et al. Scar-associated macrophages are a major source of hepatic 	
	 matrix metalloproteinase-13 and facilitate the resolution of murine hepatic fibrosis. The 	
	 Journal of Immunology 178, 5288-5295 (2007).
62	 Ramachandran, P. et al. Differential Ly-6C expression identifies the recruited macrophage 	
	 phenotype, which orchestrates the regression of murine liver fibrosis. Proceedings of the 	
	 National Academy of Sciences 109, E3186-E3195 (2012).
63	 Aldigier, J. C., Kanjanbuch, T., Ma, L.-J., Brown, N. J. & Fogo, A. B. Regression of 	
	 existing glomerulosclerosis by inhibition of aldosterone. Journal of the American Society 	
	 of Nephrology 16, 3306-3314 (2005).
64	 Fioretto, P., Steffes, M. W., Sutherland, D. E., Goetz, F. C. & Mauer, M. Reversal of 	
	 lesions of diabetic nephropathy after pancreas transplantation. New England Journal of 	
	 Medicine 339, 69-75 (1998).
65	 Pichaiwong, W. et al. Reversibility of structural and functional damage in a model 	
	 of advanced diabetic nephropathy. J Am Soc Nephrol 24, 1088-1102, doi:10.1681	
	 /ASN.2012050445 (2013).
66	 Sugimoto, H. et al. Activin-like kinase 3 is important for kidney regeneration and reversal 	
	 of fibrosis. Nature medicine 18, 396-404 (2012).
67	 Kanasty, R., Dorkin, J. R., Vegas, A. & Anderson, D. Delivery materials for siRNA 	
	 therapeutics. Nature materials 12, 967-977 (2013).
68	 Shu, D., Shu, Y., Haque, F., Abdelmawla, S. & Guo, P. Thermodynamically stable 	
	 RNA three-way junction for constructing multifunctional nanoparticles for delivery of 	
	 therapeutics. Nature nanotechnology 6, 658-667, doi:10.1038/nnano.2011.105 (2011).
69	 Shu, Y., Cinier, M., Shu, D. & Guo, P. Assembly of multifunctional phi29 pRNA 		
	 nanoparticles for specific delivery of siRNA and other therapeutics to targeted cells. 	
	 Methods 54, 204-214 (2011).
70	 Sundaram, P., Kurniawan, H., Byrne, M. E. & Wower, J. Therapeutic RNA aptamers in 	
	 clinical trials. European Journal of Pharmaceutical Sciences 48, 259-271 (2013).
71	 Yu, Z., Chen, T., Hebert, J., Li, E. & Richard, S. A mouse PRMT1 null allele defines an 	
	 essential role for arginine methylation in genome maintenance and cell proliferation. 	
	 Molecular and cellular biology 29, 2982-2996, doi:10.1128/MCB.00042-09 (2009).
72	 Blanc, R. S., Vogel, G., Chen, T., Crist, C. & Richard, S. PRMT7 Preserves Satellite Cell 	
	 Regenerative Capacity. Cell Rep 14, 1528-1539, doi:10.1016/j.celrep.2016.01.022 (2016).





