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Functional genetics: methodologies to 

understand the biology of the cell
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Chapter 1

The human body consists of approximately 40 trillion cells [1]. The morphology and 
function of cells greatly varies, depending on their specific task in the body. Every 
cell, except for erythrocytes, certain keratinocytes and lens fiber cells, contains a 
nucleus with therein the DNA encoding roughly 20 thousand genes. Although the 
genetic code found in every cell in one organism is the same, cellular heterogeneity 
is determined by which of the genes are expressed. Even the smallest alterations to 
DNA can lead to disease or can be incompatible with life, illustrating the importance 
of the genetic code as a fundament of life itself.

To get a comprehensive overview of how genes and proteins contribute to the proper 
functioning of the human body, it is of crucial importance to understand the role of 
every protein. To this end, functional genetic approaches are developed. These have 
greatly contributed to our insight in the functioning of the human cell. But even to 
date, we have only obtained a limited understanding of human biology, emphasizing 
the need for more innovative approaches to study the building blocks of life.

Experimental use of the genome and transcriptome to assess protein function
To obtain a better understanding of the functionality of all proteins, it would be 
useful to systematically interrogate genotype-phenotype relations. To this end, 
manipulation of the genome or transcriptome can be employed and the consequence 
of this manipulation on proteins can lead to selectable phenotypes. A variety of such 
experimental genetic screening approaches have been developed, in a variety of model 
organisms and cell lines. These are either based on systematic perturbation of gene 
function or overexpression of libraries of cDNAs.

Two methods of genetic screens can be distinguished. Forward genetic screens are 
aimed to dissect the genetic regulators underlying a certain trait. To do so, it is required 
to select for alterations of phenotypes that are caused by mutations. For instance, 
the phosphorylation status of a protein can be visualized as a proxy for activity of a 
signal transduction pathway and selection of mutated cells displaying a lot or very 
little of this phenotype allows the determination of the mutation underlying the 
phenotypic change. Reverse genetic screens determine the phenotypic consequences 
of the manipulation of a known gene. In this thesis, we discuss various forward genetic 
screening approaches and the experimental chapter focus on the application of haploid 
genetics to study a variety of cell biological processes.

voorbereid_binnenwerk.indd   8 09-11-18   09:50
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Figure 1: Positive and negative forward genetic screens in cell lines. A library of mutagenized 
cells is obtained. For positive selection screens stringent selection of mutants is required, 
for instance with a compound leading to cell death or a cell lytic virus. For negative selection 
screens, cells are cultured for a long time (2-3 weeks) and mutants essential for cell viability are 
lost from the population. For both types of screens, after this selection time, the mutations 
in the remaining cells need to be determined. 

1
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Determining the mutations of interest in forward genetic screens can be done 
either by positive- or negative selection of mutated cells (Figure 1). In the first, mutated 
cells are (stringently) selected. This can be achieved by distributing agents killing the 
majority of the cells, selecting the cells bearing mutations that cause a resistance 
towards the selective agent, or possibly by using transcriptional reporter systems, 
allowing selection of desired mutants by Fluorescence Activated Cell Sorting. For 
instance, using diphtheria toxin as a selecting agent on a population of mutagenized 
cells leads to the selection, by survival, of cells carrying mutations in the diphtheria 
toxin receptor, which is required to allow cellular entry of the toxin as well as the 
genes responsible to create the diphthamide moiety targeted by the toxin [2].

Negative selection screens, also known as depletion or drop-out screens, are 
technically more advanced as they are aimed to determine which mutations disappear 
from a population [3]. This requires a robust recovery of the entire mutagenized 
populations. Culturing time is used as a selection mechanism and mutated genes that 
disappear from the population are considered essential for the viability of the cell 
line (Figure 1 and Figure 2A). This methodology is currently widely used to determine 
the genetic dependencies of cancer cell lines [4]. It allows us to determine their 
genetic drivers, and thus potential pharmaceutical targets, and it offers a platform 
to compare crucial genetic elements in isogenic cell lines to assess to concept of 
synthetic lethality (Figure 2B) [5,6]. This last type of screens addresses the genetic 
buffering capacities of a system. For instance, when gene A and gene B are both not 
essential for cell viability, but gene B becomes essential when gene A is disrupted, gene 
B functions as a genetic buffer for the loss of gene A [7]. In yeast, many of this type 
of interactions have been described, greatly aiding to our understanding of genetic 
epistasis [8], but for mammalian genetics only the recent development of haploid 
genetics and CRISPR/CAS9 technology (see below) facilitated the tools to reliably 
map synthetic genetic interactions.

Mutagenesis-based genetics in model organisms
Interfering with gene or RNA function is crucial to all types of genetic screens. 
Spontaneous mutations in DNA occur but are rare [9] and thus impractical to use 
in an experimental design. To increase the amount of genomic mutations, and thus 
improve the chance of finding a regulator of the investigated trait, various methods 
are available. Random genomic (point) mutations can be generated using ionizing 
radiation or chemical mutagenesis, leading to point mutants with a diverse effect

voorbereid_binnenwerk.indd   10 09-11-18   09:50
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Figure 2: Principles of gene essentiality and synthetic lethality using gene-trap insertional 
mutagenesis. A: Mutations can lead to either an enrichmend of the mutation in the cell 
population (gene A), have no effect on the speed of growth (gene B and X/Y/Z) or can be 
depleted from the population. B: Synthetic interactions can be assessed by generating knock-
out libraries in isogenis mutants (in this example gene B). In this context, mutations in genes 
that were have no effect on viability in wild-type conditions can be enriched or depleted in the 
isogenic mutant. C: A gene-trap delivered by retroviruses can integrate in sense- or antisense 
orientation. Intronic sense-orientation mutations redirect splicing to the gene-trap, leading 
to mutated transcripts whereas intronic integration in anti-sense orientation has no effect 
on the transcript. 

1
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These subtle mutations can lead to Loss-Of-Function (LOF) by introducing premature 
stop codons, but also to non-significant changes in intronic regions or mutating 
domains that are not crucial for protein function.

The first forward genetic screens using genomic mutations in a model organism 
were performed in the fruit fly Drosophila melanogaster [10]. Genomic mutations 
were introduced by supplementing the fruit fly food with ethyl methanosulfate 
(EMS) [11]. This mutagen causes alkylation of Guanine, causing Guanine to Adenine 
nucleotide substitution [12], leading to somatic point mutations in strains obtained 
after inbreeding of offspring of the initially mutagenized males. Desired phenotypes 
could be recognized by using known Drosophila traits, such as changes to wing 
morphology and differences in eye color.

Although much can be learned from genetic screens in invertebrates such as the 
fruit fly and roundworm Caenorhabditis elegans, understandably, genetic studies in 
vertebrate systems yield more promising results directly translatable to human biology. 
Mice are suitable animals for genetic screens and can be mutagenized using alkylating 
agents like N-ethyl-N-nitrosourea (ENU) [13] as well as with insertional mutagenesis 
[14]. For decades, ENU has been widely used, but more recently, insertional mutagenesis 
of the mouse genome has been proven a valuable tool [15]. In this type of screens, 
genetic elements are introduced to the genome which disrupt the function of the 
targeted gene. Subsequently, interbreeding of the offspring can yield homozygous 
knock-out strains of affected genes. Importantly, mutations are genetically labelled by 
the inserted element, allowing for easier identification of the mutated gene compared 
to chemical mutagenesis. For forward genetic screens, the random nature of inserting 
genetic elements by transposons or retroviruses is of great use as with both systems 
a relative high number of genes can be targeted. However, the diploid nature of both 
the murine and human genome requires extensive breeding after mutagenesis, which 
makes these genetic screens extremely laborious, time consuming and require the 
use of many animals.

Expression cloning to dissect the cholesterol signaling pathway
Before the development of targeted gene disruptive techniques (to be discussed later), 
phenotypes in human cells could be examined for using cDNA expression libraries. 
These libraries can be transcriptome wide or can consists of a single cDNA that has 
undergone random mutagenesis to determine important regions in that specific cDNA. 
The elucidation of a signal transduction pathway that particularly benefited from 
this technique is the molecular machinery regulating the transcriptional control of 
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cholesterol and fatty acid synthesis [16]. Multiple key regulators of this pathway have 
been obtained by this method. As an example, the identification of SREBP Cleavage-
Activating Protein (SCAP) will be discussed here.

Cholesterol and fatty acid levels are under tight transcriptional control by the 
transcription factors Sterol Responsive Element Binding Protein (SREBP)-1 and SREBP2 
[17]. In cholesterol rich conditions, these are found in the endoplasmic reticulum 
(ER). When cholesterol levels are lowered, e.g. when dietary cholesterol is reduced, 
SREBPs translocate to the Golgi-apparatus. Here, two proteases, Membrane Bound 
Transcription Factor Peptidase (MBTPS) -1 and MBTPS2, release SREBPs from the Golgi-
apparatus membrane by consecutive proteolysis of the intraluminal part of SREBPs. 
This allows the translocation of the transcription factor to the nucleus. SREBP target 
genes such as Low-Density Lipoprotein Receptor (LDLR), which is responsible for 
importing cholesterol-containing LDL from the circulation, and the enzymes responsible 
for cholesterol synthesis carry a Sterol Responsive Element (SRE) in their promotor. 
SREBP presence in the nucleus activates transcription of SRE containing promotors, 
inducing cholesterol and fatty acid synthesis. When intracellular cholesterol levels 
increase, this is sensed by SCAP and trafficking of SREBPs to the Golgi is inhibited, 
stalling the SREBP induced synthesis of sterols and fatty acids [17].

Multiple laboratories used clones of chemically mutagenized Chinese Hamster 
Ovary (CHO) cells to delineate the factors controlling cholesterol homeostasis 
[18–20]. Two classes of mutant cell lines were commonly used in these studies. 
The first, sterol-resistant mutants, were isolated by selection of mutagenized CHO 
cells with 25-hydroxycholesterol. This compound is unable to functionally replace 
cholesterol, but is sensed by SCAP like regular cholesterol, resulting in the inhibition 
of SREBP activation [21,22]. This is cytotoxic as no serum lipoproteins are taken up 
and sterol synthesis is impaired, so cholesterol levels are rapidly depleted, eventually 
leading to cell death. Cells resistant to 25-hydroxycholesterol do not shut down 
sterol synthesis when cultured in the presence of LDL or free cholesterol, indicating 
that they uncoupled the sensing of cellular cholesterol levels with sterol synthesis. 
A second class of mutants are auxotrophic mutants [23]. These require the presence 
of cholesterol in the growth medium as they are unable to synthesize cholesterol 
by themselves. This makes them more difficult to obtain than cholesterol-resistant 
mutants. However, as auxotrophic mutants do not activate SREBPs, they are unable 
to take up sterols from the growth medium through LDLR. This feature allows for 
selection of these cells by a short depletion of sterols from the medium, followed 
by LDL treatment. Only the cells expressing LDLR will take up the LDL, leading to 

1
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cholesterol on their plasma membrane. Selecting the pool with amphotericin B, a 
compound that requires cholesterol to form pores in the plasma membrane allows 
only the auxotrophic mutants to survive.

SCAP was identified in the laboratory of prof. Joseph L. Goldstein and prof. Michael 
S. Brown [20]. They studied the sterol-resistant CHO cell line 25-RA [24]. By an 
unknown cause, 25-RA cells were unable to switch-off cholesterol synthesis while 
SREBP proteins themselves were not mutated and were still found subjected to 
proteolysis by MBTPS1-2. Previous work had shown that this factor has a dominant 
effect on SREBP activation [25,26]. To determine the genetic identity that caused the 
cholesterol resistance, a tour-de-force approached was taken by obtaining a cDNA 
expression library from the 25-RA cells. The cDNAs from this libraries were pooled 
and transfected in cells expressing luciferase under the control of SRE elements. The 
transfected cDNA of the luciferase expressing pools was further sub-cloned and the 
experiment was repeated. Several rounds of sub-cloning eventually resulted in the 
isolation of two cDNAs, both encoding a previously undetermined protein which they 
designated as SCAP. Based on the sequence obtained from mutant SCAP, the wild-
type SCAP sequence could be determined from non-mutagenized cells. The mutation 
generating SCAP to be constitutively active could be traced-back to a single point 
mutation [20]. Later work showed that this mutation yields SCAP unable to sense 
the presence of cholesterol, resulting SCAP to act as a constitutively active initiator 
of cholesterol synthesis, insensitive to the presence of cholesterol [27].

In this thesis, we describe the interrogation of the SREBP activation pathway by 
a suite of haploid genetic screens (chapter 5). Despite that many years of research 
have highlighted the critical players in this process, the genetic screens performed in 
our lab identified a novel factor in this process. The previously uncharacterized gene 
C12orf49 appeared to play a role in the recycling of SCAP to the ER after bringing 
SREBPs to the Golgi-apparatus, indicating that with novel methodology, even for 
well-studied signaling pathways novel factors can be identified.

shRNA and siRNA approaches to silence mRNAs
An alternative to genomic mutagenesis is silencing mRNAs to reduce protein synthesis 
levels [28]. To this end, siRNA- and shRNA-based RNA interference have been developed 
which both are based on the introduction of dsRNA molecules that are at least partially 
are complimentary to the mRNA of their target genes. After processing of the introduced 
RNA constructs by Double-Stranded RNA-Specific Endoribonuclease (DICER), they 
form as ssRNA a complex with the RNA-induced Silencing Complex (RISC) [29]. This 
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complex binds and cuts mRNAs, directed by the ssRNA obtained from the processed 
dsRNA molecule. Both DICER and the proteins in RISC are ubiquitously expressed and 
shRNAs or siRNAs can be synthesized on a large scale [30,31]. This makes this method 
suitable to be used at any cell type, and generate large libraries targeting the entire 
transcriptome [32]. However, this technique is hampered by off-target effects and 
the efficiency of this complex is highly variable, making screens suffer from false-
positives and false-negative hits [33]. Also, because transcription of the targeted 
mRNA is not affected, RNAi needs to be delivered constantly to create a robust and 
long-lasting knock-down of mRNA. For this reason, lentiviral transduction of target 
cells with vectors expressing shRNAs were developed [30]. Using these vectors to 
deliver shRNA libraries, allowed pooled screening of shRNAs in which, similarly as 
previously mentioned for CRISPR/CAS9 screens, the shRNA can be used as a barcode 
for the targeted mRNA [34,35].

Genome wide CRISPR/CAS9 libraries to mutate the genome
The most recent addition to geneticist’ toolbox is the application of the CRISPR/CAS9 
system from prokaryotes in mammalian cells. The DNA nuclease CAS9 can specifically 
be targeted to genetic regions by a tunable single guide RNA (sgRNA). CAS9 forms 
a complex with the sgRNA, lands on the targeted region and subsequently creates 
a dsDNA break. Error-prone DNA damage pathways such as Non-Homologues End 
Joining create insertions or deletions in the disrupted region, leading to out-of-frame 
mutations and ablation of the gene [36].

Already in 1987, the first report of clustered regularly interspaced palindromic 
repeats (CRISPRs) in the Escherichia coli genome appeared [37]. These are short 
repetitive sequences commonly found in bacterial and archaeal genomes. Almost 
twenty years after their discovery, it was acknowledged that these repeats had, at 
least partially, viral origin [38,39]. After the notion that the presence of CRISPRs was 
associated with the presence of CAS-proteins (CRISPR-associated-proteins), often 
found to contain nuclease domains, it was soon hypothesized that CRISPR/CAS 
was part of the prokaryotic adaptive immune system directed against previously 
encountered bacteriophages and plasmids [40]. The potential of this technique as a 
precise and tunable nuclease in human cells was shown by targeting nuclease activity 
of Streptococcus pyogenes CAS9 to induce double-stranded DNA breaks (DSBs) leading 
to LOF mutations in human cells [41,42].

Currently, CRISPR/CAS9 technology is widely used, mainly because sgRNAs are 
easy to produce, both on small scale to generate knock-out cell lines and on large 

1
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scale to generate genome-wide libraries consisting of multiple sgRNAs targeting a 
single gene and CRISPR/CAS9 directed mutagenesis appears highly potent [43]. For 
a poorly understood reason, mutations are biased towards out-of-frame insertions 
and deletions [44,45]. Nuclease activity of the CAS9 is of such efficiency that a high 
number of homozygous mutations is obtained and off-target activity of the CAS9 is 
rarely observed [46,47].

First CRISPR/CAS9 screens were based on lentiviral delivery of gRNA libraries in 
cells expressing CAS9 [48]. Positive selection screens have been performed using 
toxins [49], drugs [50] and viruses [51] as selecting agents. Negative selection screens 
proved useful for the identification of genes essential for cell viability [52–55]. More 
recently, first attempts have been made to determine genetic regulators of intracellular 
phenotypes [56,57], such as the genetic elements controlling the induction of Tumor 
Necrosis Factor in dendritic cells after a challenge with bacterial lipopolysaccharide [57] 
and to identify druggable kinases involved in the induction of fetal hemoglobin [58]. 
Surprisingly, this last type of screening does not seem to be as efficient as anticipated, 
which is illustrated by the high amount of false negatives that is found [56,57]. Iterative 
screenings using secondary sgRNA libraries based on the results of the first screen are 
used to obtain better results, but makes screenings more laborious and solely aids to 
a better “hit-selection” without solving the problem of false negatives.

An important feature of CRISPR/CAS9 as a screening tool is that instead of 
the actual mutation, the sgRNA sequence is used as a proxy for which mutations 
are selected, allowing straightforward PCR amplification to identify the mutation. 
However, despite the high efficiency of CRISPR/CAS9, especially in depletion screens 
this will lead to the sequencing of sgRNAs in cells expressing a sgRNA that did not 
lead to a full knock-out of the target gene.

An alternative use of the CRISPR/CAS9 system is illustrated by studies investigating 
different Variants of Uncertain Significance (VUS). These are variants of disease-linked 
genes found in the population, of which the pathological consequences of the mutation 
are unknown. Breast Cancer 1 (BRCA1) is a typical VUS [59]. BRCA1 mutations can 
lead to early-onset breast- and ovarian cancer, therefore, many patients have been 
sequenced and many variants of BRCA1 are found, but only for a limited number of 
variants the associated risk is known. By designing saturating libraries of sgRNAs 
targeting important domains of the BRCA1 gene and introducing these in Hap1 cells 
[60], which require BRCA1 for cellular fitness, sequence-function maps of the targeted 
exons can be established by determining which sgRNAs lead to cell death, as a proxy 
for BRCA1 functionality. Nearly 4000 single-nucleotide variants have been tested, 
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making this a methodology an interesting extension on the use of CRISPR/CAS9 in 
VUS characterization.

Overall, in merely six years after it was first shown that CRISPR/CAS9 can induce 
DSBs in human cells, CRISPR/CAS9 has already shown to be a broadly applicable 
genetic screening tool, revolutionizing the field of functional genetics. Besides its use 
for genome-wide screenings, it facilitated the rapidly creation of isogenic mutants, 
a valuable tool in many experiments testing gene function. It should be noted that 
the use CRISPR/CAS9 reaches beyond its role in the laboratory. The tunable nature 
of CRISPR/CAS9 makes it an ideal candidate to be used as a tool in gene-therapy, for 
instance to repair mutations in monogenic diseases.

Insertional mutagenesis in yeast and haploid cell lines
The diploid nature of the human genome troubles the efficiency of insertional 
mutagenesis, as only few genes show haploinsufficiency. In most cases, the biological 
effects of the integration of a gene-disrupting element are cancelled out by the 
remaining copy of the gene on the rescuing allele. Yeast can exist both in a stable haploid 
and diploid state and strains such as Saccharomyces cerevisae and Schizosaccharomyces 
pombe are easy to culture in a laboratory setting [61]. Its haploid state is an ideal 
model to genetically manipulate, especially since with relative ease genes can be 
manipulated in the yeast genome through homologous recombination. This feature 
has been widely used to generate genome-wide libraries of gene disruptions linked to 
genetic barcodes, allowing uncomplicated identification of selected mutants [62,63]. 
Yeast genetics have made a significant impact on various fields, with key findings in 
the regulation of the cell cycle, autophagy and vesicular trafficking.

For decades, yeast genetics was a preferred model for genetic experiments, despite 
that yeast is evolutionary more distanced from humans than previously mentioned 
model organisms. Inspired by yeast’s haploid state, in combination with the insertion 
of genetic elements to disrupt gene function, haploid genetics in human cells was 
postulated. However, in the healthy human body, only gametes are found to be haploid 
and these are hard to maintain in classical tissue culture setting. This issue was solved 
by the identification of KBM-7 cells. By an unknown cause, chromatic aberrations 
in a patient suffering from Chronic Myelogenous Leukemia (CML) have led to the 
formation of these near-haploid cells which are only diploid for chromosome 8 and a 
30 megabase part of chromosome 15 [64]. An attempt to create induced pluripotent 
stem cells from KBM7 cells yielded an adherent cell line that became haploid for 
chromosome 8 and lost expression of the hematopoietic markers found on KBM7 

1
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cells, named Hap1 [65]. Additionally, recent research explored the generation of 
mammalian haploid embryonic stem cells [66–68], further expanding the collection 
of haploid cells from vertebrates.

Ultra-deep mutagenesis using retroviral gene-trapping has proven to be a suitable 
method to obtain libraries containing millions of unique mutations in haploid human 
cells [69,70]. Gene-trapping is based on the use of a strong splice acceptor, followed 
by a poly-adenylation signal (Fig 2C). Retroviruses are used as a vehicle to deliver 
gene-traps to the haploid cell lines. Viral integrations are biased to open chromatin 
regions, often found at the 5’ end of active genes [71]. Integration of the gene-trap in 
an intron of a gene diverts the splicing of the previous exon to the gene-trap, rather 
than to the following exon. After selection of the desired pool of mutants, mutations 
can be retrieved by a Linear Amplification (LAM) PCR. As only the sequence of the 
gene-trap is known, a linear PCR from the gene-trap towards the genetic region in 
which it was integrated results in a product with the sequence of the insertion site. 
Using bioinformatics, the obtained mutation libraries can be aligned with the genome 
and the mutation can be mapped to a genomic region. Since mutations are mapped 
with nucleotide precision, unique insertions can be recognized between hundreds of 
individual mutations in a single intron, all present in a single library of mutagenized 
cells [71]. Even today, this feature makes haploid genetics the screening technique 
with the highest genetic complexity, where the mutation itself, instead of a proxy 
for the mutations such as a genetic barcode, is determined, allowing one to assay the 
effects of millions of unique mutations to the screened phenotype. However, the use 
of a splice acceptor inevitable also lead to hypomorphic alleles, besides the preferred 
knock-out alleles, due to alternative splicing.

