
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Regulation of cardiac form and function: small RNAs and large hearts

Wijnen, W.J.

Publication date
2015
Document Version
Final published version

Link to publication

Citation for published version (APA):
Wijnen, W. J. (2015). Regulation of cardiac form and function: small RNAs and large hearts.
[Thesis, fully internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/regulation-of-cardiac-form-and-function-small-rnas-and-large-hearts(7e1af025-34b7-4fc8-b8d0-1afd9fbce0dd).html


39

3.
Chapter

A high-content siRNA screen for 
the identification of regulators of 

cardiomyocyte hypertrophy
Wino J. Wijnen, Karl Brand, Stephanie van den Oever, Ingeborg van der Made, 

Monika Hiller, Mark Kwakkenbos, Elizabeth McClellan, Dirk Duncker, 
Tim Beaumont, Andrew Stubbs, Yigal M. Pinto, Esther E. Creemers



40

A high-content siRNA screen for 
the identification of regulators of 
cardiomyocyte hypertrophy
Abstract
Here we present the results of our search for novel regulators of cardiomyocyte 
hypertrophy using a siRNA screen in cultured neonatal rat cardiomyocytes. We use a high 
throughput screening platform to evaluate the effect of siRNA transfection on both cell area 
and ANF expression, in the presence and absence of phenylephrine (PE) as a hypertrophic 
stimulus. Cell area and ANF expression were used as independent parameters to quantify 
the hypertrophic response, either functionally or at the transcriptional level respectively. 
During the course of this screen we were also able to assess the stability of neonatal 
cardiomyocytes as a model system for large-scale screening.
After the completion of two successive rounds of screening we identified 34 candidate 
regulators of the hypertrophic response. The candidates include the known regulator 
NFATc4, but also two genes that have already been linked to cardiac hypertrophy (MLXIP 
and PDIA2). In addition we identified several interesting candidate genes of which the 
link to cardiomyocyte hypertrophy remains to be established.
Our 34 final candidate genes provide a good starting point for further validation of their 
role in cardiomyocyte hypertrophy. Future validation experiments will therefore provide 
more insights in the suitability of our model system to uncover the mechanisms of the 
hypertrophic response in neonatal rat cardiomyocytes.
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Introduction
The heart deals with fluctuations in cardiac load, resulting from activity and exercise, 
through adjustment of the stroke volume and heart rate. The range within which the heart 
can cope with these fluctuations is called the cardiac reserve. Chronic cardiovascular 
abnormalities like myocardial infarction, hypertension and aortic stenosis extend cardiac 
load beyond its normal range, thereby decreasing the cardiac reserve. Extended periods 
of cardiac overload evoke a remodeling process which eventually impairs cardiac function 
(1). Cardiac hypertrophy represents one of the reactive processes which the heart uses 
to adapt to a chronically increased workload. At the cellular level, this leads to increased 
production of contractile elements in individual cardiomyocytes. The increase in 
sarcomeric proteins allows higher contractile force generation, and results in an increase 
in cardiomyocyte size (2). Several extra- and intra-cellular factors regulate hypertrophic 
growth via the activation of hypertrophic signaling cascades (3-5). An increased cardiac 
workload results for example in elevated intracellular Ca2+-levels, release of extracellular 
growth factors and activation of mechano-sensors (4). In the cardiomyocyte, all these 
factors regulate intracellular signaling cascades and induce growth by activation of the 
so-called hypertrophic gene program. This hypertrophic gene program is characterized 
by the induction of a set of fetal genes that are normally only expressed in the embryonic 
heart but become re-expressed during cardiac overload. The set of fetal genes includes, 
among others, atrial natriuretic factor (ANF), brain natriuretic peptide (BNP), β-myosin 
heavy chain (β-MHC) and α-skeletal muscle actin (ASKA) (6).

Although overload-induced cardiac hypertrophy maintains cardiac output in the short-
term, chronic activation of the hypertrophic response results in cardiac dysfunction. This is 
evident from several mouse models in which altered expression of proteins in hypertrophic 
pathways, like NFAT and calmodulin kinase (CamK), leads to cardiac dysfunction (7, 8). 
Therefore, the resulting cardiac dysfunction can be seen as the maladaptive result of an 
initially benign hypertrophic response (5). The presence of several signaling cascades 
underlying cardiomyocyte hypertrophy makes it tempting to speculate about the existence 
of other regulators of the hypertrophic response, potentially in pathways that do not 
induce maladaptive side effects. The identification of such regulators has tremendous 
potential for therapeutic intervention (3).