CHAPTER 
Discussion & Future Directions 10



194

10

Discussion and future directions 

Quaking mediates cellular phenotype 
The cardiovascular system is comprised of a wide variety of cell types that pos-
sess the capacity to modulate their phenotype in response to acute and chronic 
injury. Transcriptional and post-transcriptional mechanisms play a key role regu-
lating remodelling and regenerative responses to damaged cardiovascular tis-
sues. Simultaneously, insufficient regulation of cellular phenotype is tightly cou-
pled with the persistence and exacerbation of cardiovascular disease. Recently, 
RBPs have emerged as pivotal regulators of these functional adaptations in the 
cardiovascular system by guiding a wide-ranging number of post-transcriptional 
events that dramatically impact RNA fate, including alternative splicing, stability, 
localization and translation of both protein-coding and non-coding RNA species. 
While the focus of this thesis is the RNA-binding protein Quaking, Chapter 2 com-
mences by reviewing the diverse functions of RBPs in the setting of cardiovascu-
lar disease. This examination of RBP function in healthy and diseased cardiomy-
ocytes, ECs, VSMCs and monocytes/macrophages points towards a  pivotal role 
for RBPs in the genome-wide processing of RNA species. A particularly striking 
observation is the fact that in response to injury, cardiomyocytes  adopt a regen-
erative or adaptive phenotype that is coupled with the selective activation of an 
RNA expression profile that is highly similar to the foetal transcriptome. This sug-
gests that alongside transcriptional changes, RBPs and other post-transcriptional 
pathways assume starring roles in in orchestrating this response Identifying the 
key regulators responsible for driving this transcriptome editing, and comparing 
them to developmental regulators, could reveal important clues as to the role 
of such RBPs in tissue regeneration following injury. Evidence suggesting that 
RBPs indeed play a critical role in this regenerative response can be derived from 
the fact that the homozygous disruption of RBP genes is oftentimes associated 
with cardiac- and/or vascular complications (see chapter 2 of this thesis). 

A careful examination of QKI expression developmentally reveals clear vascular 
defects as a result of dysfunctional VSMCs, ECs, and cells of the myeloid lin-
eage. Whether similar post-transcriptional pathways are involved on a single-cell 
level in embryologic development remains to be investigated. However, given the 
overlap in splicing between e.g. cancer cells and myeloid cells (such as alterna-
tive splicing of the ADD3 pre-mRNA1,2) and the spatial distribution of QRE ACUAA 
motifs proximal to cassette exons in monocytes/macrophages and muscle cells 
1,3, it is plausible to assume that similarities would exist in developmental and 
disease biology in QKI deficient embryos. Cell type-specific disruption of QKI in 
conditional knockout mice, as generated by Darbelli et al.4, could provide valu-
able insight into these questions. 
A clear example of this phenotypic dichotomy in the vessel wall is the provided by 
the VSMC. The arterial vasculature harbours abundant VSMCs that serve to pro-
vide vascular tone, regulate vessel diameter and control blood flow5. Upon injury 
to the vessel wall, medial VSMCs are activated by serum factors that induce their 
proliferation, migration and production of extracellular matrix, enabling the VSMC 
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to aid in the repair of the damaged portion of the artery wall5-7. These proliferative 
VSMCs however are not terminally differentiated and possess the capacity to 
reversibly modulate their phenotype from the less differentiated ‘synthetic state’ 
and the differentiated ‘contractile’ state6,8. Importantly, the unabated proliferation 
of synthetic VSMCs can lead to rapid luminal narrowing that endangers periph-
eral tissues by impairing arterial blood flow5 or perturb haemodialysis9,10. The 
reversible cellular state has historically been described to be regulated at the 
transcriptional level, most importantly in response to cooperative binding of the 
transcriptional co-activator Myocardin (Myocd)8 ,11-16. Although reports investigat-
ing gene-expression modulation by miRNAs in VSMCs are abundant17,18, other 
post-transcriptional regulators of VSMC phenotype plasticity are scarce. For ex-
ample, hallmark genes encoding the contractile apparatus proteins of VSMCs 
have been described to be generated through alternative splicing19-24, but the 
RBPs responsible for these events have yet to be identified and studies testing 
for RBPs involved in generating these splicing patterns could enhance our un-
derstanding of VSMC plasticity. In chapter 3 of this thesis, we demonstrated that 
QKI critically mediates this functional transition by post-trancriptionally guiding 
Myocd splicing, a protein that by driving contractile apparatus protein expres-
sion12,13,15,25-27 has been extensively described to be the master regulator of VSMC 
phenotype and homeostasis. The generation of alternative transcripts from the 
Myocd locus is of particular interest as these had previously been deemed to be 
either cardiac- or VSMC-enriched28,29. However, the QKI-mediated splicing  of the 
‘exon 2a’ (which contains an ACUAA motif at the most 5′-region of this alterna-
tive exon) prompted us to further investigate whether differential QKI expression 
could impact splice site recognition. Interestingly, inclusion of this exon generates 
a mature mRNA that encodes  a premature stop-codon that had previously been 
described to influence cardiomyocyte and VSMC contractile apparatus protein 
expression20.  