Obviously, since a splice acceptor can only perform its function in one orientation, 
this type of gene-traps is orientation specific. The only exception is the relatively rare 
event of the gene-trap integrating in a coding exon, directly disrupting gene function 
in either orientation. However, the directionality of the splice-acceptor can be used 
as a tool to assess gene essentiality in haploid cells [5]. Since the orientation of the 
gene-trap by viral integration is un-biased, after mutagenesis, in principle, a library 
contains an equal amount of sense and anti-sense orientation integrations for each 
gene. Culturing this library results in the depletion of the disruptive mutations in 
essential genes. So, only the cells in which the gene-trap integrated in sense-orientation 
in genes required for cell fitness will be removed from the population, while the cells 
in which the gene-trap integrated in anti-sense orientation are still present after the 
selection period. After mapping the insertions in the surviving cell population, the 
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proportion of sense-orientation mutations in a gene can be used as a measure for 
the fitness of a gene for optimal cell viability.

So far, this method has been used to compile the first lists of essential genes of 
human cell lines that was solely based on genomic mutations [5]. Furthermore, the 
method proved to be widely applicable to investigate synthetic genetic interactions 
in the secretion pathway [5], chromatin organization [72], mitosis [73] and sterol 
homeostasis (chapter 5).

The next frontier, pooled screenings beyond life-death phenotypes
In genetic screens, selection of populations of interest are most often based on a 
surviving phenotype or a reporter monitoring a certain cellular state. Besides arrayed 
screens using microscopy as read outs [74,75], no robust pooled screening method 
was available linking genes to intracellular phenotypes such as post-translational 
modifications, protein quantity or other types of regulation that not leads to cell 
death or pronounced transcriptional responses. In chapter 3 of this thesis, a method 
combining the power of haploid genetics with the incomparable specificity of antibodies 
recognizing intracellular traits is described. Using FACS, intracellular phenotypes can 
be measured from millions to billions of cells, quantifying the presence of the desired 
trait at a single cell resolution [76]. Cells bearing mutations leading to either a high 
or low amount of the trait can be sorted and mutations in these populations can be 
mapped. Comparing the mutations found in both populations, maps of mutations 
associated with the two populations can be constructed, displaying the genes involved 
in regulating the measured trait. This methodology appeared effective to reveal the 
regulators of a wide range of biological processes. Amongst others: induction of 
IRF-1, histone trimethylation and crotonylation, splicing of XBP1 [76], stability of 
the plasma-membrane protein PD-L1 [77] and the identification of the first tubulin 
detyrosinating enzymes (chapter 2 and chapter 6).
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THE TUBULIN DETYROSINATION CYCLE: FUNCTION AND ENZYMES

The heterogeneity of microtubules and the tubulin code
Microtubules are core components of the cytoskeleton and play a crucial function in 
cellular migration, mitosis, mechanical stress, cell polarity and intracellular transport. 
Their structure and cylindrical shape allows them to bear weight and resist pulling 
forces, which in combination with their dynamic nature makes them of versatile use 
in the cytoskeleton. Microtubules are generated by polymerization of α/β-tubulin 
heterodimers, with the globular domains forming a tubular structure and the 
carboxyterminal (C-terminal) tails of the heterodimers facing the cytoplasm (Figure 
1A-B). Destabilization of a growing or stabilized microtubule leads to microtubule 
catastrophe and results in the rapid shortening of the microtubule, thus freeing up the 
dimers for a new round of microtubule polymerization. Microtubule half-life is highly 
variable, in interphase cells, a subset of microtubules is found stabilized, whereas the 
population of dynamic microtubules has an average half-life of five minutes [1,2].

The human genome encodes for multiple α- and β-tubulin isotypes [3]. Probably, 
tubulin heterodimers can be formed with every combination of α- and β-tubulin 
isotype, and tissue specificity for expression of these isotypes has been observed [4]. 
The heterogeneity of microtubules is further expanded by an array of post-translational 
modifications (PTMs), which are found mainly on the C-terminus of α- and β-tubulin. 
Examples of these modifications are polyglycylation and polyglutamylation on both 
α- and β-tubulin and enzymatic removal and re-ligation of the C-terminal tyrosine of 
α-tubulin [5,6]. Whereas most of these modifications occur on the C-termini of α- and 
β-tubulin, an exception is the acetylation of Lysine 40 on α-tubulin, located in the 
microtubule lumen. Together, these modifications and isoforms are referred to as the 
‘tubulin code’. Writers, erasers and readers of the tubulin code and the importance 
of the C-terminal varieties of tubulin in health and disease are extensively studied 
[4,7,8]. In the last decades, a better understanding of the importance of the tubulin 
detyrosination cycle has been obtained. Recently, the first tubulin detyrosinating 
enzymes have been identified, as described in chapter 4 [9,10]. This introduction 
focusses on the cellular function of the tubulin detyrosination cycle and its enzymes.
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Figure 1: Microtubules and the tubulin detyrosination cycle. A: The tubulin heterodimer. 
Globular domains of α- and β-tubulin form dimers. The C-terminal tail can be decorated with 
a variety of post-translational modifications. B: Various α-tubulin isoforms are encoded in the 
human genome. Most of these encode for the C-terminal tyrosine. Incorporation of different 
α-tubulin isoforms in one microtubule leads to the formation of heterogenous microtubules. 
C: The tubulin detyrosination cycle. Tyrosinated α/β-tubulin heterodimers are polymerized 
to form a microtubule. TCPs such as VASH in complex with SVBP, can detyrosinate (DeY) 
microtubules. CCPs can further process the α-tubulin C-terminus to ∆2- or ∆3-tubulin. After 
tubulin catastrophe, the detyrosinated α/β-tubulin heterodimers can be re-tyrosinated by TTL.

2
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The tubulin detyrosination cycle
Tubulin detyrosination and subsequent tyrosination is a cyclic event driven by enzymes 
[9–12] and is involved in various biological processes such as mitosis, neuronal 
differentiation and cardiomyocyte contraction, which will be discussed below. Most 
α-tubulin isoforms encode a C-terminal tyrosine, except for TUBA8 in which the 
last residue encodes for phenylalanine and TUBA4A which upon translation already 
resembles detyrosinated α-tubulin (Figure 1B) [3]. Given that phenylalanine can 
be removed by detyrosinating enzymes (see below) and TUBA4A could become 
tyrosinated, it is plausible that both isoforms participate in the detyrosination cycle. 
The recognition of the detyrosination cycle occurred more than 40 years ago. First, 
it was observed that rat brain homogenate has the capacity to incorporate tyrosine 
into a single protein, in a translation independent manner [13]. The protein subjected 
to tyrosination was shown to be α-tubulin [14] and the enzyme responsible for this 
α-tubulin-specific incorporation was shortly thereafter purified and designated tubulin 
tyrosine ligase (TTL) [11,12]. Structural studies revealed that in order to tyrosinate, TTL 
forms a complex with the detyrosinated α/β-tubulin dimer. The interaction between 
TTL and the α/β-tubulin dimer depends on a specific conformation of the dimer [15,16], 
which is abolished when α/β-tubulin dimers are incorporated in microtubules, and 
thus, TTL is not able to tyrosinate microtubules [17,18]. Overexpressing TTL limits the 
growth rate of microtubules in cells, similar as is seen when recombinant TTL is added 
to in vitro polymerizing microtubules [15]. This is likely caused by TTL occupying the 
interface of the heterodimer required for microtubule polymerization [15]. Interestingly, 
overexpressed TTL is located on microtubules in mitotic cells [19] but it is unknown 
what the biological consequences are of this observation.

The enzyme dependent release of tyrosine from tubulin was also first detected 
using rodent brain extracts [20,21]. However, the enzyme responsible for this reaction 
was not revealed until recently, when it was shown that vasohibins (VASHs) encode 
tubulin carboxypeptidase (TCP) activity (see chapter 4) [9,10]. In contrast to tyrosination, 
detyrosination preferentially (but perhaps not exclusively) occurs on microtubules 
[9,10,22,23]. Thus, microtubules are generated by polymerization of α/β-tubulin 
dimers that are either derived from microtubules that have undergone catastrophe 
or from de novo synthesized α/β-tubulin dimers. Together, the ratio of detyrosinated/
tyrosinated α-tubulin found in newly polymerized microtubules can be affected by the 
several parameters: the amount of de novo synthesized subunits used for assembly 
versus the number of recycled subunits; the activity of TTL on the recycled dimers; the 
expression levels and amount of incorporation of TUBA4A and potentially, the amount 
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of detyrosination taking place on dimers (assumed to be low). The detyrosination 
cycle is initiated by the release of tyrosine from microtubules by the TCPs. After 
microtubule catastrophe, α/β-tubulin dimers can undergo (re-)tyrosination by TTL, 
generating tyrosinated α/β-tubulin dimers for a new round of microtubule assembly 
(Figure 1C). α-Tubulin can be removed from this cycle by further C-terminal processing. 
The C-terminal tyrosine in every α-tubulin isoform is preceded by two glutamates. 
These can be enzymatically removed by cytosolic carboxypeptidases (CCPs), resulting 
in the generation of ∆2-tubulin, which does not serve as a substrate for tyrosination 
by TTL [24,25]. TTL-/- mice accumulate ∆2-tubulin, suggesting that detyrosination 
precedes ∆2-tubulin formation [26]. CCPs can also remove the C-terminal glutamate 
of ∆2-tubulin, generating ∆3-tubulin [27]. It is unknown whether a glutamate can 
be re-ligated to ∆3-tubulin. In general, microtubules are composed of a mixture 
of tyrosinated, detyrosinated and ∆2 (and potentially ∆3) α-tubulin, depending on 
microtubule dynamics and tissue specificity (Figure 2A) [24,28].

The tubulin detyrosination cycle appears to be present in all cell types [29]. As a 
consequence of the preference of the TCPs for microtubules, tubulin detyrosination 
is associated with longer-lived microtubules, whereas more dynamic microtubules 
are found to be mainly tyrosinated [30,31]. This is illustrated by the notion that cells 
treated with the cytostatic drug paclitaxel, which prevents microtubule catastrophe 
and thereby increases the total number of stable microtubules, show a rapid increase 
in the amount of detyrosinated tubulin [32,33]. Most likely, this effect can be attributed 
to the increase of substrate availability for TCPs and a depletion for the substrate of 
TTL. However, detyrosination alone is not sufficient to stabilize microtubules [33,34], 
nor are dimers required to be tyrosinated in order to contribute to microtubule 
polymerization [28,35]. Short-term pharmacological inhibition of detyrosination with 
parthenolide, a compound with pleiotropic effects which supposedly also inhibits 
TCPs, does not affect the microtubule network in cardiomyocytes [36,37]. Similarly, 
in neurons obtained from TTL knockout mice no abnormalities in the microtubule 
network have been observed so far, although microtubule dynamics in TTL-/- fibroblasts 
are altered (see below) [26,38]. Clearly, a better understanding of the role of the 
tubulin code on microtubule stability is required.

The physiological importance of the tubulin detyrosination cycle has been clarified 
by studies using knockout mice. Mice lacking TTL die perinatally and show poorly 
developed neuronal networks, despite the apparent regular microtubule networks in 
these cells [26]. These mice show a poorly developed brain cortex, which likely leads 
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to the perinatal death. Thus, a crucial role for the detyrosination cycle appears to be 
in neuronal development [26].

Tubulin tyrosination regulates the binding of MAPs and the processivity of kinesins
Various proteins interact with microtubules, commonly regulated by the presence of 
microtubule interacting domains such as cytoskeleton-associated protein glycine-rich 
(CAP-Gly) domains. These microtubule associated proteins (MAPs) have a variety of 
functions, e.g. regulating microtubule stability and cellular transport [39]. MAPs face 
the C-terminal tails of microtubules, making them able to ‘read’ tubulin C-terminal 
PTMs. Indeed, the C-terminal amino acid of α-tubulin has been implicated in the 
binding of certain MAPs. For instance, cytoplasmic linker protein 170 (CLIP170) and 
p150glued, both CAP-Gly domain containing MAPs, are mis-localized upon TTL depletion 
in mammalian cells [26,40]. This is associated with mitotic defects and changes in 
cellular morphology [26,40]. Structural studies of p150glued, show the interaction of 
its CAP-Gly domain involves the carboxyterminal tyrosine [41]. Beyond the C-terminal 
tyrosine of α-tubulin additional factors can enable an interaction with microtubules. 
CAP-Gly domain containing MAPs also interact with end binding (EB) proteins, which 
bind to growing microtubule ends. Their interaction with microtubules is not directly 
affected by α-tubulin tyrosination [40]. However, EBs can function as adaptor protein 
for MAPs, directly recruiting CAP-Gly domains with their C-terminus that resembles 
the tyrosinated C-terminus of α-tubulin and also by the binding of SxIP (serine – 
any amino acid – isoleucine – proline) motifs that are found in another class of EB 
interacting proteins [42]. Yeast, which has two α-tubulin isoforms that both encode 
a C-terminal phenylalanine (structurally resembling a tyrosine) has no parallel to the 
mammalian detyrosination cycle. However, the C-terminal phenylalanine is required 
for the binding of Bik1p [43], the yeast homologue of CLIP170.
A subset of kinesins, a large family of motor proteins functioning in vesicle- and 
chromosome transport as well as microtubule stability, is also affected by the tyrosination 
status of microtubules. The microtubule-destabilizing kinesin mitotic-centromere 
associated kinesin (MCAK) uses ATPase activity to depolymerize microtubules [44,45]. 
MCAK has a higher activity towards tyrosinated microtubules, resulting in a higher 
rate of degradation of tyrosinated- versus detyrosinated microtubules [38,46]. This, 
at least partially, explains the observation that in TTL-/- mouse embryonic fibroblasts 
more stable microtubules are detected [38].

Kinesin-2 shows an increased processivity (the measure for the distance travelled 
on a microtubule by a kinesin) on tyrosinated microtubules compared to detyrosinated 
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microtubules. It is unclear whether or not kinesin-1 is affected by detyrosination. In 
vitro processivity is lower on detyrosinated microtubules [46]. However, kinesin-1 is 
found predominantly on stable, detyrosinated microtubules in cells [47–49]. This 
makes it unlikely that microtubule tyrosination status is the only factor determining 
the interactions of kinesin-1 with microtubules. Together, this raises the possibility that 
kinesins and their associated cargoes are directed to a cellular location based on the 
tubulin code and tyrosination status specifically could play an important role in this.

A study of the dynein-dynactin complex, a multi-subunit protein complex that 
is involved in the transport of organelles and directs condensed chromosomes to 
the metaphase plate [50], showed that dynein-dynactin in vitro processivity on 
tyrosinated microtubules is four times faster than on detyrosinated microtubules 
[51]. Importantly, the use of chimeric microtubules that consisted of tyrosinated 
and detyrosinated regions indicated that microtubule tyrosination facilitates the 
initiation of a highly processive dynein-dynactin complex. However, after initiation 
the tyrosination state does not further influence dynein-dynactin processivity [51]. 
Whether the tyrosination status of the landing site is equally important for other 
motor proteins remains to be elucidated.

Differential tyrosination status of microtubules contribute to mitosis
During mitosis, condensed chromosomes are aligned in the center of the cell, an area 
referred to as the metaphase plate. Motor proteins have a crucial function to transport 
condensed chromosomes over microtubules to the metaphase plate [52], from where 
subsequently sister chromatids are separated by the shortening of microtubules during 
anaphase A [53]. To facilitate this process, microtubules form the mitotic spindle. This 
structure is essential for both the congression of chromosomes in the metaphase plate 
as well as the separation of sister chromatids during anaphase. The mitotic spindle 
consists of three different classes of microtubules: interpolar microtubules which grow 
from the centrosome towards the opposing centrosome, kinetochore microtubules 
which grow from centrosome to the kinetochore and astral microtubules which 
grow in the opposite direction, from the centrosome towards the plasma membrane 
(Figure 2B) [54]. The interpolar- and kinetochore microtubules are found to be more 
detyrosinated, whereas the astral microtubules are mainly tyrosinated [19,55]. For 
faithful chromosome congression in prometaphase, chromosomes are gathered by 
dynein-dynactin, which transports peripheral chromosomes over astral microtubules 
to the proximate spindle pole [56]. 
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Figure 2: Distribution and function of detyrosinated microtubules A: In the axons of neurons, the 
growing end of the microtubule is predominantly tyrosinated (orange), whereas the same microtubules 
are found detyrosinated towards the soma of the neuron (green). Inserts show that both tyrosinated 
and detyrosinated are not exclusively tyrosinated or detyrosinated but are composed of a mixture of 
both forms. Dynein-dynactin complex lands on the tyrosinated microtubules and then moves towards 
the neuron soma to transport cargo in the neuron. B: During mitosis, the mitotic spindle is tyrosinated 
(orange) on the astral microtubules and kinetochore- and polar microtubules are detyrosinated (green). 
Dynein-dynactin complex transports condensed chromosomes towards the proximate spindle poles over 
astral microtubules. The detyrosination of kinetochore microtubules aids to congression, by directing 
motor proteins (CENP-E) towards the metaphase plate and also contributes to the positioning of the 
mitotic spindle by the action of membrane docked dynein-dynactin. C: In cardiomyocytes, detyrosinated 
microtubules contribute to the rigidity of the sarcomere. The microtubule network is anchored to the 
sarcomere. When detyrosination is reduced, less interactions of microtubules with the sarcomere are 
formed, leading to a reduced stiffness of the cardiomyocyte. 
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Subsequently, centromere protein E (CENP-E) transports the chromosomes to the 
metaphase plate. CENP-E has a preference to migrate on detyrosinated microtubules 
and is thus guided towards the metaphase plate by the differential tyrosination status 
of astral- and kinetochore microtubules. Interfering with the tyrosination status of 
the mitotic spindle results in mis-localization of chromosomes during mitosis [19], 
underlining the importance of the different tyrosination status of the microtubules 
during mitosis.

The proper positioning of the mitotic spindle in the cytosol is essential to ensure 
symmetric cell division [57,58]. Orchestrated activity of motor proteins and MAPs, 
including dynein-dynactin which prefers interaction with tyrosinated microtubules, 
control this process by serving as a docking platform for astral microtubules on the 
plasma membrane. By attaching the microtubules to the plasma membrane, an anchor 
is create which enables the central positioning of the mitotic spindle when motor 
proteins exert equal forces on the spindle [59,60]. Pulling forces created by dynein center 
the mitotic spindle, eventually resulting in symmetric cell division [60–62]. Indeed, in 
TTL-/- fibroblasts, misposition of the spindle is observed [40]. However, considering that 
TTL-/- mice are developing until birth and thus have undergone successful cell divisions 
before death and that TTL-/- cells can be cultured in vitro, the tyrosination status does 
not fully determine the ability of cells to undergo division. One could speculate that 
de novo synthesized α-tubulin might be supplying sufficient tyrosinated α-tubulin to 
ensure faithful mitosis, but it could also be that the tyrosination-detyrosination cycle 
is not an absolute requirement for chromosome segregation but affects its fidelity 
under specific conditions.

Detyrosinated microtubules in a heartbeat
The synchronized contraction of cardiomyocytes establishes the pump function of 
the heart. The mechanical force that is required for this contraction is established in 
the sarcomeres, a repeating structure present in myocytes where ATP is transformed 
into mechanical force. Sarcomeres are flanked by Z-disk, protein-rich areas which have 
countless actin filaments attached in perpendicular orientation [63]. In parallel with 
the actin filaments, large bundles of the motor protein myosin are found. Myosin 
generates the force for the contraction of the myocyte by hydrolyzing ATP while 
being bound to the actin filaments, resulting in a pulling force on actin filaments 
which shortens the sarcomere and thereby shortens the cardiomyocyte [64]. In 
cardiomyocytes from striated muscles, microtubules form a frame-like structure [65] 
which is highly detyrosinated [37,66]. This structure is anchored to sarcomeres, likely 
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through binding of desmins, which form filamentous structures that contribute to the 
structural organization of the cardiomyocyte [67]. When cardiomyocytes contract, 
the framework of microtubules gets compressed into a sinusoidal configuration 
(“buckled”), with one period spanning either one, two or three sarcomeres [68]. The 
stiff nature of microtubules causes a resistance for contraction [37] but could also 
work as a ‘spring’ in which energy is stored for relaxation of the cardiomyocyte. The 
detyrosination status of the microtubules is of critical importance in this system. 
Reversing the detyrosinated status of these microtubules by overexpressing TTL or 
treatment with parthenolide disrupts the anchoring of microtubules at the Z-disk, 
reducing the stiffness of the cardiomyocytes [68].

In cardiomyocytes derived from heart-failure patients a denser microtubule network 
is observed, which is found to be even more detyrosinated than in healthy subjects 
[68,69]. These adaptations of the microtubule network lead to a slower contraction-
relaxation cycle than found in healthy cardiomyocytes. Both the detyrosination status 
as well as the increase in total microtubules seem important for this, as destabilizing 
the microtubule network or reducing the amount of detyrosination both revert this 
phenotype [69]. Interestingly, the detyrosination status potentially dictates the 
intricacy of the microtubule network, as overexpression of TTL reduces the density 
of this network [69]. The mechanism underlying this observation is not understood, 
nor is it clear whether this observation is limited to cardiomyocytes. It should be 
noted that one possible explanation is the beforementioned inhibiting effect of the 
overexpression of TTL on microtubule polymerization [15]. So far, no experiments have 
directly tested the endogenous function of the enzymes involved in detyrosination in 
this model. Nevertheless, this study points out the clinical potential to manipulate 
the tyrosination/detyrosination ratio in cardiac disease.

Technical developments lead to the identification of TCPs
Recently, two independent studies that aimed to discover the enzymes responsible 
for tubulin detyrosination identified vasohibins as TCPs. One group applied an elegant 
chemical approach to purify TCP activity from mouse brain homogenate [9], as earlier 
studies had shown high TCP activity in neuronal tissues of rodents [13,20]. First, by 
fractionating the brain lysate, using radio-labeled tyrosinated microtubules to follow 
TCP activity, they strongly enriched for TCPs. To further purify the enzymes, they by 
rational design developed an irreversible TCP inhibitor which was compatible with 
click-chemistry [9] (a method allowing for the formation of chemical linkages [70]). 
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This allowed labelling and further isolation of a TCP, which was revealed to be VASH1 
by mass-spectrometry analysis [9].

Separately, a haploid genetic approach in human cells was used to uncover the 
enzymatic identity of TCP activity, as described in chapter 4 of this thesis. These haploid 
human cells were mutagenized by insertional mutagenesis using a gene-trap vector 
(see chapter 1 and chapter 3) [71–73]. This mutant library was treated with paclitaxel 
to maximize detyrosination levels. Subsequently, these cells were stained with an 
antibody specific for detyrosinated tubulin and subjected to fluorescence activated 
cell sorting (FACS) to isolate mutants expressing either the lowest or highest levels of 
detyrosinated tubulin [10,74]. Comparison of the mutations found in both populations 
revealed small vasohibin binding protein (SVBP), a protein required for vasohibin 
stability (see below) [75], as a positive regulator of detyrosination [10]. Both studies 
further demonstrated that vasohibins displayed tubulin detyrosination activity (see 
chapter 4) [9,10].