Comparative gene and protein expression analysis provide powerful tools to gain insights 
in these molecular pathways, but they lack one crucial feature to explain the mechanisms 
of disease: they do not provide insight in causality. Those approaches are therefore less 
suitable for the identification of novel regulators of cardiomyocyte hypertrophy. Causality 
can however be investigated by assessing the hypertrophic response of cardiomyocytes 
after knocking down specific mRNA transcripts using short interfering RNAs (siRNAs). 
Recent advances in integrated high-content imaging platforms also allow the automation 
and standardization of image acquisition and analysis, making functional screening for 
cardiomyocyte hypertrophy feasible (9, 10). This approach has already been taken by 
other groups to study the effects of microRNAs on the hypertrophic response of neonatal 
rat cardiomyocytes (NRCM) (10).

Here we describe an unbiased high-content screen in cultured NRCMs to identify novel 
regulators of cardiomyocyte hypertrophy, based on the methods and principles that were 
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described in Chapter 2. This unbiased screen combines high-content imaging, siRNA 
technology and neonatal rat cardiomyocytes in a functional assay. To study the effects 
on the induction of hypertrophy in neonatal rat cardiomyocytes, we knocked down 
the expression of about 2000 genes individually through the use of siRNA SmartPools 
(Dharmacon). We took a dual approach, measuring changes in both cell surface area and 
ANF expression as parameters for the physical hypertrophic response and activation of the 
hypertrophic gene program respectively. Hypertrophy is defined by a change in cell size, 
which could be calculated based on the α-actinin (ACTN2) positive area. Additionally, we 
quantified the perinuclear ANF expression as a read-out for the transcriptional activation 
of the hypertrophic gene program (3, 11). The use of ANF as a marker for hypertrophy has 
not been reported previously in large-scale screens and has proven a valuable addition 
for the estimation of the hypertrophic response, especially in combination with cell area 
measurements. The quantification of two independent outcome parameters can provide 
new insights in the signaling pathways that underlie the hypertrophic response. These 
insights may eventually find their use in clinical practice, either as clinical targets for 
improved treatment, or as diagnostic markers for early detection.
In this screen we identified DCAF6, FMOD, Kif18, TUBB5, GTF3C1, BAD and several others 
candidate genes that might prove very interesting potential regulators of cardiomyocyte 
hypertrophy. Our findings, however, also illustrate the care that has to be taken in setting 
up and interpreting large-scale siRNA screens.
 

Materials and Methods
Experimental Animals
All animal experiments have been approved by the ethical committee on animal 
experimentation of the AMC.

Neonatal Rat Cardiomyocyte Isolation
1-3 day old Wistar rats were sacrificed by decapitation. Hearts were removed and 
ventricles were minced to small pieces. Cardiomyocytes were isolated by enzymatic 
digestion in 1x HBSS (Sigma H4641) supplemented with 0.05% collagenase type I (Gibco 
17100-017), 0,05% pancreatin (Sigma P3292), 0,55 g/L D-glucose (Merck 104074), 
0.035% NaHCO3 (Merck (106329), 2 µg/ml DNAse (Sigma DN-25) and gentamycin 
1:1000 (Invitrogen 15750-045). To separate fibroblast from cardiomyocytes, cells were 
pre-plated twice for 1 hour in plating medium (66% DMEM (Invitrogen 11966-025), 
17% medium 199 (Invitrogen 31153-026), 10% horse serum (Invitrogen 16050-0122), 
5% heat inactivated fetal calf serum (Invitrogen10270-106), 1,6 g/L D-glucose, 1:1000 
gentamycin and 1:100 penicillin/streptomycin (Invitrogen 15070-063)). Cells from the 
supernatant were collected, counted and plated in plating medium on 1% gelatin (Fluka 
487240) coated plates at a density of 1 x 106 or 5 * 104 cells per well for 6-well and 96-
well optilux plates (BD 353948) respectively. After 48 hours, medium was replaced by 
cardiomyocyte medium (medium 199, 1:100 HEPES (Invitrogen 15630-056), 1:100 NEAA 
(Invitrogen 11140-035), 1:100 L-glutamine (Invitrogen 25030-024), 0,35 g/L D-glucose, 
2 µg/ml vitamin B12 (Sigma V2876) and 1:100 penicillin/streptomycin) for overnight 
serum starvation. All cultures were performed at 37ºC and 5% CO2 in a humidified 
incubator and the culture media after pre-plating were supplemented with 10 µM Ara-C 
(Sigma C1768) to prevent fibroblast proliferation.
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siRNA Library and Transfection
A custom SMARTpool siRNA library, SMARTpools for KLF15 (L-080131-01), myocardin 
(L-080134-00) for the rat genome and a non-targeting control SMARTpool (D-001810-10) 
were obtained from Dharmacon. The library contained all available siRNA SMARTpools 
for the rat genome at the time of ordering. All SMARTpools were dissolved as 20 µM 
stocks in 1x siRNA buffer (Dharmacon B-002000-UB). Transfection efficiency was tested 
with the fluorescently labelled siGLO-red (Dharmacon D-001630-02).
In 96-well plates (BD bioscience 353948) NRCM (50.000 cells/well) in non-supplemented 
medium 199 were transfected with siRNAs (300 nM final concentration) using 
Lipofectamine 2000 (Invitrogen 11668-019). After 6 hours, the transfection medium 
was replaced with cardiomyocyte medium supplemented with Ara-C, in the presence or 
absence of 50 µM phenylephrine (PE) (Sigma P6126). Cells were subsequently cultured 
for 72 hours.
 