Our studies in healthy, quiescent VSMCs revealed low levels of QKI expression, 
suggesting that the RNA-binding properties of QKI are of limited utility in con-
tractile VSMCs. In contrast, QKI expression is strongly induced in VSMCs in re-
sponse to vascular injury, a biology that was observed both in vitro using primary 
human and mouse smooth muscle cells, as well as immunohistochemically in 
healthy versus restenotic artery. Importantly, this augmentation of QKI increases 
the likelihood that it can bind to RNA targets, one of which we demonstrated to be 
the Myocd pre-mRNA. This interaction affects the splicing of the alternative exon 
2a, an event that markedly affects the balance of the MYOCD_v1 and MYOCD_
v3 protein isoforms. Although both isoforms serve as co-transcriptional activators 
of Serum Response Factor (SRF), the N-terminal portion of MYOCD_v1 confers 
this isoform with the unique capacity to also interact with the myocyte enhancing 
factor 2 (MEF2) family of transcription factors. This gain-of-function facilitates the 
transcriptional induction of a distinct subset of MYOCD_v1-controlled genes as 
a result of MEF2-mediated DNA binding, facilitating the shift to the proliferative 
phenotype. To further validate this, future studies could include chromatin-IP and 
RNA-sequencing experiments to determine which genes are selectively induced 
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by MYOCD_v1 and MYOCD_v3 in healthy and diseased VSMCs (and cardio-
myocytes).  

Moreover, the alternative N-terminal region of Myocd that is either included or 
excluded by QKI-mediated alternative splicing, also encodes two out of three 
RPEL domains that allow for interaction with cytoplasmic free G-actin. This di-
rectly couples cytoskeletal dynamics to the nuclear availability of  RPEL domain-
containing proteins. Upon RhoGTPase activation, a transition from G-Actin to 
F-actin stress fibers is induced, diminishing the cytoplasmic G-actin pool, allow-
ing RPEL domain-containing proteins to translocate to the nucleus30. Whether 
these RPEL domains in Myocd influence VSMC phenotype modulation has, to 
our knowledge, not yet been demonstrated. It could be argued that in contrac-
tile VSMCs, the ‘proliferative’ MYOCD_v1 (containing 3 RPEL domains), is se-
questered to the cellular cytoplasm by the abundant G-actin, effectively inhibiting 
MYOCD_v1 from exerting co-transcriptional effects in the nucleus, limiting the 
induction of proliferative gene expression profiles. Upon vascular injury however, 
the rapid formation of cytoskeletal F-actin would deplete cytoplasmic G-actin re-
serves. As a consequence, MYOCD_v1 would be released from cytoplasmic se-
questration, allowing it to translocate to the nucleus and activate the reparative 
response. Moreover, the contractile MYOCD_v3 isoform, described to contain 
but one RPEL domain30, would be less susceptible to this mode of cytoplasmic 
sequestration, prompting MYOCD_v3 to be present in the cellular nucleus where 
it facilitates the constitutive expression of contractile genes required for VSMC 
function. 