Vasohibins, bound to be enzymes
Two vasohibins are found in the human genome [76,77]. Based on protein sequence, 
they are about 50% homologous, with no homology in their N-termini [77]. In certain 
settings, specifically one of the vasohibins is expressed: VASH1 was found to be highly 
expressed in endothelial cells (ECs) in vitro and in vivo [76,78] whereas circulating 
mononuclear cells (MNCs; CD11b+/F4/80-) were reported to express high levels of 
VASH2 and no VASH1. However, considering that endogenous vasohibins contribute 
to the levels of tubulin detyrosination in various cell lines, it is likely that vasohibins 
are ubiquitously expressed but at different basal rates [9,10].

Vasohibins are detected both in the cytosol as well as in the extracellular environment 
[9,76]. Interestingly, intracellular VASH1 is not found localized at the endoplasmic 
reticulum (ER), is not glycosylated and does not encode for a traditional secretion 
signal; indicating that the secretion of this protein relies on an ER-independent, 
unconventional type of secretion [76]. In a study to find VASH1 binding partners, the 
uncharacterized protein CCDC23 was identified [75]. This small protein, consisting of 
only 66 amino acids, was renamed small vasohibin binding protein (SVBP) and shown 
to interact with both VASH1 and VASH2. Although its exact mechanism is unknown, 
SVBP has been suggested to elicit a chaperone-like function on vasohibins, as depletion 
of SVBP results in poor solubility and impaired secretion of vasohibins [9,10,75,79].

No enzymatic activity for vasohibins was proposed until an in-depth bioinformatics 
analysis of VASH1 protein sequence identified the presence of a potential non-canonical 
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enzymatic catalytic triad in both vasohibins. This predicted cysteine-histidine-serine 
triad resembles the catalytic domain of a putative protease from the bacterium 
Cytophaga hutchinsonii, as well as other members of the transglutaminase-like cysteine 
protease family [80]. The enzymatic activity of these proteins is diverse, spanning from 
protease- and arylamine N-acetyltransferase activity [81,82], making it difficult to 
predict putative targets of vasohibins. Nevertheless, the recognition of this catalytic 
site in vasohibins greatly aided their subsequent assignment as detyrosinating enzymes.

The life of vasohibins before their recognition as TCPs
Before their identification as TCPs, vasohibins were studied in the context of 
angiogenesis. Blood vessel formation is a tightly controlled event in which a delicate 
balance between stimulatory and inhibitory signals determines the quantity and 
pace of the generation of new vasculature [83]. The lumen of blood vessels is lined 
with polarized ECs, with one side attached to the extracellular matrix and the other 
side facing the blood stream. Upon cues like hypoxia and inflammation ECs initiate a 
pro-angiogenic programme, including EC proliferation and recruitment of accessory 
factors [84]. A new capillary is formed by coordinated activation of the tip and stalk 
cells, which are specialized ECs. Tip cells migrate in the direction where the vessel 
needs to be formed and prepare the extracellular matrix for the invasion of a new 
blood vessel. In parallel, the stalk cells, which are located behind the tip cells, start 
proliferating and form the novel vasculature [85].

In the 1980s, vascular endothelial growth factor (VEGF) and basic fibroblast 
growth factor (FGF-2) were isolated as stimulatory signals of angiogenesis [86–88]. 
Subsequently, many inhibitory signals, such as thrombospondin-1 and endostatin, 
were identified [89]. All of these exert their function in an EC extrinsic way, meaning 
they are produced by other cells than ECs. VASH1 was found to be the first EC-intrinsic 
factor that has an inhibitory effect on angiogenesis [76]. Recombinant VASH1 prevents 
VEGF-induced vascularization in tumor transplantation experiments [76]. In a mouse 
model for hypoxia-induced subcutaneous angiogenesis, VASH1-/- mice show increased 
vessel formation in the ‘termination zone’, the region furthest removed from the 
lesion which initiates angiogenesis, where only modest amounts of angiogenesis are 
detected in that region in wild-type mice [78].

Contradictory experimental results have been reported on the functionality of 
VASH2. During angiogenesis, MNCs expressing VASH2 infiltrate at the sprouting front 
of the newly formed vessel [78]. These cells contribute to the formation of the vessel 
[90], supposedly by expressing VASH2. Formal proof for this model is lacking, but 
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is further substantiated by the generation of VASH2-/- mice, which show a reduced 
amount of subcutaneous angiogenesis in hypoxia-induced angiogenesis, while no 
decrease in the amount of infiltrated MNCs is observed [78]. This is in contrast with 
in vitro experiments that suggested that recombinant VASH2 acts as an inhibitor of 
angiogenesis related phenotypes on ECs [77].

Angiogenesis is a hallmark of cancer [91]. Tumor cells secrete pro-angiogenic 
factors such as VEGF and FGF-2 to establish nutrient and oxygen supply to the tumor. 
In mice lacking VASH1, xenograft tumor growth is increased as well as the amount of 
newly formed blood vessels [92]. VASH2 plays an opposite role, as it is required for 
optimal tumor growth, both in xenograft experiments where tumor cells depleted for 
VASH2 are transplanted [93,94] as in spontaneous cancer models [95,96]. Moreover, 
distribution of a VASH2 neutralizing antibody resulted in decreased tumor growth 
and blood vessel formation in a mouse xenograft model [97], suggesting that VASH2 
phenotypes are dependent on endogenously secreted VASH2.

The enzymatic activity of vasohibins on tubulin
Characterizing the enzymatic activity of vasohibins on tubulin showed that both VASH1 
and VASH2 function as detyrosinating enzymes [9,10]. Overexpression of SVBP:VASH 
complexes in various human cell lines increased the amount of detyrosinated tubulin, 
and the enzymatic activity is dependent on the beforementioned predicted catalytic 
site cysteine [9,10,80]. Interfering with vasohibin gene function in human cells showed 
that both vasohibins contribute to the endogenous levels of detyrosinated α-tubulin in 
different cell types [9,10]. In vitro experiments using recombinant SVBP:VASH1 complex 
showed a higher detyrosination rate to microtubules than α/β-tubulin heterodimers, 
as was predicted in earlier experiments [22,23]. All α-tubulin isoforms encoding for 
either a tyrosine (TUBA1A/B, TUBA1AC, TUBA3C/D/E) or phenylalanine (TUBA8A) can be 
subjected to detyrosination (or “dephenylalanination”) by vasohibins [9,10]. Substrate 
specificity largely remains to be determined, but by using minimal substrates resembling 
the C-terminus of TUBA1B, it could be shown that at least a C-terminal phenylalanine 
or tyrosine preceded by a glutamate is required for proteolytic processing [10].

A first example of the relevance of vasohibins TCP activity is shown in neuronal 
development. Vasohibins contribute to differentiation of neurons in in vitro models [9]. 
And in vivo, radial migration of cortical neurons in the developing embryonic mouse brain 
relies on vasohibins [9]. Knockdown of vasohibins in cortical neurons causes a reduction 
in differentiation-related migration. This phenotype resembles neuronal development 
defects as described in newborn TTL-/- mice [9,26], further substantiating the role of the 
tubulin detyrosination cycle in neuronal development during embryogenesis.
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ABSTRACT

As key executers of biological functions, the activity and abundance of proteins 
are subjected to extensive regulation. Deciphering the genetic architecture 
underlying this regulation is critical for understanding cellular signalling events 
and responses to environmental cues. Using random mutagenesis in haploid 
human cells, we apply a sensitive approach to directly couple genomic mutations 
to protein measurements in individual cells. Here we use this to examine a suite 
of cellular processes, such as transcriptional induction, regulation of protein 
abundance and splicing, signalling cascades (mitogen-activated protein kinase 
(MAPK), G-protein-coupled receptor (GPCR), protein kinase B (AKT), interferon, and 
Wingless and Int-related protein (WNT) pathways) and epigenetic modifications 
(histone crotonylation and methylation). This scalable, sequencing-based procedure 
elucidates the genetic landscapes that control protein states, identifying genes 
that cause very narrow phenotypic effects and genes that lead to broad phenotypic 
consequences. The resulting genetic wiring map identifies the E3-ligase substrate 
adaptor KCTD5 (ref. 1) as a negative regulator of the AKT pathway, a key signalling 
cascade frequently deregulated in cancer. KCTD5-deficient cells show elevated 
levels of phospho-AKT at S473 that could not be attributed to effects on canonical 
pathway components. To reveal the genetic requirements for this phenotype, we 
iteratively analysed the regulatory network linked to AKT activity in the knockout 
background. This genetic modifier screen exposes suppressors of the KCTD5 
phenotype and mechanistically demonstrates that KCTD5 acts as an off-switch 
for GPCR signalling by triggering proteolysis of Gβγ heterodimers dissociated from 
the Gα subunit. Although biological networks have previously been constructed 
on the basis of gene expression2,3, protein–protein associations4–6, or genetic 
interaction profiles7,8, we foresee that the approach described here will enable 
the generation of a comprehensive genetic wiring map for human cells on the 
basis of quantitative protein states.
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Genetic perturbation approaches have been employed to study the wiring of human 
cells using (trans)gene expression9–12 or cell viability as readouts13. However, 
many cellular events do not affect cell fitness or result in large transcriptional 
effects. Using protein states as readouts for phenotypes12,14,15, we apply random 
mutagenesis in haploid cells to directly link genome mutations to protein 
phenotypes within the same cell.

Induction of the interferon-regulatory factor 1 (IRF1) by interferon-γ is under 
strong genetic control. We used this as a proof of concept to determine whether the 
genomic elements required for this phenotype could be revealed. A population of 
108 gene-trap mutagenized human haploid HAP1 cells13,16,17 were expanded, fixed, 
permeabilized, and stained using antibodies directed against IRF1 before fluorescence- 
activated cell sorting (FACS) (Fig. 1a). Two populations of 1.5 × 107 cells, corresponding 
to the cells with the highest and lowest IRF1 protein abundance, were isolated 
and used for mapping the gene-trap integrations. Because of the high complexity 
of the library, the effect of genes on a measured phenotype could be assessed 
by counting the number of unique genomic mutations in each channel rather 
than by measuring the abundance of few distinct mutants. Approximately 1.5 × 
107 gene-trap integration events were mapped in both populations, resulting in 
approximately one cell accounting for each mapped mutation. This pointed out 
all described pathway components18 including STAT1, for which a high number of 
disruptive mutations were identified in the ‘low’ population and few in the ‘high’ 
population (135 versus 2 independent mutations, false discovery rate-corrected 
P value = 4.3 × 10−37) and additional regulators (Fig. 1b, Extended Data Fig. 1a 
and Supplementary Table 1).
To identify genetic regulators affecting different protein fates, we used a series 
of specific antibodies to study protein phosphorylation (p38, ERK), splicing 
(XBP1), methylation (H3K27), crotonylation (H2AK119), glycosylation (LAMP1), 
and proteolysis (β-catenin) (Fig. 1c–i, Extended Data Fig. 1b and Supplementary 
Tables 2–8). In all cases, mutations in the gene encoding, or required for generation 
of, the antibody target were expectedly enriched in the ‘low’ cell population. For 
example, we identified the PRC2 complex (EED, EZH2, and SUZ12; Fig. 1f), which 
mediates trimethylation of H3K27 (ref. 19), and the acetyltransferase EP300 (Fig. 
1g), which was shown to transfer a crotonyl mark on histones20. In addition to 
the genes required for the respective antibody targets, numerous factors known 
to affect the trait of interest were identified.

3
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Figure 1. Genetic wiring maps for protein phenotypes measured in cultured human 
cells. a, Mutagenesis-based approach in haploid cells to study protein phenotypes (see 
Supplementary Table 16). b–i, Genetic screens using antibodies for the indicated targets. 
Per gene (dots), the frequency of mutations in the ‘high’ channel divided by the frequency of 
mutations in the ‘low’ channel is plotted as the mutation index (MI, y axis) against the total 
number of mutations assigned to the gene (x axis). Genes enriched in either channel (two-
sided Fisher’s exact test, false discovery rate-corrected P ≤ 0.05) are coloured (yellow, negative 
regulators; blue, positive regulators) and selected regulators are labelled; b, induced IRF1, c, 
phosphorylated p38(Thr180/Tyr182); d, phosphorylated ERK(Thr202/Tyr204); e, spliced XBP1; 
f, trimethylated histone H3(K27); g, crotonylated histone H2A(K119); h, glycosylated LAMP1 
(LSD, lysosomal storage disease); i, non-phosphorylated (active) β-catenin (Ser33/37/Thr41).
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These included a series of lysosomal storage disease genes that affect the abundance 
of the lysosomal marker LAMP1, which is in agreement with the increased number 
of enlarged lysosomes observed in cells derived from patients with lysosomal 
storage disease (Fig. 1h)21. In summary, genetic regulators affecting a variety of 
protein states in human cells could be identified.

In addition to previously identified regulators, these genetic surveys identified 
numerous loci affecting the protein phenotypes studied, suggesting that these 
traits could be controlled by extensive genetic networks. Assuming only expressed 
genes could affect a phenotype, we determined gene expression levels in HAP1 
cells by RNA sequencing (RNA-seq) (Supplementary Table 9) and examined the 
identified regulators for each query phenotype. Importantly, the 25% lowest or 
non-expressed genes rarely affected phenotypes, suggesting few false positives 
among the identified genetic regulators (Extended Data Fig. 2). Next, we classified 
the identified regulators across all query phenotypes. This showed that some 
regulators affect a single measured trait whereas others display a broader 
phenotypic range (Fig. 2a). Examining functionally related genes linked to multiple 
phenotypes, we noticed similar behaviour across screens (Fig. 2a). We observed 
that the most strongly enriched Reactome term for genes connected to more 
than one phenotype was chromatin biology (Fig. 2b), as seen for hubs in genetic 
interaction networks7, and more connected genes engaged more frequently 
in protein–protein interactions or affected cell fitness (Extended Data Fig. 3). 
Conversely, Reactome terms related to the specific query trait were identified for 
most regulators connected to only one trait (Fig. 2b). Finally, we assigned human 
genes in groups of approximately 1,000 on the basis of expression levels in HAP1 
cells. We observed that transcription levels of a gene related to its likelihood of 
being found as a regulator (Extended Data Fig. 4). Together, these results suggest 
that protein outputs are under complex genetic control, that this regulation is 
disproportionally elicited by the most highly expressed genes, and that regulators 
can be classified by their phenotypic range.

The identification of genes affecting cellular phenotypes opens the possibility 
of expanding known biological pathways. The AKT cascade affects many aspects of 
cell biology such as proliferation, cell survival, and metabolism22. Expectedly, many 
known pathway components were readily identified in a genetic screen measuring AKT 
phosphorylation at S473 (Fig. 2c, Extended Data Fig. 5 and Supplementary Table 10). 
Notably, the cullin E3 ligase adaptor KCTD5 (ref. 1) (but no other KCTD family member; 
Extended Data Fig. 6) was identified as a potent negative regulator together with 

3
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CUL3 itself, and their observed phenotypes could be verified in different human cell 
lines using immunoblot analyses (Extended Data Fig. 7a, b). Because KCTD5-deficient 
cells displayed elevated phospho-AKT (pAKT) levels that could not be explained by 
effects on the examined canonical pathway components (Extended Data Fig. 7c), we 
applied a genetic suppressor approach to dissect the underlying mechanism (Fig. 2d) 
by using the abundance of pAKT as a readout in KCTD5-deficient HAP1 cells (Fig. 2e 
and Supplementary Table 11). As expected, KCTD5 was not identified, but importantly 
neither was CUL3, indicating that the effect of CUL3 on pAKT requires KCTD5. Notably, 
when regulators of pAKT levels were compared between wild-type and KCTD5-
deficient cells, a set of genes was identified that represented potent drivers of pAKT 
levels in KCTD5-deficient but not wild-type cells (Fig. 2c, e, f). These corresponded to 
G-protein β and γ subunits (GNB1, GNB2, and GNG5), their chaperone PDCL23, required 
to generate Gβγ dimers, and their effector PI3KCB24,25. Activation of PI3KCB by 
Gβγ is known to activate AKT signalling. This genetic modifier screen suggests 
that the activation of AKT by Gβγ is suppressed by KCTD5/CUL3.

We then used label-free quantitative proteomics to compare wild-type and 
KCTD5-deficient cells to identify substrates of KCTD5/ CUL3. Hypothesizing that 
KCTD5 substrates are ubiquitinated and subsequently degraded, we searched for 
potential substrates and identified 70 proteins (out of a total of 3,701 quantified 
proteins; Supplementary Table 12) with increased abundance in KCTD5- deficient 
cells (Fig. 3a and Supplementary Table 12). In parallel, we used the ubiquitin 
remnant motif antibody (di-Gly) to purify and quantify ubiquitinated proteins, 
yielding 217 downregulated ubiquitination sites (out of a total of 2,417 quantified 
sites) (Fig. 3b and Supplementary Table 12). Comparison of both datasets yielded 
only four proteins that showed fewer di-Gly remnants in KCTD5- deficient cells 
and increased protein levels. Remarkably, three out of four hits encoded Gβγ 
subunits (GNB1, GNB2, and GNG5) (Fig. 3c and Supplementary Table 13). Western 
blot analysis confirmed that both KCTD5 and CUL3 knockout cells contained 
elevated levels of GNB1 and GNG5 (Fig. 3d and Extended Data Fig. 8a). Together 
with the genetic suppressor screen, these data suggest a model in which KCTD5 
limits pAKT activation through ubiquitin-mediated proteolysis of Gβγ.

To determine the circumstances under which KCTD5 mediates degradation of 
Gβγ, we designed a comparative genetic strategy: using our FACS-based screening 
approach, we identified genes affecting GNB1 abundance both in wild-type and in 
KCTD5-deficient HAP1 cells and searched for genotype-specific regulators. GNB1 was 
strongly enriched for disruptive mutations in the ‘low’ channel and KCTD5 stood out
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Figure 2: Protein phenotypes are regulated by extensive genetic networks and can 
be infl uenced by suppressor interactions. a, Mutation index of selected genes is plotted 
per screen (red, negative regulator; blue, positive regulator; grey, not signifi cant). b, Network 
depicting query phenotypes (orange diamonds) connected to identifi ed regulators (nodes). 
Unique regulators are grouped in the outer rim (indicating selected Reactome terms), while 
genes connected to multiple phenotypes are grouped towards the centre. c, Genetic screen 
for pAKT. d, Genetic suppressor approach to study KCTD5 mechanism. e, Screen for pAKT in 
ΔKCTD5 cells. f, Top Reactome terms identifi ed specifi cally in KCTD5- defi cient  cells.  PIP3, 
phosphatidylinositol-3,4,5-trisphosphate.

3

voorbereid_binnenwerk.indd   53 09-11-18   09:50



54

Chapter 3

Figure 3: KCTD5 acts as off -switch for GPCR Gβγ signalling. a, b, Label-free mass 
spectrometry identifi es Gβγ subunits with increased abundance (a) and decreased ubiquitination 
(b) in ΔKCTD5 cells. c, Intersection of data from a and b. d, Lysates of wild-type, KCTD5-
defi cient, and reconstituted HEK293T cells analysed by immunoblotting. e, f, Screens for GNB1 
abundance in wild-type (e) and KCTD5-defi cient HAP1 cells (f). Selected diff erentially acting 
genes are labelled. For RIC8A*, transcript uc001lof.3 was used (Extended Data Fig. 8b). g, 
Lysates of indicated HAP1 genotypes analysed by immunoblotting. h, HEK293T cells expressing 
the indicated genes were subjected to Flag immunoprecipitation (IP) and immunoblotting. i, 
KCTD5-defi cient HEK293T cells expressing Flag–GNB1 were lysed, immobilized, and treated 
with increasing amounts of recombinant KCTD5. Input samples, supernatant (wash out), and 
precipitates were subjected to immunoblot analysis. j, HEK293T cells expressing the indicated 
genes were lysed, immunoprecipitated, and analysed as before. k, Model of Gβγ regulation 
by KCTD5. 
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as a strong negative regulator in the wild-type screen, independently confirming that 
it acts as an important regulator of GNB1 abundance (Fig. 3e and Supplementary 
Table 14). Notably, intersection of the wild-type and ΔKCTD5 datasets revealed 
that the Gα subunits GNAI1, GNAI2, GNAI3, and RIC8A (encoding a protein required 
for Gα subunit abundance)26 specifically regulated GNB1 levels in wild-type cells 
(Fig. 3f and Supplementary Table 15). This could be confirmed by western blot 
analysis using cells deficient for RIC8A in the absence or presence of KCTD5 (Fig. 
3g). Because loss of Gα subunits decreases GNB1 levels in a KCTD5-dependent 
manner, it is possible that KCTD5 specifically targets those Gβγ dimers dissociated 
from Gα subunits for degradation. Indeed, KCTD5 associated with Gβγ subunits but 
could not be detected in complex with purified Gα subunits (Fig. 3h). Moreover, the 
addition of recombinant KCDT5 protein to immobilized Gαβγ resulted in binding of 
KCTD5 to the Gβγ and simultaneous dissociation of Gα, demonstrating that Gα and 
KCTD5 bind to Gβγ dimers competitively (Fig. 3i). Finally, mutations in Gβ subunits 
have been observed in a variety of solid cancers and myeloid malignancies27. These 
oncogenic Gβ subunits potently trigger AKT phosphorylation because of their 
inability to interact with Gα

27. Intriguingly, those oncogenic GNB1 point mutations 
also attenuated KCTD5 binding (Fig. 3j). We propose that this attenuated binding 
contributes to the oncogenic activity of GNB1 point mutants, since liberation of 
wild-type Gβγ through Gα depletion (as in RIC8A knock-out cells) did not increase 
AKT phosphorylation when KCTD5 was present (Fig. 3g).

GPCRs are the largest receptor family mediating many physiological responses. 
Their activity is tightly controlled and reset upon activation. Although the activity 
of Gβγ dimers can be neutralized through re-association with Gα subunits, we here 
present an unexpected proteolysis-based mechanism, which irreversibly removes 
dissociated Gβγ dimers, limiting activation of their effector molecule PI3K (Fig. 
3k). Although other KCTD proteins have been linked to GPCR signalling before28, 
these were associated with specific receptor sub-complexes and did not trigger 
proteolysis because of their inability to interact with CUL329,30.

By examining a variety of protein-related phenotypes, we reveal extensive 
underlying genetic networks enriched for highly transcribed genes. The identification 
of genetic suppressors in modifier screens can readily provide mechanistic insights 
into the investigated phenotypes. Together, these genetic explorations applicable 
to any specific antibody may facilitate the generation of a phenotypic map for 
human cells.

3
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Extended Data

METHODS

No statistical methods were used to predetermine sample size. The experiments were 
not randomized. The investigators were not blinded to allocation during experiments 
and outcome assessment.