Cell Fixation and Staining
All reagents and antibodies were dissolved in PBS and cells were washed twice with PBS 
between every step. After the indicated incubation times, cells were again washed twice 
with PBS, fixated for 10’ with 4% PFA (Merck 104005) and permeabilised for 10’ with 
0,1% triton X-100 (Sigma X100). Primary antibodies for α-actinin-2 (Epitomics 2310-1) 
and ANF (Millipore CBL66) were diluted 1:800 and 1:1000 respectively and incubated for 
1 hour at 37ºC. Secondary antibodies AlexaFluor-488 goat-α-rabbit (Invitrogen A11008) 
and AlexaFluor-568 goat-α-mouse (Invitrogen A11004), both diluted 1:400, were 
incubated for 1 hour at 37ºC. Subsequently, nuclei were stained for 10’ at 37ºC using 250 
ng/ml DAPI (Sigma D9542) or 125 nM SYTOX-Green (Molecular Probes S7020). Finally, 
cells were washed twice with PBS and stored in 50% glycerol (Scharlau GL0026)/PBS at 
4ºC.

Image Acquisition and Analysis
Cell images for screening were acquired with the Operetta high-content imaging platform 
(Perkin Elmer) and analysed with Harmony software. The image acquisition and analysis 
procedure was performed as described in Chapter 2. In brief, nuclei were identified based 
on the DAPI channel. Subsequently individual cell areas were determined based on the 
α-actinin positive area per nucleus. Background corrected perinuclear ANF intensity 
was acquired by subtracting the cell border intensity from perinuclear intensity in the 
ANF-channel. The analysis algorithm was further optimized to exclude border objects, 

Figure 1: Plate layout for the siRNA 
screen. The screen was performed 
in 96-well plates according to the 
following layout. Transfections were 
performed in octuplicates for each 
siRNA, with half of the conditions 
receiving treatment with 50 µM PE. 
Eight different siRNAs were tested on 
a plate (left to right), while a negative 
control siRNA was included on the left 
of each plate (top to bottom).
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apoptotic cells, cells without nuclei and staining or imaging artefacts. 
All other images were acquired using an inverted microscope (Leica DMIL) and camera 
(Leica DFC320). Image analysis was performed on unprocessed image files. The relative 
intensities of composite images have been adjusted for clear illustration.

Data analysis
All statistical tests were performed within plates between siCon (the non-treated control 
siRNA quadruplicates) and siX (the non-treated experimental siRNA quadruplicates) or 
siCon+PE and siX+PE (both conditions treated with PE). Samples were excluded if siCon 
on the respective plate did not pass the quality control criteria: increase in cell-size or 
ANF expression upon PE treatment. For general comparisons, inter-plate variation was 
normalized based on the whole-plate median. 
Initial candidates were selected based on p-values ≤0.05 (two-tailed Student’s T-test with 
unequal variance, moderated for false discovery rate according to Benjamini-Hochberg 
(12)). 228 genes were selected for validation, a set comprised of 8 internal controls, 
28 from an overlapping analysis, 61 that showed effects both for area and ANF, and the 
remaining were selected in equal numbers from the area and ANF groups based on the 
maximum fold-change.
A candidate was validated if it showed a p-value ≤0.05 and maintained directionality with 
regard to the original screen during the validation screen.