Within this thesis, we provide evidence that QKI is induced amidst conversion 
to the proliferative VSMC phenotype. Indeed, inspection of chromatin-IP data in 
the ENCODE database for SRF31 indicates that SRF binds to the QKI promoter 
region, suggesting that MYOCD_V1/SRF complex could augment QKI expres-
sion upon vascular injury, which could subsequently further favour the alternative 
splicing of the proliferative MYOCD_v1 variant. Collectively, this would represent 
a positive-feedback loop for QKI-mediated VSMC phenotype switching. In con-
trast, a negative feedback loop upon completion of the reparative response could 
include the induction of miRNAs. Interestingly, miRNA-214 is induced in prolifer-
ating VSMCs 32,33, and has also been demonstrated to target the QKI mRNAs34. 
We postulate that upon completion of the reparative response, miR214 could 
reduce QKI protein levels, thereby again favouring the alternative splicing of the 
Myocd_v3, reverting the VSMC to the contractile phenotype, but this hypothesis 
remains to be tested. 

Alongside the artery wall, VSMCs also serve critical roles in the (patho)physiolog-
ical functioning of the venous circulation. While the role for QKI in these cells was 
not directly investigated, alterations in QKI expression in venous VSMCs could 
play a regulatory role in vascular complications such as maturation failure of ve-
nous bypasses or arteriovenous fistulas for coronary/peripheral artery disease 
or haemodialysis, respectively5,9,35-39. In conclusion, our findings imply that QKI is 
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a critical regulator of the functional plasticity that is required for VSMC function 
under both physiological and pathophysiological conditions. 

The development and chronic progression of atherosclerotic lesions throughout 
life is the main driver of ischemic events such as myocardial infarction, insufficient 
peripheral arterial circulation and cerebral stroke. Collectively, these cardiovas-
cular manifestations represent the leading cause of death worldwide40. In chapter 
4 we illustrate how QKI plays a pivotal role in guiding RNA fate during the conver-
sion of  circulating monocytes into macrophages and foam cells, cells that form 
the bulk of cellular content within atherosclerotic plaques. More recently, the pri-
mary contributor to atherosclerotic plaque-composition and growth has become 
the subject of debate, as alongside the active recruitment of monocytes from the 
circulation, intra-plaque proliferation of macrophages has been described and 
attributed an important role in plaque progression41. Interestingly, we demon-
strated that 1) the plaque-residing macrophage potently expresses QKI and 2) 
that the amount of QKI expressing cells in atherosclerotic lesions is correlated 
to disease burden. Our subsequent experiments showed perturbed adhesion, 
migration, differentiation and lipid phagocytosis of QKI deficient monocytes and 
macrophages, suggesting that QKI mediates atherosclerotic plaque composition 
through these pathways. However, the previous well-documented role of QKI in 
cellular proliferation and cell-cycle regulation42-48 also suggests that QKI could po-
tentially influence the proliferative capacity of local macrophages. By discovering 
QKI-dependant alternative splicing in monocytes and macrophages, events that 
are linked with a shift to the pro-inflammatory macrophage, we provide evidence 
that a targeted reduction of QKI could be beneficial for reducing atherosclerotic 
burden. The consequences of the identified QKI-dependent splicing events on 
protein function however, such as those observed in gamma-adducin (ADD3), 
Fc-gamma receptor 2B (FCGR2B) and very low-density lipoprotein receptor 
(VLDLR) are unknown and are currently being investigated. The identification 
of disease-advancing splice variants and ensuing proteins could be targeted by 
a single-gene approach using RNA-therapeutics. This rapidly expanding field is 
now developing and implementing numerous RNA-based approaches to target 
at a cell type- and sequence-specific level detrimental RNA species, including 
naked or lipid-encapsulated siRNA, exon-skipping oligonucleotides and RNA-
aptamers. Importantly, these technologies have been employed in clinical trials, 
and have proven to possess good efficiency- and safety-profiles 49-57.
 