Cell lines and culture
HAP1 cells17 were cultured in IMDM-medium (ThermoFisher Scientific) supplemented 
with 10% heat-inactivated fetal calf serum (FCS; ThermoFisher Scientific or Sigma) 
and penicillin–streptomycin–glutamine solution (ThermoFisher Scientific). HEK293T-, 
SKBR3-, A549-, and U2OS cells were obtained from authentic stocks (American Type 
Culture Collection) and maintained in DMEM (ThermoFisher Scientific) containing the 
aforementioned supplements. HAP1 wild-type and knockout cell lines were monitored 
for ploidy, authenticated by genotyping, and all lines were tested for mycoplasma 
and verified to be negative.

Generation of knockout cell lines
Knockout cell lines (Supplementary Table 17) were generated by using the CRISPR/
Cas9 system. HAP1 cells were transfected with the plasmid px330 (Addgene 42230) 
containing the guide RNA (gRNA) for a gene of interest (Supplementary Table 18) and a 
vector containing a gRNA to the zebrafish TIA gene (5'-GGTATGTCGGGAACCTCTCC-3') 
as well as a P2A-blasticidin resistance cassette flanked by two TIA target sites. This 
allowed incorporation of the blasticidin resistance gene into the locus, resulting in 
a stable knockout similarly as described31. After blasticidin selection (10 μg ml−1), 
resistant clones were expanded. To create double knockouts, KCTD5-knockout cells 
were transfected with two gRNAs targeting RIC8A.
In contrast to HAP1 cells, HEK293T cells were co-transfected with two different gRNAs 
(px330) and pMX-ires-Blast, followed by blasticidin selection (80 μg ml−1). gRNAs 
against KCTD5 were also cloned into a lentiviral red fluorescent protein (RFP)–CRISPR 
backbone (Addgene 75162). SKBR3-, A549-, and U2OS cell lines were infected with 
lentiviral supernatant and RFP-positive cells were sorted after
4 days.

3
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Generating libraries of mutagenized HAP1 cells
To produce gene-trap retrovirus required for mutagenesis of HAP1 cells, HEK293T 
cells were seeded in T175 flasks at 40% confluence. Medium was replaced with DMEM 
supplemented with 30% FCS before transfection with 6.6 μg gene-trap vector and 
either green fluorescent protein32 or blue fluorescent protein. In addition, the packaging 
plasmids Gag-pol, VSVg, and pAdv16 were co-transfected. Viral supernatant was 
harvested 48 h after transfection and subsequently concentrated by ultracentrifugation 
at 22,000 r.p.m. for 2 h at 4 °C. Pellets were resuspended in 200 μl phosphate buffered 
saline (PBS, Life Technologies) and stored overnight at 4 °C. This procedure was 
repeated twice a day for 3 consecutive days.
To mutagenize HAP1 cells, 40 million cells were seeded and transduced with concentrated 
virus in the presence of 8 μg ml−1 protamine sulphate (Sigma). After two additional 
rounds of transduction (>90% fluorescent cells), the mutant library was expanded 
before analysis of an intracellular phenotype by FACS staining.

FACS-based phenotypic screens
Mutagenized HAP1 cells (3 × 109) were either treated to induce the phenotype of 
interest (Supplementary Table 16) or directly harvested by dissociation (trypsin-EDTA, 
Life Technologies). To fix the state of a particular phenotype, dissociated cells were 
resuspended in a volume of BD fix buffer I (BD Biosciences) corresponding to pellet 
volume at 37 °C for 10 min. Cells were washed with PBS containing 10% FCS and 
subsequently permeabilized for 30 min on ice using cold BD permeabilization buffer 
III (BD Biosciences). After washing twice in PBS/10% FCS, cells were filtered through 
a 40 μm strainer (BD Falcon). Primary antibody staining was performed in 100 μl per 
107 cells (Supplementary Table 18) for 1 h at room temperature. After two washing 
steps (PBS/10% FCS), cells were incubated with secondary antibodies (coupled to Alexa 
Fluor 488, 568, or 647, Life Technologies) at 1:1,000 dilution for 1 h, protected from 
light. DNA was counterstained using either 1 μg ml−1 4',6-diamidino-2- phenylindole 
(DAPI) or 10 μg ml−1 propidium iodide (Life Technologies) solution. If propidium iodide 
staining was performed, cells were also treated with 100 μg ml−1 RNase A (Qiagen).

Depending on the gene-trap fluophore/secondary antibody fluophore combination, 
cells were sorted on an Astrios Moflo or a Biorad S3 cell sorter, using appropriate laser-
filter combinations. For every phenotype of interest, the specificity of the staining 
was determined with a negative (no primary antibody) control. To remove diploid 
cells containing heterozygous mutations, cells were first gated on the basis of DNA 
content (1n). Subsequently, gates were set on the basis of the log(signal intensity) in 
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the appropriate channel, to include the lowest (dim) and highest (bright) 1–5% of the 
whole cell population. Cells (8 × 106 to 20 × 106) were sorted into PBS/FCS for low 
and high populations each.

Amplification of insertion sites
After sorting, insertion sites were retrieved similarly as described13. Briefly, cells were 
pelleted by centrifugation and resus- pended in a 1:1 mix of PBS and lysis buffer AL 
genomic DNA was purified with a QIAamp DNA Mini Kit (Qiagen) and used as input 
for linear amplification-mediated polymerase chain reactions (LAM-PCR). These were 
performed in a total volume of 50 μl with 0.5–2 μg genomic DNA, 1 mM MgSO4, 0.75 
pmol double-biotinylated primer (5'/double biotin/GGTCTCCA AATCTCGGTGGAAC-3'), 
Accuprime Taq HiFi (0.4 μl), and the supplied buffer II (Life Technologies) and amplified 
for 120 cycles. PCR reactions were pooled, and biotinylated single-stranded DNA 
(ssDNA) was isolated by addition of 2× binding buffer (6 M LiCl, 10 mM Tris, 1 mM 
EDTA, pH 7.5) and M270 streptavidin-coated Dynabeads (Life Technologies) for 2 h 
at room temperature.
Bead-coupled DNA was washed with PBS containing 0.05% Triton X-100 (Sigma). 
Before introducing Illumina sequencing adaptors, ssDNA linkers were ligated to 
the non-biotinylated (3') end of the PCR products using one of the fol- lowing 
two protocols. Depending on the number of LAM-PCR reactions (N), the ligation 
was performed in a total volume of N × 10 μl, using N × 12.5 pmol ssDNA linker 
(5'/phospho/ATCGTATGCCGTCTTCTGCTTGACTCAGTAGTTGTGCGATGGATTGATG/
dideoxycytidine/3'), 2.5 mM MnCl2, 1 M betaine, N × 0.5 μl of Circligase II (Illumina), 
and supplied reaction buffer. Alternatively, we used N × 12.5 pmol of a pre-adenylated 
linker (5'/adenyl/ATCGTATGCCGTCTTCT GCTTGACTCAGTAGTTGTGCGATGGATTGATG/
dideoxycytidine/3') and 2 μg Escherichia coli-purified TS2126 thermostable RNA ligase 
1 from Thermus scotoductus bacteriophage33 in an N × 10 μl reaction containing 
18.75% PEG6000, N × (2.5 μg BSA, 2.5 mM MnCl2, 1 μl buffer (500 mM MOPS, 
100 mM KCl, 50 mM MgCl2, 10 mM dithiothreitol)). Ligation was performed at 
60 °C for 2 h in non-stick 1.5 ml tubes (Life Technologies), followed by three wash 
steps with PBS/0.05% Triton X-100 (Sigma). To introduce the adaptor sequences 
required for Illumina sequencing (P5 and P7), 50 μl reactions were set up (one for 
two LAM-PCR reactions), containing 25 pmol of each primer, 5 μl buffer II, and 
0.6 μl Accuprime Taq HiFi. Eighteen cycles of PCR were performed at an annealing 
temperature of 55 °C for 30 s followed by an extension (at 68 °C) for 105 s, using 
primers 5'-AATGATACGGCGACCACCGAGATCTGATG GTTCTCTAGCTTGCC-3' and 

3
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5'-CAAGCAGAAGACGGCATACGA-3'. Libraries were purified with PCR purification 
columns (Qiagen) and sequencing was performed with a concentration of 18 pM per lane 
(51-bp or 65-bp single reads) on either HiSeq2000 or HiSeq2500 instruments (Illumina) 
using sequencing primer 5'-CTAGCTTGCCAAACCTACAGGTGGGGTCTTTCA-3'.

Insertion site mapping and analysis
After deep sequencing of the low- and high- sorted populations, gene-trap insertion 
sites were determined as unique reads aligning unambiguously to the human genome 
(hg19) using Bowtie34, allowing for a single mismatch. Aligned reads were mapped using 
hg19 protein-coding gene coordinates (Refseq) to identify intragenic insertion sites 
and their orientation with respect to the gene using intersectBED35. For this analysis, 
insertion sites integrated in sense within a gene were considered disruptive. To prevent 
potential confounding, insertion sites in genomic regions assigned to overlapping 
genes were discarded, as well as integrations in the 3' untranslated region (UTR) of 
genes as the gene-trap cassette might have been be less effective there in ablating 
gene function. To identify genes enriched for disruptive gene-trap integrations in either 
the high- or low-query populations, the number of unique disruptive mutations in 
each gene and in the total of one population (for example, signal high) was counted 
and compared with those values in the other population (for example, signal low) 
using a two-sided Fisher’s exact test. Resulting P values were adjusted for multiple 
testing using the Benjamini–Hochberg false discovery rate correction. For each gene, 
a mutation index (MI) was calculated corresponding to the ratio of the number of 
disruptive integrations per gene in both populations normalized by the number of 
total integrations in each channel:

MI =    Number of sense insertions in gene in high population
(Total number of sense insertions in high population) -

(Number of sense insertions in gene in high population) /

Number of sense insertions in gene in low population
(Total number of sense insertions in low population) -

(Number of sense insertions in gene in low population)

For genes without a single insertion site in only one of the channels, a value of 1 was 
assigned so as not be omitted from the plots. Reactome pathway36 enrichment 
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analysis for gene groups was performed using ConsensusPathDB37, and network 
analysis was done in Cytoscape 3.
RNA-seq data of ten independent wild-type HAP1 cells were aligned using Tophat38, 
assigned to Ensembl genes, and expression levels determined by HTSeq-count39. 
Read counts in protein-coding genes were normalized to 10 million reads followed by 
log2 transformation. To avoid negative normalized values, 1 was added to each gene 
expression value. To map mutations to the genome, a file based on Refseq coordinates 
containing all unique genomic protein- coding regions was used. Genes occurring in 
both the Ensembl-based expression data as well as the Refseq-based insertion site 
data were considered for further expression analysis (16,800 genes). For the binned 
expression analysis, 17 bins of approximate equal size (~988 genes per bin) were created.

KCTD5 cloning and expression
The KCTD5 gene was cloned into the pETNKI- strepII-3C-LIC-kan vector40 for expression 
of strepII-3C-KCTD5. The construct was transformed into E. coli BL21(DE3) and cells 
were grown in Lysogeny broth (LB) medium supplemented with 30 μg ml−1 kanamycin 
at 37 °C until absorbance at 600 nm was 0.6. The temperature was decreased to 
20 °C and protein expression was induced by addition of 0.4 mM IPTG. After 16 h 
of expression at 20 °C, cells were harvested by centrifugation. The cell pellet was 
resuspended in lysis buffer (50 mM Tris-HCl pH 8.0, 250 mM NaCl, 1 mM TCEP, and 
protease inhibitor tablet) and cells were lysed by sonication. The lysate was cleared 
by centrifugation and the soluble fraction was applied to Streptactin beads (IBA 
Lifesciences). Beads were washed with 50 mM Tris-HCl pH 8.0, 250 mM NaCl, 1 mM 
TCEP, and protein was eluted by 2.5 mM desthiobiotin in the same buffer. The strepII 
tag was removed upon incubation of the protein with GST-3C protease overnight at 
4 °C. KCTD5 was further purified by size-exclusion chromatography on an S200 16/60 
column (GE Healthcare) in 50 mM Tris pH 8.0, 250 mM NaCl, 1 mM TCEP. KCTD5 eluted 
from the column in a single peak. Fractions containing the protein were pooled and 
glycerol was added (20% final concentration) before the protein was concentrated 
and stored in aliquots at −80 °C.

Conditioned medium
For the genetic screen for active β-catenin, before sorting HAP1 cells were stimulated for 
4 h with 10% WNT3A-conditioned medium and 4% R-spondin1-conditioned medium41.

3
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Immunoprecipitations and immunoblotting
To detect protein–protein interac- tions, cells were lysed with ice-cold CHAPS buffer 
(30 mM Tris-Cl pH 7.5, 150 mM NaCl, 1% CHAPS) containing protease and phosphatase 
inhibitor cocktail (Roche). After sonication, cell debris was pelleted and the cleared 
supernatant was incubated with anti-Flag M2 agarose beads (Sigma-Aldrich) at 4 °C 
for 2 h. An aliquot of the lysate was kept and served as input control. After five wash 
steps with CHAPS buffer, SDS sample buffer was added to the beads. After boiling the 
samples at 95 °C for 5 min, precipitated proteins were separated by gel electrophoresis. 
Proteins were transferred onto polyvinylidene fluoride (PVDF) membranes and 
detected with the indicated antibodies (Supplementary Table 19). For gel source data, 
see Supplementary Fig. 1. For western blots, a representative example is presented 
obtained from at least two independent experiments.

Proteomics
For ubiquitination site profiling, 15 mg amounts of protein of KCTD5-knockout and 
wild-type HAP1 cells were alkylated with 10 mM chloro- acetamide and digested 
overnight with trypsin (1:50 at 37 °C); for proteome pro- filing, 50 μg amounts were 
additionally pre-digested with LysC (1:75, 4 h at 37 °C). Ubiquitinated peptides were 
enriched by immunoaffinity purification using a PTMScan Ubiquitin Remnant Motif 
(K-ε-GG) Kit (Cell Signaling Technology)42,43. (Ubiquitinated) peptide mixtures were 
analysed by nanoLC-MS/MS on an Orbitrap Fusion Tribrid mass spectrometer equipped 
with a Proxeon nLC1000 system (Thermo Scientific) using a nonlinear 210 min gradient, 
as described previously44. Raw data files were processed with MaxQuant version 
1.5.0.30, searching against the human-reviewed Uniprot database

Properties of genes with broader or narrower phenotypic range
Genes that scored significantly in at least one of the phenotypes analysed in this 
study (see Fig. 2b) were intersected with public protein–protein interaction data from 
BioGRID, release 3.4.144 (https://thebiogrid.org)46. BioGRID data were filtered for 
human proteins and physical interactions. Intersection of the data in this manner 
allowed 1,988 of 2,085 genes scoring in at least one genetic screen to be mapped to 
the protein–protein interaction data. For statistical analysis, these 1,988 genes were 
grouped into having a narrower phenotypic range (that is, scoring in one or two 
screens; 1,478 genes) or having a broader phenotypic range (that is, scoring in three 
or more screens; 510 genes). For these two groups, the difference in the number of 
protein–protein interactions was analysed using an unpaired two- sided t-test. To 
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test the representation of genes required for fitness in either group, the 2,085 genes 
contributing to at least one phenotype were intersected with fitness-affecting genes 
in HAP1 cells13. The proportion of fitness-related genes in either the narrower (that 
is, scoring in one or two screens) or broader (that is, scoring in three or more screens) 
phenotypic range group was tested using a χ2 test.

Data availability
All sequencing datasets have been deposited in the NCBI Sequence Read Archive under 
accession number SRP099134. In addition, all processed screen results are accessible 
in an interactive database (https://phenosaurus.nki.nl/). Source Data for the main 
and Extended Data figures are provided in the online version of the paper.

Code availability
Code used for data analysis or other data are available from the corresponding authors 
upon reasonable request. 3
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Extended Data

Extended Data Figure 1 | Validation of selected identifi ed regulators. 
a, Wild-type, JAK1-, LMNB1-, and LMNA1-defi cient HAP1 cells were treated with IFN-γ for 
the indicated amount of time, lysates were prepared and analysed by immunoblotting. 
b, Wild-type, PRPF39-defi cient, and PRPF39-defi cient HAP1 cells reconstituted with Flag-
tagged PRPF39 were treated with the protein synthesis inhibitor anisomycin for 4 h; lysates 
were prepared and analysed by immunoblotting.

3
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Extended Data Figure 2 | Gene expression is a requirement for phenotypic contribution. 
a, The datasets for the two screens were fi ltered to display only the genes falling within the 
top 25% (4,200 genes) highest and non- or lowest-expressed genes in HAP1 cells. b, Bar plot 
representing the quantifi cation of all screens (analysed as in a).
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Extended Data Figure 3 | Analysis of genes linked to few or many phenotypes. a, 
Number of reported physical protein–protein interactions as a function of the number of 
phenotypes analysed in this study aff ected by a gene. b, As in a but with genes categorized 
as aff ecting either few (one or two; 1,478 genes) or many (three or more; 510 genes) traits. 
Two-sided unpaired t-test shows a modest but signifi cant diff erence in the average number of 
protein–protein interactions between both groups. The y axis is cropped at 256 protein–protein 
interactions for better visibility and the median number of protein–protein interactions in 
each group is indicated. Box plots and error bars drawn according to Tukey’s representation. c, 
Comparison of fi tness contribution for genes aff ecting few (one or two) versus many (three to 
ten) phenotypes. Genes specifi cally required for fi tness in HAP1 cells13 were intersected with 
the genes contributing to phenotype-aff ecting genes and the proportion occurring in either 
group was tested using a two-sided χ2 test.

3
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Extended Data Figure 4 | Expression levels relate to phenotypic contribution. a, A total 
of 16,800 interrogatable genes were ranked on expression levels in HAP1 cells and binned into 17 
bins containing approximately 1,000 genes per bin. In each bin, the number of genes identifi ed 
as a regulator of at least one phenotypic trait was counted. b, To account for diff erences 
between screens, the same binned approach as in a was applied for the number of genes 
contributing to each individual phenotypic trait additionally. c, To analyse the relationship 
between expression levels and mutation frequencies the number of sense insertions per gene 
in the glycosylated LAMP1 screen is plotted per bin, demonstrating that the observed increase 
in phenotypic contribution from bins 8–17 is not due to a higher average mutation frequency. 
Box plots and error bars drawn according to Tukey’s representation.
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Extended Data Figure 5 | Genetic wiring map for phosphorylation of AKT at S473 identifies 
known regulators of this process. Outcome of genetic screen for AKT phosphorylation at 
S473. Data were generated and analysed as in Fig. 1. Selected known factors affecting AKT 
phosphorylation are labelled and their role in the signalling cascade is indicated in the cartoon. 
Individual gene-trap insertions (black dots) and their distribution across the gene bodies in the 
high and low channels (pAKT staining intensity) are shown for INPP4A and RICTOR.
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Extended Data Figure 6 | Effect of different KCTD family members on AKT phosphorylation 
at S473. KCTD family members are highlighted in the dataset described previously.
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Extended Data Figure 7

Extended Data Figure 7 | KCTD5 regulates phosphorylation of AKT in diff erent human 
cell lines without aff ecting levels of common regulators. a, Immunoblot confi rming the 
eff ect of KCTD5 and CUL3 on AKT phosphorylation (S473) as detected in the genetic screen. 
Wild-type HAP1 cells and HAP1 cells defi cient in KCTD5 or CUL3 were lysed and probed with 
specifi c antibodies by immunoblotting. b, Indicated wild-type and KCTD5-defi cient HEK293 cells 
(two independent clones) were lysed and probed with specifi c antibodies by immunoblotting. 
Three additional cell lines (SKBR3, A549, and U2OS) were infected with a mix of two diff erent 
lentiviral gRNAs targeting KCTD5 (RFP–CRISPR backbone). RFP-positive cells were sorted after 
4 days and immunoblotted with the indicated antibodies. c, Wild-type or KCTD5-defi cient 
HAP1 cells (three independent clones) were lysed and analysed with specifi c antibodies by 
immunoblotting.
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Extended Data Figure 8 | The Gβγ dimer is destabilized in the presence of KCTD5. a, 
Wild-type HAP1 cells and HAP1 cells defi cient in KCTD5 or CUL3 were lysed and probed with 
specifi c antibodies by immunoblotting. Increased levels of GNB1 and GNG5, as well as increased 
phosphorylation of AKT at S473, are comparable in cells defi cient for KCTD5 or Cullin3. b, For 
RIC8A*, transcript uc001lof.3 was considered because the longer 5' UTR in Refseq reduced the 
observed eff ect size.
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ABSTRACT

Tubulin is subjected to a number of posttranslational modifications to generate 
heterogeneous microtubules. The modifications include removal and ligation of the 
C-terminal tyrosine of α-tubulin . The enzymes responsible for detyrosination, an 
activity observed forty years ago, have remained elusive. We applied a genetic screen 
in haploid human cells to find regulators of tubulin detyrosination. We identified SVBP, 
a peptide that regulates the abundance of vasohibins (VASH1 and VASH2). Vasohibins, 
but not SVBP alone, increased detyrosination of α-tubulin , and purified vasohibins 
removed the C-terminal tyrosine of α-tubulin . We found that vasohibins play a cell 
type-dependent role in detyrosination, although cells also contain an additional 
detyrosinating activity. Thus vasohibins, hitherto studied as secreted angiogenesis 
regulators, constitute a long-sought missing link in the tubulin tyrosination cycle.
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Microtubules are crucial constituents of the eukaryotic cytoskeleton, a dynamic 
structure important for cell shape and intracellular transport, composed of polymerized 
α- and β-tubulin heterodimers. Extensive enzymatic alterations create heterogeneous 
microtubules decorated with a variety of posttranslational modifications including 
acetylation, (poly)glutamylation, (poly)glycylation and polyamination (1). Most α-tubulin 
isoforms encode a tyrosine at their C-terminus that can be proteolytically removed 
and re-ligated. The incorporation of tyrosine, the first described posttranslational 
modification of tubulin, is carried out by the Tubulin Tyrosine Ligase (TTL) which reverses 
the detyrosinated α-tubulin state to the translated form (2). However, the activity of 
the detyrosinating enzyme (3) which initiates the tyrosination cycle, remains unclear.