Pathway analysis and expression profiling
Pathway analysis was performed on candidate genes from the initial screen (i.e. passing 
quality control and showing a significant effect with a p-value <0,05) using the web-based 
DAVID functional annotation tool version 6.7 (13, 14).
Gene expression profiling for the relevant siRNAs was performed by searching for the 
terms “cardiac” and “cardiomyocyte” in the NCBI Geo Datasets (15, 16).

Statistics
All data are represented as mean +/- standard error of the mean (SEM) unless mentioned 
otherwise. A p-value of ≤0,05 was used as a cut-off to indicate statistical significance.

Figure 2: Effects of PE in the primary and 
secondary screen. The overall PE-effect on cell area 
and ANF expression of the siCon-treated conditions 
of all plates (N=251 for primary screen and N=32 
for secondary screen). Data are normalized to non-
treated siCon. * denotes a p-value < 0.05 and error 
bars represent standard error of the mean.

Results
Characteristics of the screen
In this screen we evaluated the effect of 
mRNA knockdown of 1984 individual 
genes on the hypertrophic response of 
cultured neonatal cardiomyocytes. In 
the previous chapter we described the 
optimization of cardiomyocyte culturing 
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conditions, transfections and the induction of hypertrophy that were used for this siRNA 
screen. Cells were cultured in 96-well plates at a density of 40.000 cells per well, creating a 
layer of single cells or small clusters (Chapter 2, Figure 2B). Plate design was standardized 
to facilitate convenient cell culture and transfection conditions for large scale screening 
(Figure 1). Transfections were performed in octuplicates, with half of the conditions 
receiving control treatment and the other half 50 µM PE to induce a hypertrophic response 
in the cardiomyocytes. After 72 hours, cell area and ANF expression were quantified 
by immuno-cytochemical staining for ACTN2 and ANF. Image acquisition and analysis 
(Operetta system, Perkin Elmer) was performed as described in the previous chapter. 
The full screen consisted of an initial screen in which 1984 different siRNA pools were 
transfected in 251 96-well plates, and a secondary screen in which 240 candidates of the 
initial screen were re-tested in one batch of 32 plates using the same conditions.

Quality control
We used the hypertrophic effect of PE on both cell area and ANF expression in the presence 
of a non-targeting control siRNA (siCon) as a measure for quality control. On every 96-
well plate, we allocated 8 wells for siCon (4 wells without PE and 4 wells PE-treated). 
Only plates in which PE induced a statistically significant increase in siCon wells (p-value 

Figure 3: Data normalization for control treatments. Area and ANF values were normalized for inter-plate 
comparisons according to the median of all raw values in a plate. Raw measurements were scaled around zero. 
The mean for each unstimulated treatment was subsequently added to represent the actual range. (Top panels) 
SiCon values for cell area before (left) and after (right) normalization. (Bottom panels) SiCon values for ANF 
expression before (left) and after (right) normalization.
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< 0,05) were included in the further analysis. 1642 (83%) genes passed quality control for 
cell area with an average 1,52 (+/- 0,01)-fold increase upon PE treatment (Figure 2). For 
ANF expression 1340 (68%) genes passed quality control with an average 1,66 (+/- 0,01)-
fold increase upon PE treatment (Figure 2).

Normalization
Data were normalized for inter-plate comparisons. We chose to normalize according to the 
median of all raw values in a plate, as this method is less affected by deviant values from 
individual outliers on a plate. This approach scales all raw measurements to the median 
of the plate, resulting in values centered around zero. The results of this normalization 
procedure on the siCon treatment with and without PE are shown in Figure 3 for cell area 
and ANF expression.

Results initial screen
Candidates constitute all siRNAs that passed quality control and showed a significant 
effect (p-value <0,05), either on cell surface area or ANF expression, or both. Table 1 
shows the top five candidates on cell area and ANF expression for each condition, based 
on the fold-change of the effect.

Table 1: Top five highest fold-change siRNAs for cell area and ANF expression in the initial screen. Numbers 
between brackets represent the normalized fold-change for each gene.

Table 2: Overview of the total number of screened genes and the number of genes that passed quality control 
during the initial and secondary screen. 
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Table 3: Differentially regulated pathways for cell area in the absence of PE, based on candidates of the initial 
screen. Count represents the number of differentially expressed genes in the given pathway and p-value 
indicates significance level.

Table 4: Differentially regulated pathways for cell area in the presence of PE, based on candidates of the 
initial screen. Count represents the number of differentially expressed genes in the given pathway and p-value 
indicates significance level.
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Table 5: Differentially regulated pathways for ANF expression in the absence of PE, based on candidates of the 
initial screen. Count represents the number of differentially expressed genes in the given pathway and p-value 
indicates significance level.