Moreover, the data presented in chapter 6 of this thesis indicates that a mono-
cyte-specific reduction of QKI ameliorates the macrophage-induced interstitial 
fibrosis of the kidney, further demonstrating a anti-inflammatory phenotype of 
QKI deficient monocytes/macrophages. In a collaborative effort with Dr. G.T.M. 
Wagenaar, we have also performed pioneering experiments to ameliorate the 
inflammation-induced damage in a model of pulmonary arterial hypertension by 
providing decoy RNAs as a substrate to saturate QKI and inhibit QKI activity. 
By doing this, we have progressed through the first steps to translate our initial 
insights to selectively ameliorate RBP activity in vivo. 
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During our progressing studies regarding the expression of QKI in the vascula-
ture, we observed high levels of QKI protein being expressed in healthy ECs of 
both the macro- and microvasculature. In contrast to the role of microRNAs in 
ECs, little is known regarding the post-transcriptional regulation of RNA species 
by RBPs in ECs. The defining feature of these cells is their capacity to create a 
high resistance barrier that is selectively permeable for solutes, but also dictates 
the location and rate of leukocyte recruitment and diapedesis in response to lo-
cal injury. As detailed in chapter 5 of this thesis, we showed that the abrogation 
of QKI expression perturbs EC-monolayer integrity, likely by interfering with the 
translation of the VE-cadherin and β-catenin mRNAs. Whether other potential 
target genes are involved, either through perturbation of QKI-mediated splicing 
events, or by affecting mRNA translatability or mRNA expression, remains to be 
elucidated. The recent identification that QKI-5 mediates the differentiation of 
human induced-pluripotent stem cells (iPSCs) to ECs is also noteworthy58 and 
further substantiates our hypothesis that QKI is essential in EC homeostasis. 
Genome-wide analyses through RNA-sequencing of normal and QKI deficient 
human ECs, for example using blood-outgrowth or iPSC-derived ECs from the 
QKI haplo-insufficient patient and sisters, complemented by mouse studies using 
the conditional VE-cadherin Cre-recombinase, could be worth pursuing to fully 
determine the QKI-orchestrated transcriptome in ECs. 

The realisation that QKI is a central governor of mRNA expression, alternative 
splicing and circular RNA formation, strongly suggests that QKI is a broad regu-
lator of EC function, and is not selectively affecting the expression of a small 
subset of genes. However, the identification that QKI mediates the translatability 
of the mRNAs of VE-cadherin and CTNNB1, without significantly affecting mRNA 
levels, does illustrate an underappreciated role for RBPs in ECs, and for QKI 
in particular. Complementing the proposed RNA-sequencing analyses with pro-
teomic analyses could identify many candidate genes that are regulated on the 
translational- but not the mRNA level. Moreover, the proteome in settings where 
alternative splicing is rampant has yet to occur for most studies, and could pro-
vide key insight into the functional consequences of splicing in ECs. 

Have we overlooked the proteome?
The collective studies within this thesis demonstrate a pivotal role for QKI in 
orchestrating the cellular transcriptome in a diverse variety of vascular cells in 
health and disease. While beyond the scope of this thesis, one could argue that 
a glaring omission in this biology is how these post-transcriptional events impact 
the cellular proteome. In particular, chapter 3 of this thesis illustrates significant 
changes in Myocd protein structure as a direct result of QKI-mediated splicing of 
the Myocd pre-mRNA. Moreover, we also demonstrate striking effects of these 
protein isoforms on cellular phenotype (contraction and proliferation of VSMCs) 
and the handling of vascular damage, further stressing the relevance of investi-
gating the QKI-mediated cellular proteome in general. Perhaps the most striking 
example of this phenomenon is conferring the non-contractile and highly prolif-
erative HITA2 VSMC59 with the capacity to functionally contract upon a targeted 
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reduction of QKI concomitant with the induction of the ‘contractile’ MYOCD_V3 
isoform. Moreover, many of the QKI-induced alternative splicing events could 
very well induce translational frameshifts, resulting in  truncated or non-functional 
proteins that are likely to be targeted for decay. The alternative splicing within 
and alternative poly-adenylation of 3'-UTRs further emphasises the importance of 
investigating mRNA translation. Given the physiological functioning of QKI within 
heterogeneous ribo-nucleoprotein complexes, one might also assume that the 
RNA-sequencing-based target genes could also be affected by a plethora of oth-
er RNA-interacting partners that influence mRNA translation. Similar to the Pum-
ilio RBPs 60, preliminary studies have indeed demonstrated that QKI competes 
with miRNAs for binding to their designated binding motif which could thereby 
alter the efficiency with which target mRNAs are translated. The presence of 
stable, unspliced pre-mRNAs in circulating platelets, that are spliced and only 
translated after platelet activation 61-64 opens another promising avenue of inves-
tigation. Moreover, the reported enrichment of circular RNAs65, which have previ-
ously been proposed to be generated by QKI66,  make QKI a strong candidate to 
influence platelet function. Initial studies within our lab indeed show expression 
of QKI within platelets and the effects of QKI depletion on platelet function are 
currently under investigation. 