Tubulin detyrosination has been implicated in cardiac cell function (4), cell migration 
(5), mitosis (6), and trafficking in neurons (7). We applied a genetic approach in 
haploid human cells (8, 9) to identify tubulin-detyrosinating enzymes. Detyrosinated 
α-tubulin could be detected in wild-type Hap1 cells, and this signal was increased in 
TTL-deficient Hap1 cells and in cells treated with the microtubule-stabilizing agent 
paclitaxel (Fig. 1A), indicating that the tyrosination cycle is active in Hap1 cells. Next, 
mutagenized Hap1 cells were stained with antibodies recognizing the detyrosinated 
form of α-tubulin  after paclitaxel treatment, and cells displaying the highest and 
lowest 1% of detyrosinated α-tubulin  levels were isolated by fluorescence-activated 
cell sorting (FACS). Gene-trap insertion sites were mapped to identify genes enriched 
for mutations in cells exhibiting either high or low levels of α-tubulin  detyrosination 
(Fig. 1B) (9). TTL was identified as the strongest negative regulator of α-tubulin  
detyrosination (647 independent gene-trap insertion events mapped in the locus 
in the “high” cell population versus 11 mutations in the “low” population, Fig. 1C). 
In addition, we identified both subunits (KATNA1 and KATNB1) of the microtubule-
severing protein complex katanin as negative regulators, and CAMSAP2 and MAP4 
as positive regulators, in agreement with previous studies (10–12). Amongst the 
genes that were enriched at least a factor of 4 for mutations in the “low” channel, 
SVBP (small vasohibin binding protein) was identified as the most significant hit (P 
= 4 x 10-10). Using an antibody from a different supplier to enrich for cells with high 
and low levels of tubulin detyrosination, mutations in SVBP were similarly enriched 
in the population displaying “low” detyrosination (n = 62 independent mutations) 
whereas no mutations in this locus could be identified in the population displaying 
“high” detyrosination levels (figure S1A). Neither TTL nor SVBP scored as regulators 
in 10 unrelated genetic screens examining diverse protein phenotypes (figure S1B), 
suggesting that SVBP has a specific function in α-tubulin  detyrosination.
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The interaction of SVBP, encoding a short peptide (66 amino acids), with Vasohibins 
(13) further suggested a possible function of SVBP in tubulin detyrosination. Although 
vasohibins have a predicted transglutaminase-like protease fold (14), enzymatic activity 
has not been demonstrated and substrates have not been proposed. They are found 
in the cytosol, but are considered to act in the extracellular milieu after secretion 
through a noncanonical pathway (13, 15, 16). Mammalian cells contain two vasohibin 
paralogs: VASH1 and VASH2 (figure S1C and D), that may act redundantly. To assess 
the function of SVBP and vasohibins in detyrosination, we expressed SVBP, VASH1 
and VASH2 in HeLa cells, a cell line with minimal levels of detyrosinated α-tubulin  
(17) (Fig. 1D). Whereas SVBP did not increase detyrosinated α-tubulin , expression of 
VASH1 or VASH2 modestly increased detyrosinated α-tubulin .
 

Fig. 1. Identification of genetic regulators of tubulin detyrosination in haploid human 
cells. (A) Wild-type Hap1 cells and Hap1 cells deficient for TTL were treated with paclitaxel 
and subjected to immunoblot analysis using antibodies directed against detyrosinated and 
tyrosinated tubulin and TTL. Total amounts of tubulin were used as loading control. The relative 
ratios of detyrosinated vs. total α-tubulin  levels are indicated. Asterisk indicates that deY-
Tubulin signal is not quantifiable. (B) Schematic overview of the haploid genetic screen using 
antibodies detecting detyrosinated tubulin. (C) Result of the genetic screen for regulators of 
α-tubulin  detyrosination. The relative mutation frequency in the “high” versus the “low” cell 
population (referred to as Mutation Index) was plotted against the total amount of insertions 
mapped per gene. Positive regulators are labelled in yellow, negative regulators in blue. (D) 
HeLa cells transfected with vectors directing the expression of FLAG-tagged SVBP, VASH1, 
VASH2, or combinations thereof, were subjected to immunoblot analysis.
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Coexpression of SVBP with vasohibins increased the abundance (13) and solubility 
(figure S2) of vasohibins, and further increased detyrosination of α-tubulin . Thus, 
SVBP together with vasohibins can increase α-tubulin  detyrosination.

To determine whether endogenous vasohibins affected detyrosination of α-tubulin 
, we generated single- and double-knockout cell lines (figure S3). Loss of VASH1 or 
VASH2 led to a modest decrease in the amount of detyrosinated tubulin in Hap1 cells 
and their combined loss led to a further decrease (but not absence) of detyrosinated 
tubulin (Fig. 2A). The presence of detyrosinated tubulin in vasohibin-deficient cells could 
not be attributed by expression TUBA4A (figure S4), an isoform lacking the C-terminal 
tyrosine. To investigate the role of the vasohibins in other cell types, we generated both 
VASH1-deficient and VASH1/VASH2-deficient cell lines in human embryonic kidney (HEK) 
293T cells (figure S5) as well as in the melanoma-derived cell line CHL-1 (figure S6). In 
HEK293T cells, a minimal decrease in detyrosinated α-tubulin  was observed in VASH1 
mutant cells, but a substantial decrease was observed in double-knockout cells (Fig. 
2B). In CHL-1 cells, however, the double-knockout cells displayed undetectable levels of 
detyrosinated α-tubulin  (Fig. 2B) and a modest increase in the amount of tyrosinated 
tubulin (figure S7A). Thus, vasohibins are important for α-tubulin  detyrosination and 
cells can also contain vasohibin-independent detyrosinating activity.

Having identified Vasohibin-dependent and -independent activities, we next sought 
to determine if these could affect the polymerized microtubule population. Paclitaxel 
stabilizes microtubules and thereby depletes the amount of free α/β-tubulin dimers 
that are the substrate for TTL (18). Treatment of Hap1, HEK293T, and CHL-1 cells with 
paclitaxel led to a robust increase in α-tubulin  detyrosination. In Hap1 and HEK293T 
cells deficient for VASH1 and VASH2 a similar response was observed, this was also 
the case when translation was inhibited by cycloheximide in HEK293T cells (Fig. 2C 
and figure S8). These findings suggest that the vasohibin-independent activity affects 
paclitaxel-stabilized microtubules. Comparative immunoblot analysis showed that 
vasohibins mediate at least 97% of α-tubulin  detyrosination in CHL-1 cells (figure S9).
Paclitaxel treatment also increased detyrosination in these cells, which suggests that 
vasohibins also affect the detyrosination status of polymerized microtubules. To 
address this further, we stained CHL-1 cells using antibodies directed against α-tubulin  
and tyrosinated and detyrosinated tubulin (Fig. 2D and figure S7B). The signal for 
detyrosinated tubulin was absent in vasohibin-deficient cells but it colocalized with 
microtubules in both interphase and mitotic wild-type cells (Fig. 2D, figure S10). Thus, 
vasohibins affect the detyrosination state of polymerized microtubules although their 
activity appeared not to be absolutely needed for chromosome congression (6) (fig. S10).
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Fig. 2. VASH1 and VASH2 control tubulin detyrosination and affect the detyrosination 
status of polymerized microtubules. (A) Independent Hap1 cell lines deficient for VASH1- or 
VASH1 and VASH2 were generated and subjected to immunoblot analysis. The relative ratios 
of detyrosinated vs. total α-tubulin  levels are indicated. (B) Independent HEK293T and CHL-1 
cell lines deficient for VASH1 and/or VASH2 were generated and subjected to immunoblot 
analysis (C) Wild-type cells and cell lines deficient for VASH1 and VASH2 were treated with 
paclitaxel and subjected to immunoblot assay as in (A). (D) Wild-type CHL-1 cells and CHL-1 
cells deficient for VASH1 and VASH2 were treated with paclitaxel and stained with antibodies 
to detect detyrosinated α-tubulin  (green) and α-tubulin  (red). Blue indicates 4’,6-diamidino-
2-phenylindole (DAPI) nuclear counterstain. Paclitaxel treatment led to a 1.89x increase in the 
detyrosination/total tubulin ratio of wild-type cells. Scalebar in merge channel represents 25 µm.
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To directly test whether vasohibins act as transglutaminase peptidases towards 
tyrosinated α-tubulin  we designed VASH1 and VASH2 mutants that affected their 
respective predicted catalytic sites, Cys169 and Cys93 (14). Coexpression of VASH1-
Cys169Ala and VASH2-Cys93Ala with SVBP showed that these cysteines were essential 
for vasohibin-dependent induction of detyrosinated α-tubulin  (Fig. 3A).

To study whether vasohibins can produce detyrosinated α-tubulin in vitro, we 
coexpressed the VASH1-SVBP complex in insect cells (Fig. 3B) and purified a stable 
and soluble complex. Small-angle x-ray scattering (SAXS) coupled to size exclusion 
chromatography (SEC) revealed a well-folded, structurally-robust, elongated complex 
with 1:1 stoichiometry (figure S11). Purified VASH1-SVBP reduced the tyrosinated form 
of tubulin while increasing the detyrosinated form as examined by specific antibodies, 
with an apparent Michaelis constant KM of ~700 nM on α/β-tubulin (figure S12). 
VASH1 alone was expressed in small amounts, again suggesting that SVBP is needed 
for folding, and thus solubility, of VASH1. Relative to nontreated α/β-tubulin, the in 
vitro detyrosination rate of VASH1-SVBP was higher using guanosine triphosphate 
(GTP)-induced polymerized stabilized microtubules as a substrate by a factor of ~2.5 
(P = 0.013) (Figure 3D). Whereas immunoblot analysis suggested that detyrosinated 
α-tubulin  is generated by vasohibins, it is a possibility that other reaction products 
could also be generated including the deglutaminated ∆2- or ∆3-forms of α-tubulin  
(19, 20). Nano-liquid chromatography combined with tandem mass spectrometry 
(nanoLC-MS/MS) indicated that VASH1-SVBP detyrosinated α-tubulin  without affecting 
adjacent glutamic acid residues (Fig. 3E). Thus, VASH1 acts as a peptidase to catalyze 
removal of the C-terminal tyrosine of α-tubulin .

We next designed experiments to study the specificity of vasohibins. Tubulin 
isoforms encode for different C-terminal tails. These tails were attached to the 
C-terminus of green fluorescent protein (GFP) and coexpressed with VASH1, VASH1-
Cys169Ala and VASH2. All isoforms containing a tyrosine at their C-terminus could be 
detyrosinated; TUBA8A which encodes for a C-terminal phenylalanine, could also be 
modified by vasohibins (Figure S13). To further determine the substrate specificity, 
we generated mutants in the TUBA1A/B minimal substrate. Only variants with a 
C-terminal tyrosine or phenylalanine were processed by vasohibins (Fig. 3F), suggesting 
a requirement for an aromatic ring at the C-terminal position. Extension of the 
C-terminus with a glycine prevented enzymatic conversion by vasohibins, suggesting 
that the terminal free carboxyl group is required, and that vasohibins do not cleave 
internally. These experiments start to provide a rationale for the specific proteolysis 
of the C-terminus of α-tubulin.
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Fig. 3. The catalytic activity of vasohibins specifi cally removes the tyrosine residue 
of α-tubulin. (A) HeLa cells were transfected with indicated plasmids and subjected to 
immunoblot analysis. (B) Coomassie staining of a gel loaded with the purifi ed products of SVBP, 
VASH1, SVBP:VASH1 and SVBP:VASH1-C169A expressed in insect cells. (C) In vitro detyrosination 
assay, using recombinant SVBP, VASH1, VASH1:SVBP and catalytic inactive VASH1:SVBP, using 
purifi ed HeLa α/β-tubulin as substrate. Tubulin tyrosination and detyrosination levels were 
determined using immunoblot analysis. (D) Purifi ed SVBP-VASH1 was incubated with in vitro 
generated microtubules from HeLa cells and immunoblot signals were quantifi ed to establish 
the detyrosination rate, compared to non-treated α/β-tubulin (n=3) (E) nanoLC-MS/MS analysis 
of HeLa tubulin incubated with catalytic active or inactive SVBP-VASH1 complexes. Extracted 
ion chromatograms of the detyrosinated and tyrosinated peptides are shown as well as the 
number of assigned spectra of the respective peptides (F) HEK293T cells were co-transfected with 
vectors encoding the expression of eGFP molecules with C-terminal extensions corresponding 
to the C-terminus TUBA1A/B with the indicated modifi cations as well as SVBP and VASH1, 
VASH2 or catalytic inactive VASH1. Transfected cells were subjected to immunoblot analysis. 
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Previously, vasohibins have been studied as secreted molecules affecting 
angiogenesis, although the mechanism of secretion remains unclear (21–23). The 
enzymatic activity described here addresses long-standing questions on the nature 
of molecules that are able to start the detyrosination-tyrosination cycle. Additional 
studies are required to address if certain isoforms or modified versions of vasohibins 
function specifically inside the cell to detyrosinate tubulin. Although detyrosination 
was envisioned a simple reaction carried out by a carboxypeptidase, the identification 
of VASH1, VASH2, the regulating peptide SVBP, and a yet-unidentified activity extend 
our view on the complexity of this process.
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Supplementary Materials

Other Supplementary Materials for this manuscript includes the following:
Table S1 (available online)

MATERIALS AND METHODS

Cell lines and culture
Hap1 cells were cultured in IMDM-medium (ThermoFisher Scientific) supplemented 
with 10% heat-inactivated fetal calf serum (FCS; Sigma Aldrich) and streptomycin-
glutamine-penicillin (ThermoFisher Scientific). CHL-1 and HEK293T cells were cultured 
in DMEM-medium (ThermoFisher Scientific), supplemented with 10% heat-inactivated 
FCS and streptomycin-glutamine-penicillin (ThermoFisher Scientific). All cell lines 
were regularly checked for mycoplasma and verified to be negative.

Screen for genetic regulators of detyrosinated α-tubulin
The haploid genetic screen was carried out as described before in detail in (1). In brief: 
4e9 mutagenized Hap1 cells were treated with 2 µM paclitaxel (Teva UK Limited) for 
3 hours. Cells were harvested, washed with ice-cold PBS followed by fixation with 
pre-cooled methanol (Sigma Aldrich #32213) for 10’ on ice. Cells were resuspended 
in PBS (ThermoFisher Scientific) supplemented with 10% FCS, hereafter referred to 
as FACS buffer. Cells were subjected to multiple rounds of straining (40 µm strainer, 
BD Falcon) to create a single cell suspension which was treated with 10 µg ml-1 RNAse 
A (Qiagen) for 30’ at 37°C. Of this suspension, 3e9 cells were stained using antibody 
AB3201 (Merck-Millipore) (ab48389 from Abcam for the second purification, fig. S1A) 
directed against detyrosinated α-tubulin , for 2 hours at room temperature (RT). After 
washing with FACS buffer, secondary antibody Goat-anti-Rabbit-AlexaFluor-488 
(ThermoFisher Scientific #A-11008) was added for 1 hour at RT. Washing with FACS 
buffer was followed by 10 µg ml-1 Propidum Iodide (ThermoFisher Scientific) staining. 
Sorting was performed on a S3 Sorter (Bio-Rad) until 10e6 cells for both the highest- 
and lowest 1% of the detyrosination signal were retrieved. Only G1-cells were gated 
to prevent the contamination with diploid Hap1 cells. Sorted cells were collected and 
genomic DNA isolation, library preparation, and analysis were performed as described 
in Brockmann et al (1). Briefly, sequence reads were aligned to hg19 tolerating a single 
mismatch and assigned to non-overlapping protein-coding gene regions (Refseq). The 
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number of in sense gene trap integrations in each gene was compared between the 
high and low deY-tubulin population by means a two-sided Fisher’s exact test (false 
discovery rate (Benjamini and Hochberg)-corrected). A complete overview of the 
number of insertion sites mapped in the screen is available in supplementary table 1.

Immunoblot analysis
For immunoblot analysis SDS-sample buffer (0.25M Tris-HCl pH 6.8; 6% SDS, 30% 
Glycerol, 16% β-mercaptoethanol and bromophenolblue) was added directly to PBS 
washed cells. SDS gels used are all 4%-12% Bis-Tris gels (ThermoFisher Scientific 
#NP0355) ran in MOPS buffer (ThermoFisher Scientific #NP-0001) and blotted on PVDF 
(Immobilon-P Merck Millipore #IPVH00010) in standard blotting buffer containing 
20% ethanol. Blocking of the immunoblot was done in 4% milk (Merck Millipore 
#1.15363.0500) in TBS-Tween20. Antibodies used for immunoblot analysis: eIF4G (Cell 
Signaling Technologies #2498); α-tubulin  (DM1A; Santa Cruz #32293); detyrosinated 
α-tubulin  (Merck Millipore AB3201); TTL (Proteintech 1318-1-AP); Tyrosinated tubulin 
(YL1/2 Sigma Aldrich MA1 80017); Flag (CST #2368); GFP (Santa Cruz #sc8334).

Quantifications of immunoblots
The ratios of detyrosinated tubulin versus α-tubulin  levels are presented as 
relative values compared to the highest ratio found on that particular immunoblot. 
Quantifications were performed using FIJI (FIJI Is Just Image-J) software. Bands of 
both total α-tubulin  and detyrosinated α-tubulin  were quantified individually and 
background was determined by placing a square with the same size on a random location 
on the same immunoblot. The average value of the background was subtracted from 
the measured intensity. The values obtained by these measurements were used to 
calculate the ratio of detyrosinated α-tubulin  over total α-tubulin . Subsequently, all 
the values were divided by the highest value, giving the relative ratio for an individual 
sample.

Cycloheximide/paclitaxel treatment and 35S-labelling
Cycloheximide/paclitaxel treatment. Cells were co-treated with freshly prepared 
cycloheximide (160 µg ml-1) for 1 hour (in other experiments paclitaxel treatment 
is used for 3 hours). Hap1 ∆VASH1-2 cells were starved in methionine- and cysteine 
deficient DMEM for 30 minutes. 160ug mL-1 freshly prepared cycloheximide was added 
for 40’. 35S-trans-label was added for 20 minutes. Cells were washed three times with 
ice-cold PBS to remove free label, then sample buffer was added. Lysates were run on 
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a standard gel (4%-12% as mentioned before) and after drying imaged on Typhoon 
FLA 9500 (GE Healthcare).

Immunofluorescence
CHL-1 cells were seeded on gelatin coated cover slips in 12-well plates. After 24 hours, 
cells were treated with 2 µM paclitaxel for 2 hours. After washing three times with ice-
cold PBS, cells were fixed and permeabilized with pre-cooled Methanol (Sigma Aldrich 
#32213) for 4’ and blocked using 5% normal goat serum (Sigma Aldrich #G9023) for 
1 hour at RT, followed by three washes in PBS supplemented with 1% goat serum (IF 
buffer). Cells were stained overnight in a wet chamber at 4°C using same antibodies 
as for immunoblotting in IF buffer. After rinsing with IF buffer, secondary antibody 
Goat-anti-Rabbit-AlexaFluor-488 (ThermoFisher Scientific #A-11008) and Goat-anti-
Mouse-AlexaFluor-568 (ThermoFisher Scientific #A-11004) were incubated for 1 hour at 
RT in a wet chamber. After washing with IF buffer, slides were incubated with 1 µg ml-1 
4’,6-diamidino-2-phenylindole (DAPI) for 15’ at RT. Slides were washed and mounted 
using Shandon Immu-Mount (ThermoFisher Scientific #9990402) and imaged the 
same day using a Leica SP5 confocal microscope using LCS software.

Quantification of immunofluorescence
To quantify the rate of detyrosination in CHL-1 wild-type and vasohibin deficient cells, 
the Cellprofiler software (2) was used to determine the pixel area where tubulin is 
present using the α-tubulin  images, excluding the nuclear region based on the DAPI 
signal. The mean of the pixel intensity of the detyrosinated α-tubulin  signal per cell 
was determined in the same area.

Generation of knock-out cell lines
As multiple isoforms and splice-variants of vasohibins are present, we designed gRNAs 
targeting the exon encoding the catalytic cysteine in both VASH1 and VASH2 (VASH1: 
5’- ACGGCTTCCAGGCATTTGAT-3’; VASH2: 5’ –TTTGATAGGCAAGGACTCTC-3’). These 
gRNAs were cloned all in px330, pLentiV2 _ Blast (addgene #83480) and pxpr _ 001.
The Hap1 mutants as displayed in Fig. 2A were obtained as following: the ∆VASH1 cell 
line used as background to generate the double knock out created by transfection with 
px330 _ VASH1exCatCys and co-transfection with a plasmid containing CMV-driven 
expression of the Blasticidin resistance gene (CMV-Blasticidinres). Resistant cells were 
subcloned and genomic DNA was isolated using DirectPCR (cell) (Viagen #302-C). Clonal 
cell lines were tested for ploidy and diploid clones were disregarded. To generate the 
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∆VASH2 mutants, in parallel, Hap1-WT and ∆VASH1 cells were transfected with either 
px330 _ empty or px330 _ VASH2exCatCys, co-transfected with the CMV-Blasticidinres 
plasmid. After selection, all cell lines were subcloned and subjected to sequencing to 
identify clones bearing disruptive mutations.
To sequence the affected locus, the following primers were used:
Fw _ VASH1 _ exCatCys 5’- GTGGGAGGTGGAAGTGAAAGAAGG-3’;
Rv _ VASH1 _ exCatCys 5’- GCCAAGCAGATGACTGCATATGG-3’;
Fw _ VASH2 _ exCatCys 5’- TGCTATGGAGTACTGGCACTAACTCC-3’;
Rv _ VASH2 _ exCatCys 5’- GTCCAAGAAGCCAAGCATTGATTTGG-3’.
For Sanger Sequencing, the following primers were used:
Fw _ VASH1 _ exCatCys _ seq 5’- GGCCTCCTTCCTATCAGCAGTG-3’ and
Fw _ VASH2 _ exCatCys _ seq 5’- CTGCAAGGTGACTTCTCCCTTTTCC-3’

HEK293T and CHL-1 mutant cell lines: cells were either transfected or transduced as 
depicted in the scheme below. In transfections CMV-Blasticidinres was co-transfected. 
HEK293T were transfected using Turbofectin (Origine #TF81005) and CHL-1 cells were 
transfected using Lipofectamine 2000 (ThermoFisher scientific). For transductions, 
standard lentivirus production protocols were used. 24 hours after transfection or 48 
hours after transduction cells were selected using Blasticidin or Puromycin (Blasticidin 
HEK293T 50 µg ml-1, CHL-1 35 µg ml-1 Invivogen #ant-bl-1; Puromycin HEK293T 3 µg 
ml-1) for 72 hours. Resistant cells were subcloned and gDNA was isolated as described 
before. CHL-1 cells were subjected to an additional round of subcloning. No obvious 
proliferation defects were observed in any of the generated knockout cell lines.