Table 6: Differentially regulated pathways for ANF expression in the presence of PE, based on candidates of the 
initial screen. Count represents the number of differentially expressed genes in the given pathway and p-value 
indicates significance level.
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Cell area
In the absence of PE, we identified 296 siRNAs in the initial screen that induced a significant 
change in cell area. In the presence of PE, 354 genes induced changes in cell area. These 
numbers represent respectively 18,0% and 21,6% of the 1642 siRNAs that passed quality 
control (Table 2). Pathway analysis for the candidate regulators that affected cell area in the 
absence of PE revealed enrichment of genes involved in several cancer signaling pathways 
(prostate, non-small cell lung cancer, colorectal and glioma), mTor signaling, regulation of 
the actin cytoskeleton and Wnt signaling (Table 3). Pathway analysis on regulators of cell 
area in the presence of PE revealed effects of siRNAs that target genes in processes like 
MAPK and Wnt signaling, focal adhesion, regulation of the actin cytoskeleton as well as 
several cancer pathways (colorectal, pancreatic and endometrial) (Table 4).

ANF expression
ANF expression under basal conditions (i.e. without PE) was significantly altered after 
transfection with 321 different siRNA pools (24,0% of all the siRNAs that passed quality 
control). In the presence of PE, ANF expression was found to be regulated by 340 siRNA 
pools (25,4% of the genes that passed quality control). Similar to cell area, pathway analysis 
revealed enrichment of several cancer signaling pathways (prostate, renal cell carcinoma) 
in the potential regulators of ANF expression under basal conditions. In addition, 
processes like focal adhesion, T-cell signaling, regulation of the actin cytoskeleton and 
other signaling pathways (ErbB, Toll-like receptor, neurotrophin, MAPK and B-cell) might 
be involved in the regulation of ANF expression (Table 5). Upon PE treatment, the affected 
pathways included apoptosis, MAPK signaling, p53 signaling and again several signaling 
pathways involved in cancer (small cell lung and prostate cancer) (Table 6). Interestingly, 
siRNAs targeting STAT3, CAMK4 and GCGR diminished the increase in cell size and ANF 
expression upon PE treatment, as compared to siCon. DRD3 on the other hand induced an 
increase in ANF expression in both the absence and presence of PE (Table 1).

Candidate selection for the validation screen
Out of all the candidates we selected 228 siRNA pools for re-screening. This set included 
all 69 candidates that showed an effect on both cell area and ANF expression in the initial 
screen, 81 candidates for cell area only and 78 candidates for ANF expression only. The 
latter two groups were selected from the two candidate lists because of their significance 
(p-value<0.05) and high fold-changes. The set of genes contained several siRNAs 
that could act as positive controls for the efficacy of our screen because of their well-
established effect on cardiomyocyte hypertrophy. They include the transcription factor 
Nuclear Factor of Activated T-cells C4 (NFATC4), the calcium/calmodulin-dependent 
protein kinase IV (CaMK4) and the adrenoceptor alpha 2B (ADRA2B), which is however 
not the main PE-receptor (17, 18). In contrast to the initial screen, all candidate siRNA 
pools were transfected in a single batch of isolated cardiomyocytes, randomly spread 
over 96-well culture plates, following the plate design of the initial screen. The validation 
screen followed the same protocol as the initial screen. 
As can be appreciated from Table 2, a much higher percentage passed quality control in 
the validation screen compared to the initial screen. For cell area without PE 62 out of 
65 siRNAs passed QC (95,4%), and 120 out of 129 (93%) passed QC upon PE treatment. 
The numbers for ANF expression are 80 out of 82 (97,6%) and 112 out of 118 (94,9%) in 
the absence and presence of PE respectively. The average PE effects on cell area and ANF 
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expression were also substantially stronger in the secondary screen, with a fold change 
for cell area of 1,81 +/- 0,074 and for ANF of 2.23 +/- 0,31 upon PE treatment (Figure 2).