Collectively, the ongoing development of methodologies that will enhance the ef-
ficiency with which cellular proteomes can be elucidated, will undoubtedly yield 
more in-depth insight into the cellular proteome orchestrated by QKI, thereby 
expanding our knowledge insight into the role of QKI in  cellular biology in health 
and disease. 

Coupling RNA-recognition to other protein functions
Many RBPs have been described to harbour a variety of distinct RNA-binding 
domains, mainly to enhance target affinity and sequence specificity67. Similarly, 
the co-existence of RBDs with other protein domains, including catalytic or do-
mains that facilitate protein-protein interactions, add another level of biological 
regulation commonly attributed to RBPs68. An excellent example of this biological 
phenomenon is the bacterial Cas9 nuclease that first binds to a guide RNA that 
in turns binds in a sequence complementary fashion to DNA, thereby activat-
ing Cas9 catalytic properties that leads to the introduction of double-stranded 
DNA (dsDNA) breaks 69. Moreover, given that these guide RNAs can be readily 
designed and synthesized, they provide new opportunities to introduce targeted 
dsDNA breaks. This relatively novel means of editing the cellular genome 70,71 
holds great therapeutic potential for genetic diseases72,73. 

Interestingly, a striking enrichment of DNA-binding properties have also been 
attributed to RBPs 74. In some cases this is due to the presence of separate DNA- 
and RNA-binding motifs within one protein, but other examples include RBDs 
that do not readily discriminate between RNA and DNA. These domains should 
therefore be termed DNA/RNA-binding domains and the proteins that contain 
these arguably DNA/RNA-Binding Proteins (DRBPs) 74. 
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Examples of this particular subgroup of DRBDs include the KH-domain 75 (which 
is also present in QKI) and the RRM 76, both described to preferably bind the 
nucleic acid bases and not the ribose-phosphate backbone of single-stranded 
DNA or RNA77. The functionality of this “cross-reactivity” is easily illustrated by 
the DRBP TDP-43, for which crystal structures of the RRM in complex with DNA 
and RNA have been generated 76. As such, TDP-43 has been attributed both 
RNA-splicing roles as evidenced by interactions with pre-mRNAs 78, along with 
DNA-binding properties as a transcriptional repressor as a consequence of in-
teractions with DNA motifs79. Intuitively, the binding motifs are quite similar (DNA 
motif: GTGTGT and the RNA motif: UGUGU.), although it should be noted that 
this motif similarity between DNA- and RNA-binding sites is not always so clear. 
Evidence for this ambiguous binding of the RRM to DNA and RNA is the NonO 
protein80,81 where the RNA- and DNA-binding motifs are strikingly different (RNA 
motif: AGGGA80, DNA motif: ATGCAAAT82). These examples indicate that the 
regulation of DNA versus RNA recognition could potentially involve post-trans-
lational protein modifications. Indeed, the RNA-binding capacity of NonO seems 
to be affected by phosphorylation and is itself regulated by CDK180. Moreover, 
subcellular or subnuclear localization has also been reported to be affected by 
post-translational modifications that confer designated proteins with “multipur-
pose molecular scaffold” functions83.