4
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Scheme

Cell line Mutant Clone Vector
Transfected/ 
Transduced

HEK293T Control 1 px330 _ empty Transduced

Control 2 pxpr _ 001 _ empty / pLentiV2 _ Blast _ empty Transduced

∆VASH1 1 px330 _ VASH1 _ exCatCys Transfected

∆VASH1 2 px330 _ VASH1 _ exCatCys Transfected

∆VASH1/2 1 pxpr _ 001 _ VASH1 _ exCatCys/pLentiV2 _
Blast _ VASH2 _ exCatCys

Transduced

∆VASH1/2 2 pxpr _ 001 _ VASH1 _ exCatCys/pLentiV2 _
Blast _ VASH2 _ exCatCys

Transduced

CHL-1 Control 1 px330 _ empty Transfected

Control 2 pxpr _ 001 _ empty / pLentiV2 _ Blast _ empty Transduced

∆VASH1 1 pxpr _ 001 _ VASH1 _ exCatCys Transduced

∆VASH1 2 pxpr _ 001 _ VASH1 _ exCatCys Transduced

∆VASH1/2 1 pxpr _ 001 _ VASH1 _ exCatCys/pLentiV2 _
Blast _ VASH2 _ exCatCys

Transduced

∆VASH1/2 2 px330VASH1exCatCys/px330VASH2exCatCys Transfected

To identify clones bearing out-of-frame mutations or large deletions, leading to 
removal of the catalytic site cysteine. TIDE-analysis (3) was performed and sanger 
reads were manually traced to identify mutant alleles.
TTL mutant cell lines showed no obvious cell fitness defect and were generated 
by cloning gRNA 5’-GTTCTCATCGCGTACCACGA-3’ in px330. Hap1 cells were co-
transfected with px330-TTL and CMV-Blasticidinres, selected clones were screened 
for TTL mutations by Western-blot using the TTL antibody previously mentioned.
TUBA4A mutants were generated by cloning gRNA 5’- GGTGGGCATCGACTCCTATG-3’ 
into px330. Hap1 VASH1-2 deficient cells were transfected and selected with 
Blasticidin as mentioned before. Single colonies were picked from a plate 
and mutations were analysed using sanger sequencing of a PCR fragment 
obtained with TUBA4A _ fw 5’-CTATGCACCAGTCATCTCTGCAG-3’ and 
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TUBA4A _ rv 5’ GGTCTCACCTTCAGCGATGGAAG-3’. Sequencing primer 5’- 
GCCAACCAGATGGTAAAGTGTGATC-3’ was used to sequence the PCR product.
Cloning of expression constructs
SVBP-Flag, VASH1-Flag and VASH2-Flag were cloned from Hap1 cDNA, using Accuprime 
Hifi Taq polymerase (Thermofisher Scientific #12346-086) using primers:
SVBP-Fw: 5’-CAGTGAATTCGCCACCATGGATCCACCTGCACGTAAAG-3’
SVBP-Rv: 5’-CATGGTCGACTCACTTATCGTCGTCATCCTTGTAATCTTCTCCAGGAGGCT-
GCATC-3’
VASH1-Fw: 5’-CAGTGAATTCGCCACCATGCCAGGGGGGAAGAAGGTGGCTG -3’
VASH1-Rv: 5’- CATGGTCGACTCACTTATCGTCGTCATCCTTGTAATCGACCCGGATCTG-
GTACCCGTT-3’
VASH2-Fw: 5’-CAGTGAATTCGCCACCATGACCGGCTCCGCGGCCGACACTC-3’
VASH2-Rv: 5’-CATGGTCGACTCACTTATCGTCGTCATCCTTGTAATCAATTCGGATTT-
GATAGCCCAC -3’
Using standard cloning protocols, PCR products were cloned in pcDNA and VASH1-
Flag in pMX-ires-Blast.
VASH1-Cys169Ala-Flag was obtained by fusion PCR of PCR products obtained with 
VASH1-Fw and
Rv _ VASH1 _ C169A: 5’- GGATCACGGCTTCCAGGGCTTTGATTGGCAGGGCCTC-3’
Fw _ VASH1 _ C169A:5’- GAGGCCCTGCCAATCAAAGCCCTGGAAGCCGTGATCC-3’ and 
VASH1-Rv.
pcDNA containing VASH1 was used as a template. Using standard cloning protocols 
fusion PCR product was cloned in pcDNA.
VASH2-Cys93Ala-Flag was obtained by fusion PCR of PCR products obtained with 
VASH2-Fw and
Rv _ VASH2 _ C93A: 5’-CCAGGATGACAGCTTCAAGGGCTTTGATAGGCAAGGACTC-3’
Fw _ VASH2 _ C93A: 5’-GAGTCCTTGCCTATCAAAGCCCTTGAAGCTGTCATCCTGG-3’ 
and VASH2-Rv.
pcDNA3.1 containing VASH2 was used as a template. Using standard cloning protocols 
fusion PCR product was cloned in pcDNA.
GFP-minimal substrates were obtained by PCR on eGFP template using primers:
Fw _ eGFP: 5’-TGATGATGCTAGCGCCACCATGGTGAGCAAGGGCGAGGAGCTGTTCAC-3’
Rv _ TUBA1A/B: 5’-agtagcggccgcTTAGTATTCCTCTCCTTCTTCCTCACCCTCTCCTTCAA-
CAGAATCCACACCAACCTCCTCATAATCCTTGTACAGCTCGTCCATGC-3’
Rv _ TUBA3C: 5’- gagcggatccTTAATACTCTTCACCCTCATCCTCTCCGTCAGCAC-
TATCCTTGTACAGCTCGTCCATGC-3’

4
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Rv _ TUBA4A: 5’- gagcggatccTTATTCTTCTCCCTCATCCTCGTCCTCATAGGAGTC-
GATCTTGTACAGCTCGTCCATGC-3’
Rv _ TUBA8: 5’–gagcggatccTTAAAATTCCTCCCCTTCATTTTCTTCTTCAAACGAATCCTTG-
TACAGCTCGTCCATGC-3’

GFP-TUBA1A/B mutants were obtained by using the eGFP-TUBA1A/B construct as a 
template and perform mutagenesis PCR using primers:
Fw _ eGFP: 5’-TGATGATGCTAGCGCCACCATGGTGAGCAAGGGCGAGGAGCTGTTCAC-3’
Rv _ TUBA1B-F: 5’-GCTCGGATCCTTAGAATTCCTCTCCTTCTTCCTCAC-3’
Rv _ TUBA1B-S: 5’-GCTCGGATCCTTAGGATTCCTCTCCTTCTTCCTCAC-3’
Rv _ TUBA1B-A: 5’-GCTCGGATCCTTAGGCTTCCTCTCCTTCTTCCTCAC-3’
Rv _ TUBA1B-YG: 5’-GCTCGGATCCTTAACCGTATTCCTCTCCTTCTTCCTCAC-3’
Rv _ TUBA1B-GY: 5’-GCTCGGATCCTTAGTAACCTTCCTCTCCTTCTTCCTCAC-3’
Using standard cloning protocols purified PCR products were cloned in pcDNA3.1(-).

Expression and purification of recombinant protein
Codon-optimized synthetic genes encoding VASH1 and SVBP were cloned into pFastBac-
derived vectors containing a c-terminal 2xstrepII-Flag tag (VASH1) or a c-terminal 6xHis-
tag (SVBP) using Ligation Independent Cloning (LIC) as described in Luna-Vargas et al., 
(4). The VASH1-Cys169Ala mutant was created using the QuickChange cloning method 
(Agilent genomics). DNA Constructs were used for transposition into EMBACY Bacmid 
DNA according to Bac-to-Bac manufacturer procedures (ThermoFisher Scientific). 
Bacmid DNA was transfected into sf9 insect cells and after 3 days baculovirus (P0) 
was harvested. Virus was amplified by addition of 0.5 ml of P0 virus stock to 25 ml 
of 1 x 106 sf9 cells ml-1, grown in suspension. After 3 days, baculovirus was harvested 
(P1 stock) and these stocks were used to infect larger volumes of insect cells: 500 
µl of SVBP-his P1 virus was used per 500 ml of 1 x 106 insect cells to obtain SVBP-his 
protein. The VASH1-strepII-Flag/SVBP-his complex was produced upon co-infection 
of 500 ml 1 x 106 sf9 cells ml-1 with 500 µl of SVBP-his P1 virus and 500 µl of VASH1-
strepII-Flag P1 virus. Cells were harvested after 3 days by centrifugation at 1500 x g 
and cell pellet was stored at -20°C until further use.
For protein purification, cells were resuspended in lysis buffer A (25 mM Tris-HCL pH 
8.0, 200 mM NaCl, 1 mM TCEP) and lysed by sonication. After removal of cell debris 
and insoluble proteins by centrifugation at 50,000 x g, the soluble fraction was used 
for affinity purification. SVBP-his was purified using Talon beads (ClonTech) and 
eluted in buffer A containing 200 mM imidazole. SVBP-his was further purified by size 
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exclusion chromatography on a Superdex S75 16/60 column (GE Healthcare) in buffer 
A. Fractions were pooled, concentrated and aliquots were stored at -80°C. The VASH1-
strepII-Flag/SVBP-his complex was first purified using Talon beads as described above, 
followed by a second affinity purification using StrepTactin beads (IBA Lifesciences). 
Upon elution by 2.5 mM Desthiobiotin in buffer A, fractions containing the complex 
were pooled, concentrated and aliquots were stored at -80°C. For part of the purified 
complex, tags were removed upon treatment with 3C protease after Streptactin 
purification, followed by size exclusion chromatography on a SEC650 column (Bio-
Rad). Fractions containing the untagged-complex were pooled, concentrated and 
aliquots were stored at -80°C.

Size Exclusion Small Angle X-ray Scattering (SAXS) data collection
SAXS data were collected at Beamline BM29 at ESRF (Grenoble). About 40 μl of 
either SVBP or VASH1-SVBP complex were loaded onto a Superdex S75 or Superdex 
S200 column at a concentration 3-5 mg ml-1. The flow rate was adjusted to 0.2 ml 
min-1 and the scattering profile of the eluate was collected in 1100 successive frames 
of 1s; the full absorption spectrum was also measured. The protein elution peak 
was determined from that data and the scattering intensities of the corresponding 
frames were averaged. The scattering from the solvent was subtracted, according to 
standard procedures.

SAXS data analysis
The data were analyzed using the ATSAS and ScÅtter software packages to obtain 
model independent parameters such as the radius of gyration (Rg), the maximal 
distance (Dmax ) and the volume of correlation (Vc) (5, 6) . The molecular mass was 
calculated using the Porod volume, and the QR method (7, 8). The ambiguity of the 
two datasets was measured using the program AMBIMETER (9). The SVBP dataset is 
characterized by higher ambiguity; in the complex with VASH1 the ambiguity score 
decreases suggesting that the 3D reconstruction is potentially unique, and indicating 
the stabilizing role of SVBP on the VASH1-SVBP complex. To create an ab initio model for 
VASH1-SVBP complex, data range was selected based on Shannon sampling according 
to the program SHANUM (10). DAMMIN was used to create an ab initio model from 16 
independent runs. Averaging was performed using SUPCOMB and DAMAVER program 
(11). In addition, a multiphase volumetric analysis was performed using MONSA and 
the two datasets of SVBP and VASH1-SVBP. An averaged and aligned MONSA model 

4
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was calculated from 20 independent MONSA runs, indicating a plausible model for 
the SVBP and VASH1 placement.

In vitro detyrosination assays:
In vitro detyrosination assay: 200 nM of vasohibin:SVBP, VASH1, vasohibin-Cys169Ala 
or SVBP was incubated with 50 nM of HeLa purified α/β-tubulin (TeBu-Bio 027CS-
H001-B) in buffer containing 50 mM Tris-HCl pH 8.0; 10% glycerol; 1 mM DTT; 1 mM 
PMSF and was incubated for 2 hours at 37°C. Samples were mixed with sample buffer 
(as mentioned before) and subjected to immunoblotting.
To determine the KM, 200 pM of enzyme was incubate with a 1:1 dilution series of 
HeLa cells purified α/β-tubulin in the assay conditions described above. The reactions 
were incubated for 8 hours at 37°C and dot-blotted on nitrocellulose (GE Healthcare 
#10600001). The blots were digitally imaged; as the dynamic range of the tubulin 
intensities was too broad to assay in a single blot, the assay was performed over 
two blots: one with high and one with low concentrations of HeLa cells purified α/β-
tubulin. All experiments were done in triplicate. To estimate the intensity of each dot, 
a square block was isolated and the values of the pixels were summed; the background 
was measured by placing a square of identical size in randomly chosen areas of the 
blot. To bring both the intensities of dots on both blots in scale, a scaling factor was 
calculated from the background of the two blots. The ΚM was then estimated using 
standard methods in GraphPad/Prism.
The assay to determine the difference in detyrosination activity of SVBP:VASH1 towards 
polymerized and non-polymerized α/β-tubulin was performed on in vitro generated 
microtubules. To polymerize, 3 mg ml-1 α/β-tubulin was incubated in the presence 
of 1 mM GTP, 10% glycerol and 10 µM paclitaxel. The reaction was incubated at 37oC 
for 90 min and polymerized MTs were diluted 3-fold with General Tubulin Buffer, 
supplemented with 10 µM paclitaxel, before added to an in vitro reaction as described 
above, supplemented with 20 µM paclitaxel. The same reaction was performed 
without the addition of GTP to prevent efficient polymerization. To quantify the 
difference in the detyrosination rate of VASH1:SVBP, the detyrosinated and the total 
tubulin levels were measured by immunoblot analysis. The bands were quantified 
as described above. To account for differences in the efficiency of blotting between 
experiments, a linear scale was applied between equivalent datasets from different 
experiments; scale factors were calculated by linear regression to minimise the least 
squared difference between all points in all three equivalent datasets. The average for 
each dataset (deY non-polymerized, deY polymerized, total non-polymerized, total 
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polymerized) and the standard error were calculated, and the ratio of deY versus total 
tubulin were calculated, together with the standard error of ratio, to calculate the 
initial enzymatic rate of detyrosination. A linear model was fit to estimate the rates 
of hydrolysis for the two reactions.

Proteomics
Mock- and VASH1-treated tubulin standard was separated on gel, tubulin bands 
(~50kDa) were excised, reduced with 6.5mM DTT, alkylated with 54 mM iodoacetamide 
and in-gel digested with Lys-N (10 ng µl-1) overnight at 370C. Extracted peptides were 
vacuum dried, reconstituted in 10% formic acid and analyzed by nanoLC-MS/MS on an 
Orbitrap Fusion Tribrid mass spectrometer equipped with a Proxeon nLC1000 system 
(Thermo Scientific). Peptides were loaded directly on the analytical column, separated 
using a linear 45-min gradient and further settings were as described previously (12). 
Raw data files were processed with Proteome Discoverer (version 1.4.1.14, Thermo 
Scientific), searching against the human swissprot database (release 2016 _ 01, 20.187 
entries), using Mascot (version 2.5, Matrix Science, UK). Carbamidomethylation of 
cysteines and oxidation of methionine were set as fixed and variable modifications, 
respectively. Semi-Lys-N was specified as enzyme and up to two miscleavages were 
allowed. Data filtering was performed using percolator, resulting in 1% false discovery 
rate (FDR) at peptide level. Additional filters were search engine rank 1 peptides and 
ion score >20. To assess the relative composition of tyrosinated and non-tyrosinated 
tubulin upon VASH1 treatment, extracted ion chromatograms of the C-terminal 
peptide with and without tyrosine were generated in Thermo Xcalibur Qual Browser 
software (version 3.0.63).

4
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Fig. S1. Mutations of vasohibins and SVBP in different genetic screens and their expression 
in Hap1 cells. (A) Individual mutations in SVBP and TTL obtained in the screen represented in 
Fig. 1B and a selection using an independent antibody. Selection for cells with low amounts of 
detyrosinated α-tubulin  are enriched for SVBP mutations (plotted on a yellow background), 
whereas selection for cells in the “high” channel were found to be enriched for TTL mutations 
(plotted on a grey background). Disruptive sense-orientation gene-trap integrations are counted 
and depicted. (B) The MI-values for SVBP and TTL are plotted for 10 other previously-published 
screens, indicating that they are uniquely identified as regulators of tubulin detyrosination. 
(C) Screen for genetic regulators of detyrosinated α-tubulin  as shown in Fig 1C, showing that 
neither VASH1 nor VASH2 (highlighted) was identified as significant regulator of α-tubulin  
detyrosination. (D) Ranked gene expression based on RNAseq data of wild-type Hap1 cells, 
available in Brockmann et al (1). Average expression was calculated and non-coding genes 
were removed. VASH1, VASH2, SVBP and TTL were highlighted.
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Fig. S2. SVBP co-transfection results in increased levels of soluble VASH1. HEK293T cells 
were transfected with plasmids encoding VASH1-Flag, SVBP-Flag or a combination of both. 
From these cells, a Whole Cell Lysate (WCL), a soluble fraction and an insoluble fraction were 
obtained. These fractions were subjected to immunoblot analysis showing that cells that co-
express SVBP-Flag with VASH1-Flag have higher levels of soluble VASH1-Flag, and SVBP-Flag 
itself is detected in the soluble fraction. 4
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Fig. S3. Generation of Hap1 cells deficient for VASH1, VASH2 or VASH1-2 using CRISPR/
CAS9. Plasmids encoding Cas9 as well as a gRNA predicted to cause a mutation at just upstream 
of the catalytic cysteine critical for vasohibin-dependent tubulin detyrosinating activity were 
transfected in Hap1 cells. Sanger sequencing of PCR products of the affected locus of clonal 
cell lines show genomic mutations at the respective loci and the altered amino acid sequences 
are indicated.
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Fig. S4. TUBA4A does not explain the remaining levels of tubulin detyrosination present 
in VASH1-2 deficient cells. (A) gRNA targeting the 3’end of TUBA4A was used to mutate 
the c-terminal tail of TUBA4A, in cells deficient for VASH1-2, resulting in an early stop-codon, 
preventing the expression of the “detyrosination epitope”. (B) WT, VASH1-2 deficient cells 
and VASH1-2 deficient cells with the mutation shown in (A). These cells were treated with 
paclitaxel, showing a similar increase in detyrosination in both the VASH1-2 deficient cells 
as the cells lacking VASH1-2 in combination with the C-terminal tail of TUBA4A, excluding 
a significant role for TUBA4A in the observed increase in paclitaxel-induced detyrosination.

4
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Fig. S5. Generation of HEK293T cells deficient for VASH1, VASH2 or VASH1-2 using 
CRISPR/CAS9. CRISPR/Cas9 variants targeting the exon encoding the catalytic cysteine critical 
for vasohibin-dependent tubulin detyrosination activity were used to obtain the indicated 
mutations. For a detailed overview of applied approach per clone see methods section.
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Fig. S6. Generation of CHL-1 cells deficient for VASH1, VASH2 or VASH1-2 using CRISPR/
CAS9. CRISPR/Cas9 variants targeting the exon encoding the catalytic cysteine critical 
for vasohibin-dependent tubulin detyrosination activity were used to obtain the indicated 
mutations. For a detailed overview of applied strategy per clone see methods section.

4
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Fig. S7. Tyrosinated α-tubulin levels are modestly affected by a decrease in detyrosination 
levels. (A) Wild-type Hap1 (same lysates as used in figure 2C) and CHL-1 cells as well as Hap1 
cells and CHL-1 deficient for VASH1-2 were treated with paclitaxel and subjected to immunoblot 
analysis using an antibody specifically recognizing the tyrosinated form of α-tubulin . In both 
Hap1 as CHL-1 cells only a moderate increase is in tubulin tyrosination is detected in vasohibin 
deficient cells. (B) Immunofluorescence of WT CHL-1 cells showing a moderate increase in 
tubulin tyrosination levels in cells deficient for vasohibins.
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Fig. S8. Protein synthesis is not required for the generation of detyrosinated tubulin in 
vasohibin deficient cells. WT and VASH1-2 deficient cells were treated with cycloheximide 
(CHX) (160 ug ml-1), paclitaxel or a combination of both and subjected to immunoblot analysis. 
Short (1 hour) co-treatment of CHX with paclitaxel does not affect the levels of detyrosinated 
tubulin, illustrating that tubulin detyrosination in vasohibin-deficient cells takes place on the 
pre-existing pool of tubulin molecules.

Fig. S9. Comparative Western-Blot analysis of paclitaxel treated WT and vasohibin-
deficient CHL-1 cells. To estimate the difference in total detyrosinated α-tubulin  levels in 
WT cells compared to vasohibin deficient cells, a diluted sample of VASH1-WT cells treated 
with paclitaxel was compared to a paclitaxel treated lysate obtained from vasohibin deficient 
cells. Immunoblot analysis was carried out using antibodies specific for detyrosinated α-tubulin  
and eIF4G.

4
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Fig. S10. Spindle microtubules are subjected to detyrosination by vasohibins. Wild type 
and vasohibin deficient CHL-1 cells were treated with MG132 to enrich for mitotic spindles, 
followed by fixation and immunostaining for α-tubulin  and detyrosinated tubulin. In WT 
cells, co-localization of the detyrosinated signal with the tubulin signal is observed, which is 
absent in VASH1-2 knock out cells.
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Fig. S11. SAXS analysis of the VASH1-SVBP complex and SVBP. (A) Scattering curve of 
VASH1:SVBP complex. (B) Guinier analysis of VASH1:SVBP complex, indicating that the sample 
is monodisperse. (C) The interatomic distance probability distribution P(r) of VASH1:SVBP 
suggesting that the shape of the complex is not spherical but elongated. (D) Dimensionless 
Kratky plot of VASH1:SVBP complex. The observed shift to the right of the peak indicated by 
the two grey axes, suggests that the shape of VASH1:SVBP is not spherical. (E) Averaged and 
aligned DAMMIN ab initio model of VASH1:SVBP. Rotation is performed 90o along the x-axis. 
Average was determined from 16 independent DAMMIN runs. (F) Scattering curve of SVBP. 
(G) Guinier analysis of SVBP protein. (H) The interatomic distance probability distribution P(r) 
of SVBP indicating the non-spherical shape of the protein. (I) Dimensionless Kratky plot of 
SVBP. (J) Averaged and aligned MONSA model of VASH1:SVBP protein complex. Average was 
determined from 20 independent MONSA runs. Rotation is performed 90o along the x-axis.

4
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Fig. S12. Determination of the KM of SVBP:VASH1 complex towards purified α/β-tubulin. 
(A) Purified SVBP-VASH1 was incubated with α/β-tubulin purified from HeLa cells and analyzed 
by quantitative dot-blot analysis using antibodies directed against detyrosinated α-tubulin  
to determine the KM value. (B) Example of a dot-blot used for KM-analysis based on the in 
vitro detyrosination assay presented in (A). A 1:1 dilution of α-tubulin  was incubated with a 
fixed amount (200 pM) of SVBP:VASH1 complex for 8 hours. Reaction was spot-blotted on 
a membrane and subjected to immunoblotting using an antibody recognizing detyrosinated 
tubulin. Dots were subjected to quantification using FIJI software.