Candidate regulators of cardiomyocyte hypertrophy
Final candidates constitute all genes in which the siRNA pool passed quality control and 
caused a significant effect that could be reproduced in the secondary screen. Out of a total 
of 11 candidates with a significant effect on cell area, 5 maintained directionality (same 
direction of the effect in the initial and secondary screen). For ANF expression, 30 out of 
43 candidates maintained directionality. Since Tfapa2 was validated as a regulator of ANF 
expression both under basal and PE stimulated conditions, this resulted in a final list of 
34 regulators of the hypertrophic response in cultured neonatal cardiomyocytes (Table 
7). Out of our selection of known regulators of cardiomyocyte hypertrophy, only Nfatc4 
showed a consistent effect as its transfection decreased the induction of ANF expression 

Table 7: List of final candidates for cell area and ANF expression, based on significance and maintenance of 
directionality. Candidate genes in white showed a decrease in cell area or ANF expression, while candidates in 
grey induced an increase.
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upon PE-stimulation. ADRA2B consistently diminished the effect of PE on cell area but its 
effect did not reach statistical significance in the secondary screen (p-value 0,055).  
SiRNA pools that consistently caused a significant alteration of the hypertrophic response 
in both the initial and the secondary screen are listed in Table 7. Transfection with siRNAs 
against DCAF6, TUBB5 and Kif18 induced a decrease in cell area under basal conditions 
(i.e. in the absence of PE). Transfection of GTF3C1 and BAD siRNAs increased the cell area 
in the presence of PE. Out of the 30 validated regulators of ANF expression only FMOD 
caused an increase in expression while all the others reduced expression relative to the 
control condition.
Figure 4 shows the raw values from the secondary screen for DCAF6, GTF3C1, NFATC4 and 
FMOD as representative examples of final candidate genes. The validation rate was most 
successful for genes that have initially been selected based on the ANF effect (21,8%) or 
for effects both on ANF and area (15,9%). Genes selected for their effect on cell area only 
have a validation rate of 7,4% (Figure 5).

Figure 4: Absolute values for cell area or ANF expression for four selected candidates. The figure shows the non-
normalized, absolute values for cell area and ANF expression from the secondary screen with means and s.e.m. 
for the cell area of DCAF6 and GTF3C1 (top panels) and ANF expression of NFATC4 and FMOD (bottom panels). 
* denotes a p-value < 0.05 and error bars represent standard error of the mean.
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Discussion
By screening 1984 genes through a high-content siRNA approach, we identified 34 
genes as potential regulators of cardiomyocyte hypertrophy. While this is the first 
unbiased large-scale screen in neonatal cardiomyocytes using siRNA technology, other 
research groups have previously used neonatal cardiomyocytes to study the hypertrophic 
response in larger screens (9, 10). The investigations of Bass et al. provide insights in the 
methodology for high-throughput screening for pharmacologically induced hypertrophy. 
Their experiments validated the automated cell area quantification by comparing it with 
manual techniques (9). The study of Jentzsch et al. applied a similar approach in a screen 
for the effect of miRNAs. They followed up their initial findings with a validation via 
independent experiments, thereby revealing a role for eight miRNAs in cardiomyocyte 
hypertrophy, including miRNA-30c (10).
We selected PE as an inducer of cardiomyocyte hypertrophy for our screen as this proved 
to give the most consistent results during the optimization phase (Chapter 2). PE is an 
α-adrenergic agonist that binds to G-protein coupled receptors, activating downstream 
signaling cascades that eventually result in the induction of a hypertrophic response (5). 
In this respect it is of relevance that ADRA2B, one of the alpha-adrenergic receptors, shows 
up in the list of repressors of hypertrophy (although not reaching statistical significance 
in the validation screen with a p-value of 0,055). However, it should be mentioned that 
PE is an alpha-1 adrenergic agonist, while ADRA2B belongs to the alpha-2 receptors. The 
exact underlying mechanism for this finding remains therefore to be clarified.

The analysis of the screen was subdivided in four categories: quantification of cell area and 
ANF expression, both in the absence and presence of PE as a hypertrophic stimulus. This 
allowed us to investigate two quantifiable outcomes of hypertrophic activation: cell area 
as a functional outcome in the form of cardiomyocyte hypertrophy and ANF expression 
for the early transcriptional activation of the hypertrophic gene program.