In contrast, this promiscuous DNA- or RNA-binding has also been described to 
be relevant for traditional transcription factors such as NF-ҡB, which in turn is of 
great importance to the biology described in chapters 4 and 6 of this thesis84,85. 
Initial experiments designed to inhibit the DNA-binding function of this transcrip-
tion factor demonstrated that RNA-aptamers display similar binding affinity for 
the NF-ҡB subunits p50/p65 as the protein to DNA86. The paradoxal finding that a 
DNA-aptamer, with an identical sequence as the functional RNA-aptamer, cannot 
bind to the p50 subunit is still not fully understood87. Moreover, crystal structures 
of DNA88 and RNA89 in complex with the p50 subunit have been generated, show-
ing that RNA-aptamers with little sequence resemblance to their DNA counter-
parts both interact with similar protein interfaces. Collectively, it appears that the 
nucleic-acid binding domain of the NF-ҡB subunits can bind both DNA or RNA in 
an sequence-independent manner.
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Concluding remarks

In conclusion, although originally discovered by chance through the striking phe-
notype of the quaking mouse, leading to several decades of investigation re-
garding the role of the RBP QKI in nervous system development and function 
post-natally, it is now clear that QKI is a pivotal director of RNA fate in numerous 
physiological and pathophysiological settings. 

In this respect, this thesis has contributed to: 

1) The understanding of the RBP QKI in general. 

2) The role of QKI in CVD by elucidating how QKI guides RNA fate in monocytes/
macrophages, ECs and VSMCs. 

3) The groundwork to translate our post-transcriptional insights into therapeutic 
strategies for CVDs in the future. 

In concert with many collaborators, and fellow QKI research groups worldwide, 
the function of QKI has been broadened from myelin disorders to cardiovascular 
diseases, inflammatory and fibrotic responses to injury, schizophrenia, and can-
cer, including a striking role in paediatric angiocentric glioma. 

From a highly personal perspective, in light of our expanding insight into the 
complexity of the human genome, as well as the critical role played by an ever-
expanding number of RBPs involved in processing RNA, I firmly believe that we 
have only scratched the surface with respect to truly understanding the complex-
ity of the human genome. In particular, I feel that the ever-accelerating develop-
ments within the field of biomedical sciences aimed at further elucidating RNA 
regulatory pathways in disease, and their eventual translation into therapeutic 
modalities will improve healthcare and will represent real advances to the clini-
cians toolkit.
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Curriculum vitae

The author of this thesis, Ruben Gosewinus de Bruin was born on the 7th of 
august 1987 in the Hague. Ruben attended primary school at “Wonnebald”, a 
school with a focus on creativity and the natural sciences. He subsequently con-
tinued his education at the “Sorghvliet” gymnasium in the Hague. 

After graduating with honours in 2006 he pursued his ambition to study medicine 
at the Leiden University Medical Center. After his second year, Ruben enrolled in 
a simultaneous pre-master program in biomedical sciences to broaden his hori-
zons and acquire expertise in molecular biology. He concomitantly interrupted his 
medical training and commenced with his Ph.D. training in vascular- and molecu-
lar biology within the department of Nephrology headed by prof. dr. A.J. Rabelink. 
Within the research group of prof. dr. A.J. van Zonneveld and under supervision 
of dr. E.P. van der Veer, Ruben worked on his doctoral research project for 4.5 
years. 

Within this period, Ruben assisted in the envisionment and development of a new 
‘Heart and the Blood Vessels’ half-minor. This program was geared towards 3rd 
year medical students, providing them with an opportunity acquire state of the art 
knowledge and insight into the molecular pathways and novel therapeutics being 
developed within the field of cardiovascular medicine. 