Fig. S13. All tubulin C-terminal tails encoding an aromatic c-terminus can be subjected 
to enzymatic processing by vasohibins. Co-expression of vectors encoding VASH1, VASH1-
C169A and VASH2 and minimal substrates consisting of the C-terminal tails of all α-tubulin  
isoforms attached to enhanced Green Fluorescent Protein (eGFP) in HEK293T cells. Detyrosination 
activity was determined by immunoblot analysis using specific antibodies. eIF4G was used as 
a loading control.
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ABSTRACT

Fatty acid and sterol metabolism are controlled by the transcription factors Sterol 
Regulatory Element Binding Proteins (SREBPs). When inactive, SREBPs are found 
in complex with SCAP in the membrane of the Endoplasmic Reticulum (ER). Upon 
cholesterol depletion this complex is transported towards the Golgi-apparatus where 
SREBPs are cleaved and released from the Golgi-membrane to allow translocation of 
the N-terminal part to the nucleus, while SCAP is being transported back to the ER. In 
this study, we interrogated the SREBP activation pathway by various haploid genetic 
screens. Comparing these screens uncovered C12orf49, a previously uncharacterized 
Golgi-resident protein, as a factor associated with the SREBP activation cascade. In cells 
deficient for C12orf49 we observed an impaired induction of SREBP target genes upon 
cholesterol depletion both in human cells as well as in primary mouse hepatocytes. 
Moreover, even in sterol-rich conditions, SCAP is localized to the Golgi-apparatus 
rather than the ER in ∆C12orf49 cells. Overexpression of SCAP can rescue the loss 
of C12orf49, suggesting that C12orf49 is required for SREBP activation by aiding the 
retrograde transport of SCAP.
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INTRODUCTION

In mammalian cells, fatty acids (FAs) and sterols play a critical role in energy metabolism, 
the maintenance of cellular membranes and serve as building blocks for steroid 
hormones and vitamins. Cellular homeostasis requires FA and sterol levels to be 
tightly regulated. Genes involved in lipogenesis and sterol synthesis contain Sterol 
Responsive Elements (SRE) in their promotor region. The transcriptional control of 
SRE-containing genes relies on Sterol Responsive Element Binding Proteins (SREBPs). 
Based on sequence homology, SREBPs are a family of very similar transcription factors, 
differing mainly in their target genes. Generally, SREBP1c induces transcription of FA 
homeostasis genes such as Fatty Acid Synthase (FASN) and Acetyl-CoA Carboxylase 
A (ACACA) (1). SREBP2 is considered to regulate the transcription of the cholesterol 
synthesis and uptake members (e.g. HMG CoA-Reductase (HMGCR), Squalene Epoxidase 
(SQLE) and Low-Density Lipoprotein Receptor (LDLR)). The remaining family member, 
SREBP1a, is capable of activating both FA as well as sterol biogenesis genes (2).

SREBPs all consist of an N-terminal basic helix-loop-helix leucine zipper domain 
(bHLH-Zip) and a regulatory carboxyterminus. When sterols are abundant, SREBPs are 
mainly localized in the endoplasmic reticulum (ER). They are inserted in the membrane 
of the ER in a hairpin-like fashion, with their transcription-activating domain facing 
the cytoplasm (3, 4). SREBPs form a heterodimeric complex with the sterol-sensing 
protein SREBP cleavage-activating protein (SCAP) (5) and are anchored to the ER by 
the interaction with ER retention protein Insulin-Induced Gene 1 (INSIG1) (6). In the 
absence of cholesterol, a conformational change in SCAP allows the release of the 
SCAP:SREBP complex from INSIG1, resulting in the COP-II mediated trafficking of 
the SCAP:SREBP complex to the Golgi-apparatus (7). In the Golgi-apparatus, SREBPs 
undergo consecutive two-step proteolytic cleavages by the proteases S1P and S2P, 
which releases the N-terminal bHLH-Zip domain of SREBPs from the Golgi-membrane, 
allowing its translocation to the nucleus, where it leads to the expression of SREBP 
target genes (8, 9). Besides the induction of sterol synthesis and FA homeostasis genes, 
a feed-forward loop is established by the transcription of SREBP1c and SREBP2 by 
themselves. In parallel, SCAP is being retrieved to the ER by COP-I mediated retrograde 
transport, enabling SCAP to accompany the newly expressed SREBPs to the Golgi-
apparatus. Although the presence of sterols strongly regulates the localization of 
SREBPs and SCAP, it is reported that also under cholesterol-rich conditions a proportion 
of the SCAP:SREBP2 complex is found in the Golgi (10), indicating a modest leakiness 
in this control mechanism.

5
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Recently, PAQR3 was identified as a Golgi-apparatus anchor for the SCAP:SREBP2 
complex. PAQR3 tethers the SCAP:SREBP2 to the Golgi by binding SCAP, and PAQR3 
presence aids the processing of SREBPs (11). However, this finding is accompanied by 
the questions why there is a need for such a tethering complex for SCAP:SREBP2 in 
the Golgi, as well as how SCAP is released from PAQR3 to allow retrograde transport.

Historically, genetic approaches have greatly contributed to the elucidation of 
the cholesterol sensing machinery (4, 12, 13). In this study, we have applied various 
haploid genetic screening techniques to interrogate FA homeostasis and cholesterol 
biosynthesis. We compared the genes identified as synthetic genetic interactions in 
cells depleted for de novo lipogenesis with the genes identified in a screen aimed to 
identify genetic regulators of SREBP2 and those identified in positive selection screen 
identifying host factors for Hanta-virus entry. A group of well described regulators of 
SREBPs was identified, together with the previously uncharacterized gene C12orf49. 
We determined that C12orf49, a membrane-bound Golgi-resident protein, is an 
important player in the activation of SREBPs. Cells depleted for C12orf49 exhibit 
an impaired transcriptional response to the withdrawal of sterols both observed on 
SREBP1c as well as SREBP2 target genes. This impaired transcriptional response can 
be attributed to the mis-localization of SCAP in ∆C12orf49 cells, in which SCAP is 
found in the Golgi-apparatus, even under sterol-rich conditions.

RESULTS

Diverse genetic screens in haploid human cells link C12orf49 to the cholesterol-
sensing pathway.
When cells undergo division two daughter cells are generated that contain a similar 
repertoire of biomolecules as their parental cell. Key biomolecules that are required 
for this task are nucleic acids and lipids. Surprisingly, our previous study indicated 
that Hap1 cells are not dependent on FASN, the key enzyme for de novo biosynthesis 
of fatty acids (14). To confirm this, we used CRISPR/Cas9 to generate cells carrying 
mutations in the FASN gene (Sup Fig 1). Indeed, clonal cell lines could be obtained 
that carried loss-of-function alleles in the FASN gene, resulting in the absence of 
FASN protein production. We subsequently undertook a synthetic lethality screen 
in FASN-deficient cells in order to identify mechanisms that enable the survival and 
division of these cells. Independent ∆FASN clones were mutagenized using gene-trap 
mutagenesis and cultured for 12 days to allow depletion of lethal mutations (Fig 1A, 
see Blomen et al.). Synthetic genetic interactions were analyzed by comparing the 

voorbereid_binnenwerk.indd   112 09-11-18   09:50



113

C12orf49 regulates sterol homeostasis

Figure 1: Different genetic screens in haploid human cells link C12orf49 to the SREBP activation 
pathway. A: Schematic outline of the approach to identify genes that are synthetic lethal 
with FASN deficiency. Fishtail plots show that SCAP, SREBF2, MBTPS1/2 and C12orf49 (red) 
are not biased for non-disruptive gene-trap insertions in wild-type HAP1 cells (n=4) but are 
significantly depleted for sense orientation integrations in ∆FASN cells (n=2). Light grey dots 
represent genes not biased towards sense-orientation (P>0,05; both enriched as depleted), 
and dark grey when found biased in all datasets. B: Generation of knock-in SQLE-mNeon Hap1 
cells. Immunofluorescence showing mNeon induction upon sterol depletion. 4’,6-diamidino-
2-phenylindole (DAPI) showing nuclei. Scalebar represents 25 mm. C: Genetic approach to 
identify regulators of SQLE using SQLE-mNeon cells. D: Result of the screen to identify genetic 
regulators of SQLE levels. The mutation index (relative mutation frequency in the “high” channel 
versus the “low” channel was plotted on the Y-axis; the total number of sense-orientation 
mutation was plotted on the X-axis. Significant outliers are coloured. Positive regulators are 
depicted in blue, negative regulators in yellow. E: Comparison of genes displaying synthetic 
lethality with FASN, the positive regulators of SQLE-mNeon as well as genes causing Andes 
virus resistance (Kleinfelter et al, 2015).

5
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results obtained in ∆FASN cells with the same experiment performed in wild-type 
Hap1 cells (14). In ∆FASN cells, 73 genes showed a synthetic genetic interaction. A 
strong genetic dependency was found on the gene encoding SREBP2, SREBF2, and its 
activation machinery (SCAP, MBTPS1, MBTPS2) which appear non-essential in wild-
type Hap1 cells. In addition, a group of genes associated with the import of lipids (e.g. 
FABP5, ACSL1, ACSL3) was found to be essential for fitness in ∆FASN cells (Sup Fig 2), 
including the LDL receptor (LDLR). Together this suggests that cells depleted for FASN 
rely on the uptake of lipids that are obtained from the growth medium. Interestingly, 
the uncharacterized gene C12orf49 was also essential for fitness in FASN-deficient 
Hap1 cells, suggesting a role for this factor in lipid biology (523 sense vs 542 antisense 
insertions in wild-type and 58 vs 167 in ∆FASN cells).

In parallel, we established a reporter cell line for SREBP2 activity by generating an 
endogenous fusion of mNeon to Squalene Epoxidase (SQLE), a well-established SREBP2 
target gene (15) (Fig 1B). Also, SQLE protein is controlled in a cholesterol dependent 
manner (16). In sterol-rich conditions, very low levels of the SQLE-mNeon fusion gene 
are expressed, whereas in sterol-depleted conditions the expression of SQLE-mNeon 
is induced (Fig 1B and Sup Fig 3). Using this cell line, we undertook a double-targeted 
approach to screen for both positive regulators of cholesterol signaling as well as 
degradation factors of SQLE. To do this, Hap1 SQLE-mNeon cells were mutagenized 
and expanded. 

Ultimately, cells were cultured for 16 hours in sterol-depleted serum, then treated 
with water-soluble cholesterol (methyl-b-cyclodextrin cholesterol) for 6 hours to induce 
the degradation of SQLE-mNeon. Mutants containing the lowest and highest 1% of the 
SQLE-mNeon protein were isolated using Fluorescence-Activated Cell Sorting (FACS), 
based on the methodology published previously (17) . Of both populations, genomic 
DNA was isolated and mutations were mapped (Fig. 1C). As expected, the mutation 
profiles (Fig. 1D) showed a strong enrichment for gene-trap insertions in the SQLE 
locus in the low channel (712 insertions in the “low” channel versus 1 insertion in the 
“high” channel). In addition, the known factors involved in the activation of cholesterol 
synthesis, SREBF2, MBTPS1/2 and SCAP, were identified. Gratifyingly, MARCH6, the 
gene encoding the E3-ligase responsible for ubiquitination and subsequent proteolytic 
degradation of SQLE (18) was identified as a strong negative regulator (560 insertions 
in the “low” channel versus 14 insertions in the “high” channel). Interestingly, C12orf49, 
previously (Fig 1a) identified as a gene synthetic lethal with the loss of FASN, was 
identified as a positive regulator in this screen (with 161 insertions in the “high” and 
3 insertions in the “low” channel).
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In the past, our laboratory has shown that entry of Hanta viruses into target cells 
depends on the presence of cholesterol in the host-cell membrane (19). Interestingly, 
by comparing the results of the genetic screens depicted in Fig 1a and Fig 1D with the 
hits obtained by the positive selection screen using a recombinant vesicular stomatitis 
virus pseudotyped with the glycoprotein of a species of hantavirus (Andes virus; 
rVSV-GP-ANDV) as selecting agent, a group of five genes (SREBF2, SCAP, MBTPS1/2 
and C12orf49) is shared in all three screens (Fig 1E), further highlighting a potential 
role for C12orf49 in activation of fatty acid and cholesterol synthesis.

Figure 2: C12orf49 is required for efficient SREBP activation A: qPCR analysis of C12orf49 
and SREBP target genes in wild-type and ∆C12orf49 Hap1 cells cultured in the presence and 
absence of sterols. B: Schematic representation of SREBP2 activation. Upon activation, SREBP2 
is transported to the Golgi-apparatus, where it is proteolytically cleaved, which leads to the 
release of SREBPs transcriptionally active N-terminus. C: Immunoblot analysis of SREBP2 
cleavage (and SQLE) in wild-type and ∆C12orf49 Hap1 cells in the presence and absence of 
sterols. CDK4 was used as a loading control. D: Immunoblot analysis of wild-type and ∆C12orf49 
Hap1 cells transduced with a transcriptionally active truncation mutant of SREBP2 containing 
a Flag epitope tag. CDK4 was used as a loading control. E: Transcriptional (RNA-seq) analysis 
of wild-type (first graph) and ∆C12orf49 cells (second graph) in sterol-rich and sterol-depleted 
conditions. Red dots indicate SREBP target genes. Induction of SREBP target genes could be 
restored by re-establishing C12orf49 expression (third graph).

5

voorbereid_binnenwerk.indd   115 09-11-18   09:50



116

Chapter 5

C12orf49 is required for establishing the SREBP- dependent transcriptional response
Because C12orf49 was identified in three independent haploid genetic screens in 
combination with the core of the SREBP regulatory machinery, we hypothesized that it 
plays a role in the transcriptional regulation of fatty acid and cholesterol homeostasis, 
orchestrated by SREBP activation. To address this, we analyzed by qPCR the induction 
of SREBP1c and SREBP2 target genes in wild-type and ∆C12orf49 cells upon the 
withdrawal of sterols. In wild-type Hap1 cells, both SREBP2 (HMGCR, SQLE and LDLR) 
and SREBP1c (FASN) target genes are induced upon the withdrawal of sterols, and 
this response was abolished in cells depleted for C12orf49 (Fig. 2A). In addition, the 
transcriptional activity of C12orf49 itself was not affected by cholesterol depletion, 
suggesting that it may function as an upstream regulator. Therefore, to directly assess 
the processing of endogenous SREBP2, we performed an immunoblot assay using an 
antibody recognizing unprocessed SREBP2 as well as the C-terminal part of SREBP2 
after cleavage (Fig. 2B-C). In wild-type cells, in the presence of sterols, most SREBP2 
was unprocessed, whereas in sterol-depleted conditions an increase in cleaved SREBP2 
was detected. Although processing of SREBP2 was detectable in ∆C12orf49 cells, the 
levels of processed SREBP2 were attenuated by the absence of C12orf49.

The impaired transcriptional response in ∆C12orf49 cells is translated to protein 
levels as SQLE induction is blunted after sterol depletion (Fig. 2D). Overexpression of a 
cDNA encoding the SREBP2 bHLH-zip domain, resembling the proteolytically-activated 
N-terminal part of SREBP2, could rescue SQLE protein levels (Fig. 2D), suggesting that 
C12orf49 does not directly affect the transcriptional activity of N-terminal SREBP2.

To globally address the role of C12orf49 in cholesterol sensing we applied a 
transcriptomics (RNA-seq) approach. Analysis of gene expression profiles illustrated 
that in wild-type Hap1 cells depletion of sterols leads to the activation of a SREBP-
dependent program (Fig 2E). In cells depleted for C12orf49, this transcriptional response 
was abolished and this phenotype could be restored by re-establishing the expression 
of C12orf49 in these cells. Together, these experiments show that C12orf49 is an 
important regulator of the SREBP-dependent transcriptional program.

C12orf49 is a Golgi-resident protein
Sequence analysis of C12orf49 shows that it is a small (204 amino acids) protein 
containing a cysteine-rich motif, a signal sequence and a predicted transmembrane 
domain (Fig. 3A). Expression of C12orf49-GFP resulted in a fluorescent signal that 
predominantly localized to the Golgi-apparatus (Fig 3B). Because cholesterol sensing 
initially occurs in the ER we asked if delivery of C12orf49 to the Golgi was essential for 
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its function. To address this, we generated a C12orf49 cDNA containing a C-terminal 
KDEL sequence, leading to its retention in the ER (20). Importantly, in contrast to 
wild-type C12orf49, C12orf49 that was retained in the ER was not able to functionally 
complement ∆C12or49 cells and promote SQLE upregulation upon sterol-depletion, 
(Fig 3C), suggesting that localization of C12orf49 in the Golgi-apparatus is essential 
for its function and that C12orf49 operates late in the secretory pathway.

Figure 3: C12orf49 is a Golgi-apparatus resident protein. A: Schematic overview of the 
predicted domains and posttranslational modifications of C12orf49 (based on www.uniprot.
org). B: HeLa cells were transfected with C12orf49-GFP, showing that C12orf49 is localized in 
the Golgi-apparatus, as it is colocalizing with the Golgi- resident protein GM130. DAPI was used 
to stain the nucleus. Scale-bar represents 25 mm. C: Immunoblot and immunofluorescence 
analysis of wild-type and ∆C12orf49 Hap1 cells transduced with C12orf49 or C12orf49-KDEL. 
Immunofluorescence shows C12orf49 in the Golgi-apparatus and C12orf49-KDEL in the ER. 

Scalebar represents 25 mm.
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C12orf49 affects the cholesterol pathway in murine hepatocytes and is essential 
for mouse embryonic development
Next, we sought to address the role of C12orf49 in mice. To establish mC12orf49-
deficient mice we used CRISPR/Cas9 to target the 5’ region of coding exon 2 and the 
3’ region of coding exon 5 of 241014K14Rik, the gene encoding mC12orf49. Using this 
CRISPR gRNA pair, we obtained heterozygous mice with a deletion spanning exons 2 
to 5 (Fig 4A). When heterozygous mC12orf49+/- mice were crossed, no homozygous 
viable offspring was obtained, illustrating that mC12orf49 is an essential gene for 
mouse embryonic development (0 out of 68 pups, Chi-squared test, 2 df, P<0,005). 
Assuming that the homozygous mice were embryonic lethal, heterozygous mice were 
born according to Mendelian ratios (39 out of 68, Chi-squared test, 1 df, 0.9>P>0.1). 
Analysis of embryos obtained in heterozygous crosses showed that the homozygous 
embryos were non-viable, poorly developed embryos that could be observed before 
day 7.5 dpc, adjacent to normally developing embryos in the mouse uterine horn. 
Isolating genomic DNA from these embryos and subsequent genotyping confirmed 
that the poorly developed embryos were homozygous for the mutant mC12orf49 
allele (Sup fig 4).

To study the function of mC12orf49 in the SREBP activation cascade, we isolated 
primary hepatocytes from wild-type as well as Cas9-expressing mice. Subsequently, 
these hepatocytes were transduced with adenovirus containing a cassette for the 
expression of 3 independent gRNAs targeting mC12orf49. 24 hours after infection, 
the cells were treated with sterol-depleted medium for 16 hours (Fig. 4B). Cas9-
expressing primary hepatocytes showed ±80% less mC12orf49 mRNA and a consistent 
decrease in HMGCR protein levels, as well as a decrease in the N-terminal parts of 
SREBP1 and SREBP2, suggesting a decrease in SREBP activation efficiency in mice with 
reduced mC12orf49 levels. Similarly, decreasing mC12orf49 levels in a murine Cas9-
expressing hepatic Hepa1-6 cell line (generated using the same adenovirus-based 
strategy) strongly reduced the response of the SREBP target genes HMGCR, LDLR, 
SQLE, SREBP2, SREBP1 and FASN to sterol-depletion (data not shown). Together, 
these experiments demonstrate that mC12orf49 is an essential gene for embryonic 
development, regulating the cholesterol-sensing pathway in murine hepatocytes.
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Figure 4: C12orf49 is required mouse embryogenesis and SREBP activation in primary murine 
hepatocytes. A: Illustration of the genomic organization of murine C12orf49 (2410131K1 4Rik-
201) and the allele obtained after CRISPR/Cas9 injection. Sanger sequencing confirms the 
deletion of exons 2-5. Table shows an overview of obtained genotypes from various crossing 
with heterozygous males and females. B: Schematic representation of the experiment and 
immunoblot assay of primary hepatocytes obtained from wild-type and Cas9/GFP expressing 
mice, infected with Ad-3xgRNA-C12orf49 adenoviruses. qPCR analysis of mC12orf49 RNA 
shows a reduction of C12orf49 expression.

SCAP trafficking is affected in C12orf49 depleted cells
Cleavage of SREBPs is regulated by SCAP, which is the rate-limiting factor for transport 
of SREBP to the Golgi leading to its subsequent activation (5). Because cells deficient 
for C12orf49 showed an impaired transcriptional response to sterol-depletion we 
reasoned that SCAP functionality might be affected in cells lacking C12orf49. Indeed, 
in CHO SCAP-eGFP cells lacking ∆C12orf49, SCAP-eGFP is localized to the Golgi-
apparatus, even in sterol-rich conditions, whereas in wild-type cells SCAP-eGFP is 
mainly observed in the ER during sterol-rich conditions and found predominantly in 
the Golgi-apparatus after sterol withdrawal (Fig. 5A). Overexpression of SCAP (as 
well as C12orf49) could compensate for the loss of C12orf49, as seen by immunoblot 
assay (Fig. 5B), further suggesting that the defect in SCAP trafficking may limit SREBP 
activation in cells lacking C12orf49. SCAP overexpression also restored LDLR uptake 
in ∆C12orf49 cells (Fig. 5C) as well as cholesterol synthesis (data not shown).

5
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SCAP retention in the Golgi in ∆C12orf49 cells under cholesterol-rich conditions 
resembles the phenotype observed in cells overexpressing the Golgi-apparatus anchor 
protein for the SCAP/SREBP complex Progestin and AdipoQ Receptors 3 (PAQR3 (11)). 
This protein functions as a Golgi tether for SCAP. Indeed, overexpression of PAQR3 in 
wild-type CHO cells expressing SCAP-eGFP resulted in retention of SCAP to the Golgi-
apparatus in sterol-rich conditions. Importantly, co-expression of C12orf49 in these 
cells prevents SCAP retention as SCAP-eGFP is found in the ER (Fig. 5D), indicating 
that elevated levels of C12orf49 are able to prevent the retainment of SCAP in the 
Golgi apparatus caused by the Golgi tether PAQR3.