Validated candidates based on changes in cell area
For cell area we identified DDB1 and CUL4 Associated Factor 6 (DCAF6), Tubulin Beta 
4A (TUBB5) and Kinesin Family Member 18A (Kif18a) as inducers of cardiomyocyte 
hypertrophy under basal conditions, as transfection with siRNAs caused smaller cell sizes. 
DCAF6, also known as NRIP, has previously been identified as a direct binding partner 
of calmodulin, thereby activating calcineurin signaling (19). Although no studies have 
been undertaken with regard to cardiomyocyte hypertrophy, we found that inhibition 

Figure 5: Validation rates for selection criteria. 
Based on their selection on changes in cell area, 
ANF expression or both during the initial screen, 
the graph shows the percentage of validated 
candidates during the secondary screen.
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of DCAF6 resulted in smaller cells indicating that it acts as an inducer of hypertrophic 
growth, possibly via stimulation of calmodulin activity. TUBB5 is a structural component 
of microtubules and plays a role in microtubule assembly and function. To date TUBB5 
has not been linked to cardiomyocyte hypertrophy or heart disease although it has been 
studied extensively in neurons of the central nervous system (20). KIF18A is a member of 
the kinesins, proteins involved in microtubule assembly and movement along these fibers 
(21). Although this protein has not been associated with heart disease, it might influence 
cardiomyocyte structure and stability via its effect on the microtubular cytoskeleton.
The siRNA pools against General Transcription Factor IIIC (GTF3C1) and BCL2-associated 
agonist of cell death (BAD) induced an increase in cell size in the presence of PE. They 
thereby represent endogenous inhibitors of the hypertrophic response, as repression 
of their function through siRNA transfection aggravates cardiomyocyte hypertrophy. 
GTF3C1 is part of the RNA polymerase III complex that transcribes housekeeping RNAs, 
among which are 5S rRNA, tRNAs and other small RNAs, including several miRNAs (22). 
It becomes easy to speculate about the potential effects of deregulation of this complex, 
but additional studies are required to establish the role of GTF3C1 in cardiomyocyte 
hypertrophy. BAD is an activator of apoptosis, and its inhibition was found to increase 
the hypertrophic response during PE stimulation in our screen. BAD activity is regulated 
by calcineurin (23, 24), and it would be interesting to investigate if the hypertrophic 
effects that have been attributed to NFAT might partially be attributable to an apoptosis-
independent effect of BAD. Follow-up studies are therefore required to determine the 
exact nature of the role of BAD.

Validated candidates based on changes in ANF expression
A group of 20 genes was found to decrease ANF expression under basal conditions 
(Table 7). Although this is by far the largest group with the highest validation percentage 
(32,5%), there are some reasons to be careful in the interpretation of these results as ANF 
expression was found to be very low, even close to the background signal under basal 
conditions. Down-regulation of ANF expression under these conditions may therefore not 
be very reliable and relevant in respect to cardiomyocyte hypertrophy.
Still, transfection with siRNA against transcription factor AP-2 alpha (Tfap2a) decreased 
ANF expression, both in the absence and presence of PE. This observation does indicate 
that this transcription factor might actually be a real activator of ANF transcription.
The final group of 10 candidate genes regulated ANF expression in the presence of PE. 
Although 9 out of 10 genes decreased ANF expression, this represented a decrease from 
a genuine induction, unlike the decreases observed under basal conditions. Transfection 
of siRNA against fibromodulin (FMOD) increased ANF expression, thereby identifying 
this gene as a potential repressor of ANF expression. FMOD is a secreted protein that 
forms part of the extracellular matrix. It has been show to sequester TGFβ (an inducer of 
hypertrophy) in wound healing, so its pro-hypertrophic effect on ANF expression might 
result from more TGFβ stimulation on the cells (25). The 9 potential activators of ANF 
expression include genes that have already been implied in cardiac hypertrophy as well 
as some interesting novel candidates. The finding that knockdown of NFATc4, results in 
decreased ANF expression is in line with our expectations, as this protein from the NFAT 
family acts as an activator of cardiomyocyte hypertrophy (26). Interestingly, a SNP in one 
of the other 9 potential activators of ANF expression, MLX Interacting Protein (MLXIP) has 
been associated with chronic heart disease in a Chinese Han population, although they 
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also found an additional interaction of the SNP with hypertension (27). SF3A1 is a splicing 
factor that affects general splicing events, thereby potentially regulating the hypertrophic 
response of cardiomyocytes (28). TFAP2A is a transcriptional activator of AP-2. AP-2 
regulates gene transcription of the ANF promotor, as two binding sites were identified in 
the upstream silencer region (29). Tyrosine Hydroxylase (TH) is the rate-limiting enzyme 
for catecholamine synthesis in the central nervous system (30). Its direct effect on the 
cardiomyocyte remains however to be established. The PDIA2 protein resides in the 
endoplasmatic reticulum and is involved in protein folding. Although haplotype variations 
were found to be associated with bicuspid aortic valves (a deadly congenital heart disease), 
it has not been linked to any process in cardiomyocyte hypertrophy (31). The Thyrotropin 
Releasing Hormone Receptor (TRHR) mediates the effect of Thyrotropin Releasing 
Hormone. In vivo inhibition of TRH in the heart suppressed the hypertrophic response 
in spontaneous hypertensive rats, indicating that knockdown of the receptor might also 
confer protection against cardiac hypertrophy (32, 33). PLA2G12B is a phospholipase, 
involved in the release of fatty acids like arachidonic acid from phosphatidylcholine. 
Arachidonic acid might regulate cardiac hypertrophy indirectly (34). Finally, NEDD9 is a 
scaffolding protein in the integrin pathway that is expressed in cardiac progenitor cells, 
and it might be involved in cellular adhesion (35).
This set of 34 candidate genes represents a good starting point for further investigation 
into the exact roles and mechanisms by which these genes regulate the hypertrophic 
response. The candidate list contains several interesting leads like DCAF6, FMOD and 
MLXIP that should certainly be followed up, but the list also contains genes of which little 
is known in relation to heart disease and cardiomyocyte hypertrophy. Of all candidates, 
but especially the group of novel genes, it is important to validate the knockdown and 
the observed effects in independent experiments. Furthermore, to check for false-positive 
findings, it is also important to clearly establish the expression of novel candidates in the 
cardiomyocyte directly via gene expression analysis and immunohistochemistry. 