During his doctoral research project, Ruben was awarded several travel awards, 
including one from the Royal Netherlands Academy of Arts and Sciences (KNAW), 
which enabled him to present his research on international podia at the American 
Heart Association Scientific Sessions and the Kidney Week organised by the 
American Society of Nephrology. He also regularly attended the annual meet-
ings of the RNA Society and the Dutch Endothelial Biology Society. During these 
meetings, strong collaborations with renowned international research groups 
were forged, including that of Prof. Dr. Manuel Ares Jr. at the University of Santa 
Cruz in California and Prof. Dr. Stéphane Richard at the Lady Davis Institute at 
McGill University, where he worked as a visiting scientist. 

In 2015, Ruben resumed his medical studies by undertaking diverse clinical in-
ternships at hospitals in the Leiden and the Hague area. He graduated with hon-
ours from medical school in 2017 and continued working as a medical doctor in 
Gouda. He is now an internist in training at the Leiden University Medical Center 
with the goal of becoming an interventional-nephrologist.  
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je geloof in ons Quaking onderzoek én in mij als persoon, zou mijn tijd als 
promovendus en het resultaat hiervan nooit zo mooi geweest zijn. Dank voor je 
vriendschap, de mooie jaren samen in het lab en alles wat ik van je heb geleerd 
op wetenschappelijk en persoonlijk vlak. Ik hoop dat het ons gegund is in de 
toekomst nogmaals samen te werken. 

Janine, ik heb genoten van onze samenwerking en heb erg veel van je geleerd, 
mijn dank daarvoor. Een mooi hoofdstuk in dit proefschrift is het resultaat van 
onze geweldige samenwerking! Dank ook aan alle co-auteurs van de artikelen 
welke in dit proefschrift staan gedrukt. Zonder jullie bereidheid tot samenwerking 
waren de manuscripten lang niet zo mooi en compleet geweest. Jurriën, jij in 
het bijzonder dank voor je inzet en enorm scherpe analyses van de data, ik wens 
je succes met het afronden van je eigen promotie en je toekomstige carrière als 
wetenschapper. 

Ton, ook jou wil ik hier graag bedanken, enthousiast wetenschapper, kundig 
arts en bestuurder maar vooral een motivator in hart en nieren. Ondanks je 
immer volle agenda dank ik je voor het vrijmaken van tijd voor mij, voor de vele 
inspirerende gesprekken die we hebben gehad en de mooie toekomstplannen 
die we samen hebben gesmeed. Ik hoop nog lang gebruik te mogen maken van 
je mentorschap. 
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Stephane, I have truly never felt so welcome in a foreign country. Your welcoming, 
warm, hyper-intelligent and often energetic character is one to aspire to. The 
great science in your lab, the home-dinners, the trips to Tremblant, the incredible 
restaurants you took me, thank you for the experience of a lifetime. I look forward 
to our continued friendship and sincerely hope that I can rely on your guidance 
for many years to come. Dear Richard lab members, thank you for making me 
feel at home in the lab in Montréal and the great times we had together. Gillian, 
thanks for all the work you did for me, you're an excellent researcher and above 
all a wonderful person.

Melchior en Roel, gewaardeerde paranimfen, wat gaaf om jullie naast me te 
hebben op deze dag. Met mijn eigen broer én mijn "broer in de wetenschap" aan 
mijn zijde kan ik alles op persoonlijk én wetenschappelijk vlak aan. Roel, dank 
voor de samenwerking de afgelopen jaren, ik hoop in de toekomst nog vaak met 
je te mogen samenwerken.  

Lieve familie, dank voor jullie onvoorwaardelijke steun en vertrouwen in mij als 
mens, onderzoeker en dokter. Dankzij de stabiele basis die jullie me hebben 
gegeven, heb ik mij kunnen ontwikkelen tot wie ik nu ben. Lieve Heleen, inmiddels 
ruim twee jaar samen, vol vertrouwen en nieuwsgierigheid kijk ik uit naar onze 
toekomst samen, het voelt zo ontzettend goed!