Study limitations
Due to standardization of our experimental setup we limited the opportunities to discover 
all potential regulators of cardiac hypertrophy. For example, the timespan of 72 hours of 
siRNA knockdown might not be sufficient to reveal effects of proteins with a long half-life. 
In addition, siRNA technology does not induce complete inhibition of gene expression. 
If the low remaining mRNA, and hence protein levels are sufficient to mask any effect, 
the gene will not show up as a candidate from our screen. Additionally, the timing of PE 
addition in relation to the siRNA transfection might not be optimal with regard to half-life 
of all proteins investigated (36). It has been established before, and confirmed during 
our screen optimization (described in Chapter 2), that cell culturing conditions strongly 
influence the hypertrophic response, with slight differences in cell density already 
affecting the hypertrophic response (37, 38). These limitations all decrease the sensitivity 
of the screen, thereby lowering the percentage of true regulators present in the screen 
that ultimately end up in the candidate list.

A closer look at the number of candidates in the two independent screens also provides 
insights in the robustness of the methodology. A first hint that we have to be careful with 
the interpretation of the results is presented by the percentage of identified candidates in 
the initial and secondary screen. If we assume a random selection of genes in the initial 
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input, we would expect enrichment of candidates in the secondary screen, as these were 
selected for their effect in the initial screen. In contrast, Table 2 reveals a general decrease 
in the validation rates for cell area (both basal and with PE) and for ANF in the presence 
of PE.  
Also, from all genes that were found to be significant in the initial and secondary screen, 
about 50% showed inverse directionality, meaning that a significant increase in the initial 
screen was coupled to a significant decrease in the secondary screen or vice versa (Table 
2).
Assuring was the finding that the percentage of siRNAs passing quality control improved 
from the initial to the secondary screen (Table 2), indicating that the variability had 
decreased. Experimental variability in the initial screen is probably the underlying cause 
for our low level of reproducibility. This variability could be due to the fact that the initial 
screen was too large to be processed in a single batch. Therefore the experiments had 
to be performed over the course of several months, using cells from different isolations 
and cultured under similar, but inherently variable, conditions. All these factors add up 
to the increased error margin in the initial screen. Since, based on our prior experience, 
the secondary screen could be performed in one batch of cells and transfected in a 
single run, it obviously shows less variation. We therefore conclude that the secondary 
screen provides more reliable results compared to the initial screen. The candidates that 
pass both screens are therefore most likely to be the true regulators of cardiomyocyte 
hypertrophy.

All in all, our experimental approach yields an interesting list of hypertrophic regulators, 
but caution has to be taken in with its interpretation as the methodology has some 
limitations. Therefore, the list of novel hypertrophic regulators has to be carefully validated 
by additional studies. It would be interesting to study the phenotypes of cardiomyocyte-
specific knock-out mice for these genes. The in vivo validation of these in vitro findings 
would also provide insights about the validity of in vitro screens for complex diseases like 
cardiac hypertrophy.
As a final note, it might be interesting to validate some of the novel regulators for their use 
as early biomarkers for heart failure. Since heart failure is usually diagnosed in the end-
stage, and known signaling pathways have failed to provide early diagnostic markers, new 
pathways might reveal useful leads for biomarker discovery. 
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