Together, these experiments suggest that the Golgi-resident factor C12orf49 
modulates the sterol-synthesis pathway by affecting the trafficking of SCAP. In the 
absence of C12orf49, SCAP is enriched in the Golgi, even in the presence of cholesterol. 
Finally, in addition to overexpression of C12orf49 itself, overexpression of SCAP is able 
to revert the phenotype of C12orf49-deficient cells, suggesting that the observed 
SCAP-trafficking defect results in a limitation of the amount of SCAP molecules that 
is able to drive the sterol-synthesis pathway.
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Figure 5: SCAP function is impaired in ∆C12orf49 cells. A: Wild-type and ∆C12orf49 CHO cells 
expressing SCAP-eGFP cultured in normal- or sterol-depleted medium. Scale-bar represents 
25 mm. B: Immunoblot analysis of SREBP2 cleavage and SREBP target gene induction in wild-
type and ∆C12orf49 cells transduced with C12orf49 or SCAP, treated with and without sterol 
deprivation as indicated in the figure. Actin was used as a loading control. C: LDL uptake assay 
in wild-type and ∆C12orf49 cells, and ∆C12orf49 cells stably overexpressing either C12orf49 
or SCAP in sterol-rich and sterol-depleted medium. D: Immunofluorescence analysis of CHO 
cells expressing SCAP-eGFP, co-transfected with Flag-tagged PAQR3 and either empty-vector 
or C12orf49-mCherry. Cells were immunostained using antibodies directed against the Flag 
epitope tag, GFP was visualized and DAPI was used to stain nuclei, Scalebar represents 25 mm.
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DISCUSSION

The regulation of sterols and fatty acids is of great clinical importance. Cardiovascular 
diseases caused by hypercholesterolemia are treated with statins, which belong to the 
most prescribed drugs in the western world (21). Statins act as inhibitors of HMGCR, 
the rate-limiting enzyme of cholesterol synthesis. By expanding our knowledge on 
the cholesterol synthesis pathway and its regulators we expand the repertoire of 
potential drug targets. In this study, we have compared various haploid genetic screens 
impinging on sterol- and FA metabolism and identified the uncharacterized small 
transmembrane protein C12orf49 as an important player in the activation of SREBP 
transcription factors. C12orf49 resides in the Golgi-apparatus and in cells lacking 
C12orf49 SCAP localization is disturbed. Overexpression of SCAP can compensate 
for the absence of C12orf49 on the activation of SREBP, further suggesting that 
C12orf49 functionality is related to SCAP. Furthermore, overexpression of C12orf49 
can suppress PAQR3-induced anchoring of SCAP to the Golgi in cells overexpressing 
PAQR3. Altogether, this suggests that C12orf49 promotes the trafficking of SCAP, 
the rate-limiting factor of SREBP activation. Retrograde trafficking of SCAP is poorly 
studied. Blocking of COP-I dependent transport results in increased SREBP processing 
and pathway activation, underlining that also the retrograde trafficking of COP-I is 
controlled for balanced SREBP activation (10).

The importance of C12orf49 is further illustrated by the embryonic lethal phenotype 
of C12orf49-deficient mice. Currently, it remains unclear whether the essentiality of 
mC12orf49 for mouse development is linked to its function in FA or sterol homeostasis 
or if there is an SREBP-independent function of mC12orf49 during embryogenesis. 
Various components of the SREBP pathway display embryonic lethal phenotypes 
in homozygous mutant mice. SREBP2 was thought to be essential for embryonic 
development (22), but recently, Vergnes et al. described a single mouse deficient for 
SREBP2 showing alopecia and reduced lipid storage (23). Whole-body ablation of 
HMGCR leads to early embryonic death (before 8 dpc) (24) but surprisingly, liver-specific 
SCAP knockout mice are viable and despite a decrease in hepatic lipogenesis show 
no obvious phenotype (25). Clearly, further experiments are needed to understand 
the role of mC12orf49 in mouse development and the role of cholesterol signaling 
players in embryonic development of mice.

From the different genetic approaches applied in this study, the use of the SQLE-
mNeon cell line to identify regulators of SQLE expression is the most direct experimental 
set-up to assess which factors contribute to the activation of SREBPs. Although the 
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results of this screen show a satisfying amount of previously identified SREBP regulators, 
many other proteins that have been shown to have a profound effect on SREBPs 
signaling (e.g. PAQR3, the COP-II vesicle members such as Sec23A (26) and proteolytic 
regulator of INSIG1 and HMGCR AMFR (27, 28)) are not identified as regulators in this 
screen. Functional redundancy and cell-type specificity are both likely explanations 
for the absence of these SREBP regulators, for instance, PAQR3 is a member of a 
protein family of 11 PAQRs (29). Likely, also other PAQR family members can anchor 
SCAP to the Golgi-apparatus. This has the consequence that more proteins play a role 
in SREBP activation than currently considered. The identification of these additional 
factors is of great significance, as all of these contribute to our understanding of this 
important signaling cascade and open up novel therapeutic opportunities.
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MATERIAL AND METHODS

Cell lines and cultures
Hap1 cells were cultured in IMDM (ThermoFisher Scientific) supplement with 10% fetal 
calf serum (Sigma Aldrich) or lipid deprived serum (home-made) with streptomycin-
glutamine-penicillin (ThermoFisher Scientific). CHO cells were cultured in DMEM-F12 
supplement with 10% fetal calf serum (Sigma Aldrich). Where indicated, culture 
medium without sterols was standard culture medium with lipoprotein deficient 
serum (LPDS), 2.5 mg/ml simvastatin and 100 mM mevalonate, supplemented with 
streptomycin-glutamine-penicillin (ThermoFisher Scientific). HeLa and HEK293T cells 
were cultured in DMEM supplement with 10% fetal calf serum (Sigma Aldrich) with 
streptomycin-glutamine-penicillin (ThermoFisher Scientific). All treatments with 
lipid deprived serum were for 16 hours.

Generation of ∆FASN cells
To obtain ∆FASN Hap1, guide RNAs (gRNAs) were designed targeting the 3rd coding 
exon of the FASN gene. gRNA’s: FASN CRISPR#1 5’-gATCAACCCAGATTCACTCCG-3’ of 
which the first guanine was added for efficient gRNA transcription and FASN CRISPR#2 
5’-GAGGAACACACACTGGCGTC-3’. These were cloned in px330 according to standard 
CRISPR cloning procedures (1). Co-transfected was a cassette encoding a CMV-driven 
blasticidin resistance cDNA, flanked by a sequence form the zebrafish TIA-gene as well 
a U6 gRNA expression cassette driving the expression of a gRNA targeting TIA. This 
leads to the excision of the CMV-blast resistance cassette which can be integrated in 
the FASN target locus. 48 hours after transfection, cells were selected with blasticidin 
(30ug/mL) and single colonies were picked and expanded. To screen for ∆FASN cells, a 
PCR using primers FASN _ FW 5’-AGGACACCTCACCCTCCTTAGG-3’ and a reverse primer 
in the CMV-Blasticidin resistance cassette Blast _ Rv 5’-GACATGGTGCTTGTTGTCCTC-3’. 
Sanger sequencing of these PCR products was performed using Fw _ FASN _ Seq: 
5’-CCTCACCCCAAGCCAGTGAG-3’.

Identification of essential genes in ∆FASN cells
∆FASN cells were mutagenized according to the same method as described in Blomen et 
al., 2015. In brief, Retroviral gene-trap was produced in HEK293T cells. 40 million ∆FASN 
cells were transduced using virus combined from multiple harvests for 3 consecutive 
days. The obtained mutagenized library was cultured for 12-14 days while maintaining 
at least 4-fold library complexity. Afterwards, cells were fixed and DNA-stained using 
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propidium iodide. To ensure only haploid cells were analysed, cells were FACS sorted 
for G1 cell cycle stage. gDNA was isolated using Qiagen DNA isolation kit. Gene-trap 
insertions were mapped according to the protocol described in Blomen et al., (2) using 
pre-adenylated linker (5’- /Adenyl/atcgtatgccgtcttctgcttgactcagtagttgtgcgatggattgatg/
dideoxycytidine/-3’) and E. coli purified RNA ligase 1 from Thermus scotoductus 
bacteriophage.

Generation of ∆C12orf49 cells
To obtain knock out cells in human cell lines, C12orf49 gRNAs were cloned in px330: 
5’-GCTGATTATGGTCATGAACC-3’. For CHO cells 5’- CCTGGTTTTCGGGCTCTCGC -3’. 
Mouse experiments are described below.

Table 1: mNeon – P2A – Puromycin resistance

cccgggAATGAAGTacggatccATGGTGAGTAAGGGAGAGGAAGATAATATGGCCTCCCTTCCCGC 
TACGCACGAACTCCACATCTTCGGGTCAATCAACGGTGTTGACTTCGACATGGTGGGCCAGGGCAC 
CGGCAATCCCAATGACGGATACGAAGAACTCAATTTGAAGAGTACAAAGGGCGATCTCCAATTCT 
CACCTTGGATTCTGGTTCCCCACATTGGATACGGATTTCATCAGTACCTGCCGTACCCCGATGGGAT 
GAGCCCATTTCAGGCTGCAATGGTAGATGGTAGCGGTTACCAAGTACACCGAACTATGCAATTT 
GAGGACGGTGCCTCACTGACAGTGAACTATCGGTATACTTACGAAGGAAGCCACATCAAGGGA 
GAGGCACAGGTCAAAGGAACCGGATTTCCAGCCGACGGGCCAGTCATGACAAACTCCCTGACCG 
CCGCAGATTGGTGCCGCAGCAAAAAGACCTATCCAAATGACAAGACCATTATCTCGACATTCAAAT 
GGAGCTACACCACCGGAAACGGCAAACGCTATCGGTCTACCGCCAGGACAACCTACACATTTG 
CAAAACCTATGGCCGCAAACTATCTGAAAAACCAGCCGATGTATGTGTTCCGAAAGACGGAAT 
TAAAACACTCGAAAACAGAACTAAACTTTAAAGAGTGGCAGAAAGCCTTTACCGACGTAATGG 
GCATGGACGAGCTGTATAAGGGAAGCGGAGAGGGCAGAGGAAGTCTGCTAACATGCGGTGAC 
GTCGAGGAGAATCCTGGACCTATGACCGAGTACAAGCCCACGGTGCGCCTCGCCACCCGCGAC 
GACGTCCCCCGGGCCGTACGCACCCTCGCCGCCGCGTTCGCCGACTACCCCGCCACGCGCCACAC 
CGTCGACCCGGACCGCCACATCGAGCGGGTCACCGAGCTGCAAGAACTCTTCCTCACGCGCGTC 
GGGCTCGACATCGGCAAGGTGTGGGTCGCGGACGACGGCGCCGCGGTGGCGGTCTGGACCACG 
CCGGAGAGCGTCGAAGCGGGGGCGGTGTTCGCCGAGATCGGCCCGCGCATGGCCGAGTTGAGC
GGTTCCCGGCTGGCCGCGCAGCAACAGATGGAAGGCCTCCTGGCGCCGCACCGGCCCAAGGAG 
CCCGCGTGGTTCCTGGCCACCGTCGGCGTCTCGCCCGACCACCAGGGCAAGGGTCTGGGCAGCG 
CCGTCGTGCTCCCCGGAGTGGAGGCGGCCGAGCGCGCCGGGGTGCCCGCCTTCCTGGAGACCTC 
CGCGCCCCGCAACCTCCCCTTCTACGAGCGGCTCGGCTTCACCGTCACCGCCGACGTCGAGGT 

GCCCGAAGGACCGCGCACCTGGTGCATGACCCGCAAGCCCGGTGCCTGAATATGGTTcccggg

5
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Generation of Hap1 SQLE-mNeon cells
To insert the mNeon-2A-PURO reporter cassette into the endogenous SQLE locus we 
used microhomology-based CRISPR/Cas9-CRIS-PITCh, as reported by Nakade et al., 
(3). The donor fragment can be seen in table 1. gRNA targeting SQLE were cloned in 
px330. 5’: 5’- TGGATCCGTACTTCATTCCC-3’; and 3’: 5’- GGTGCCTGAATATGGTTCCC-3’. 
Independent clones were obtained and genome editing confirmed by sequencing, 
immunoblotting, and immunofluorescence.

qPCR analysis of SREBP target genes
Standard qPCR protocols were followed using RNA MiniPrep kit (Zymo Research), cDNA 
synthesis kit (Biotool) and SensiFAST SYBR (Bioline). Primers are depicted in Table 2.

Table 2: Human qPCR oligos

C12orf49
fw 5’-caagggaagcacctcatcac-3’

rev 5’-cgtgctagggacgttgaca-3’

HMGCR
fw 5’-gacgcaacctttatatccgttt-3’

rev 5’-ttgaaagtgctttctctgtaccc-3’

SQLE
fw 5’-catgagtctccggaaagcag-3’

rev 5’-acaacaccttcaataaactttgcat-3’

LDLR
fw 5’-gatgtcaatgggggcaac-3’

rev 5’-tcgttgatgatatctgtccaaaat-3’

FASN
fw 5’-caggcacacacgatggac-3’

rev 5’-cggagtgaatctgggttgat-3’

Cloning
Human C12orf49 was amplified from HepG2 cDNA and subcloned into pENTR1A-GFP 
(Invitrogen) to create pENTR-C12orf49-GFP. Subsequently, pLenti6.3-C12orf49-GFP 
was obtained by LR gateway recombination with pLenti6.3-DEST (Invitrogen). Plasmids 
were verified by sequencing and transfected into cells using JetPrime reagent according 
to standard protocols.

Screen to identify regulators of Hap1 SQLE-mNeon
For a detailed description of technicalities regarding these type of screens, please see 
methods section of Brockmann et al., (4). In this case, Hap1-SQLE cells were subjected 
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to lipid starvation for 16 hours and subsequent treatment for 6 hours with methyl-b-
cyclodextrin cholesterol (Sigma Aldrich). Cells were trypsinized followed by fixation 
and subsequent handling as described in Brockmann et al.

Immunofluorescence
Cells were seeded on gelatine (Hap1) or poly-L-lysine (Sigma Aldrich) coated cover 
slips. After treatments, cells were washed three times with ice-cold PBS and fixed 
using 4% paraformaldehyde (Sigma Aldrich F8775). Cells were permeabilized in 0.1% 
Triton X-100 (Sigma Aldrich) and blocked with 5% BSA (Sigma Aldrich). Staining 
with primary antibody for 16 hours. Antibodies used are: VAPA (a kind gift of prof. 
Sjaak Neefjes, Leiden University Medical Center) and Flag-M2 (Sigma Aldrich F-3165). 
Secondary antibodies used were Alexa-Fluor-647 (ThermoFisher #31571). DAPI was 
added during incubation with secondary antibody, together in 5% BSA PBS for 1 hour 
at room temperature. Cover slips where washed three times for 20 minutes and 
mounted on standard glass slides. Imaging was performed on Leica SP5 confocal 
microscope using LCS software.

Immunoblot assays
Total cell lysates were obtained by first detaching cells and then was two times using 
ice-cold PBS. Cell pellets were incubated for 10 minutes with RIPA buffer (150 mM 
NaCl, 1% NP-40, 0.1% SDS, 0.1% Sodium deoxycholate, supplemented with EDTA-free 
protease inhibitors (Roche). Lysates were cleared by centrifugation for 10 minutes at 
4°C, at 10,000g. SDS-gel and western blot procedures according to standard laboratory 
protocols. Antibodies used were: SREBP2 C-terminus (BD Bioscience #557037), SQLE 
(Proteintech #12544-1-AP), CDK4 (Santa Cruz #sc-260), Flag-M2 (Sigma Aldrich F-3165), 
FASN (Santa Cruz #sc-55580), b-actin (Merck), Histone $3 (Abcam #ab1791), LDLR 
(Biovision #3839), HMGCR (ATCC CRL-1811 IgG-A9, undiluted hybridoma supernatant) 
(Merck, 1:10000), GFP (B-2, Santa Cruz, 1:5000), Transferrin receptor (TfR) (Merck) 
SREBP1 N-term (clone 20B12, Millipore), SREBP2 N-term (clone 22D5, Millipore). 
C12orf49 (HPA026905, Atlas Antibodies)

Generation of mC12orf49 +/- mice and analysis of lethal embryos
The generation of mC12orf49 knock-out mice was performed under the supervision and 
with the approval of the animal committee at The Netherlands Cancer Institute (DECNKI) 
and comply with local and international regulations and ethical guidelines. In brief: 
mRNA products of CAS9 and two gRNAs (5’ of exon 2 5’- GCCATCCGATGCAATGCGC 

5
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– 3’ and 3’ of exon 5 5’- GGCAAGTTGGGCGTACTGC – 3’ were injected in zygotes. 
Locus PCR to identify truncated allele was performed using primers Fw: 5’- 
CCCAGATTGCCTTCCCACAG -3’ and Rv 5’ – ATTACGCTGTGATCCCCACA ' 3'. Analysis 
of embryos (Sup. Fig 4) was performed by laser guided dissection of embryos from 
formaldehyde fixed uterine horns from which multiple 8 µM dissections were pooled 
to isolate genomic DNA (Qiagen gDNA isolation kit as mentioned before). PCRs 
performed using primers as labelled in figure: 1: 5' ' CCCAGATTGCCTTCCCACAG ' 3'; 
2: 5' ' GCAAGGCACCGTGCAGTTAC ' 3'; 3: 5' ' TCCTCAGCAGCACCTTCAAG – 3’; 4: 5’ 
– AGAACGATGGGGAGAAGGAC – 3’. 5’ – TGCTATCCCCATGGCTGGTG – 3’.

Transcriptome analysis
Two biological replicates of each cell line were analysed using standard RNAseq 
methods. 16hrs treatment with lipid deprived serum. In brief, after treatments as 
indicated, cells scraped in TriZol and library was prepared according to standard 
Illumina RNA-seq protocols. Libraries were multiplexed, clustered and sequenced on 
Illumina HiSeq 2500.To visualize data, reads were normalized, averaged and displayed 
as shown in figure 2E using PRISM software.

Table 3: Gateway cloning sites – U6 promotor – sgRNAs – scaffold RNA - random seq
GGGGACAAGTTTGTACAAAAAAGCAGGCTtcGTCGACgagggcctatttcccatgattccttcatatttg 
catatacgatacaaggctgttagagagataattggaattaatttgactgtaaacacaaagatattagtacaaaatacgtgacg 
tagaaagtaataatttcttgggtagtttgcagttttaaaattatgttttaaaatggactatcatatgcttaccgtaacttgaaag 
tatttcgatttcttggctttatatatcttGTGGAAAGGACGAAACACCGCCGGCTCCTGCGCAAGCGCT 
gttttagagctaGAAAtagcaagttaaaataaggctagtccgttatcaacttgaaaaagtggcaccgagtcggtgcTTTTTTg 
gatccgagggcctatttcccatgattccttcatatttgcatatacgatacaaggctgttagagagataattggaattaattt 
gactgtaaacacaaagatattagtacaaaatacgtgacgtagaaagtaataatttcttgggtagtttgcagttttaaaattat 
gttttaaaatggactatcatatgcttaccgtaacttgaaagtatttcgatttcttggctttatatatcttGTGGAAAGGAC 
GAAACACCGCGAGCACCCAGCGCTTGCGCgttttagagctaGAAAtagcaagttaaaataaggctagtccgt 
tatcaacttgaaaaagtggcaccgagtcggtgcTTTTTTtctagagagggcctatttcccatgattccttcatatttgcatatac 
gatacaaggctgttagagagataattggaattaatttgactgtaaacacaaagatattagtacaaaatacgtgacgtagaaag 
taataatttcttgggtagtttgcagttttaaaattatgttttaaaatggactatcatatgcttaccgtaacttgaaagtatttc 
gatttcttggctttatatatcttGTGGAAAGGACGAAACACCGGGCGCCACAGCAGCGCCGCCgtttta 
gagctaGAAAtagcaagttaaaataaggctagtccgttatcaacttgaaaaagtggcaccgagtcggtgcTTTTTTGC 
GGCCGCGgACCCAGCTTTCTTGTACAAAGTGGTCCCC
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Generation of primary hepatocytes
To generate Ad-3xgRNA-C12orf49, a geneblock containing 3 guide RNAs targeting 
murine C12orf49 under the control of U6 promoters was ordered (Table 3). Subsequently, 
the geneblock was cloned into pDONR221 (Invitrogen) and recombined into pAD/PL-
DEST (Invitrogen) using Gateway cloning. Adenoviral particles were generated, and 
subsequently amplified, purified and titered by Viraquest. 

Primary hepatocytes from wild-type C57BL/6J and Rosa26-LSL-Cas9 knock in mice 
(#024857, The Jackson Laboratory) (5) were used to target mC12orf49 in mouse primary 
hepatocytes through CRISPR/Cas9 gene editing technology. Cells were isolated and 
cultured as described previously (6), before infected with Ad-3xgRNA-mC12orf49 4 hrs 
after isolation (MOI 20). 24 hrs after infection, cells were sterol-depleted by culture 
in sterol-depletion medium (for 16 hrs). 40 hrs after infection, total cell lysates were 
prepared in RIPA buffer (150 mM NaCl, 1% NP-40, 0.1% sodium deoxycholate, 0.1% 
SDS, 100 mM Tris-HCl, pH 7.4) supplemented with protease inhibitors (Roche). Lysates 
were cleared by centrifugation at 4 °C for 10 min at 10,000 x g and immunoblotted.

LDLR uptake assay
DyLight488-labeled LDL was produced as described previously (7). Briefly, to measure 
LDL uptake, Hap1 cells were washed twice with PBS and incubated with 5 µg/ml 
DyLight488-labeled LDL in IMEM supplemented with 0.5% BSA for 1 hr at 37 °C. Cells 
were then washed twice with PBS supplemented with 0.5% BSA, dissociated, washed 
and resuspended in FACS buffer (2 mM EDTA, 0.5% (w/v) BSA in PBS) before LDL uptake 
was determined by flow cytometry on a CytoFLEX Flow cytometer (Beckman Coulter).

5
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Supplemental figure 1: Generation of ΔFASN cells. A: Sanger sequencing results of Hap1 
ΔFASN cells (see material and methods for additional details). B: Immunoblot assay for FASN 
protein levels showing that the mutations depicted in A lead to the disappearance of FASN 
protein. Histone 3 was used as a loading control.

5
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Supplemental figure 2: Various genes related to lipid import are found essential in ΔFASN cells. 
Toprepare lipids entering the cytosol for use in the formation of membranes or β-oxidation, 
FAs are bound by FABPs and then ligated to CoA by ACSLs (30).

Supplemental figure 3: Generation of Hap1 SQLE-mNeon cells. Schematic representation of 
the strategy used to generate an endogenous fusion protein of SQLE with mNeon. This strategy 
is based on the use of the CRISPR-PITCH system (31). Microhomology is used to integrate a 
template in a double-stranded break after CRISPR/Cas9 cutting of the last coding exon of SQLE.
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Supplemental figure 4: Homozygous loss of mC12orf49 is embryonic lethal. Mouse uterine horn 
showing 9 embryos 7.5 dpc. Embryo 3, 4 and 6 are poorly developed. Using laser microdissection, 
tissue from all of these embryos was obtained and genomic DNA isolated. PCR analysis showed 
that embryos 3, 4 and 6 have no wild-type (WT) allele whereas the WT allele could be detected 
in all other, normally developing embryos.
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The work presented in this thesis is based on a sensitive genetic methodology in 
haploid human cells to study intracellular phenotypes. This led to the discovery of 
KCTD5 as an off-switch for GPCR signalling (chapter 3), the identification of Vasohibins 
as detyrosinating enzymes (chapter 4) and a role for C12orf49 as a regulator of sterol 
homeostasis (chapter 5). In this discussion we will address the technical and biological 
consequences of the experimental work described in the preceding chapters.

Identification of genetic regulators of intracellular phenotypes
Combining haploid genetics with cell sorting to determine the regulators of intracellular 
phenotypes opens an entire new territory for the application of haploid genetics in 
human cells. To perform this type of screens, hereafter referred to as Phenotype 
Activated Mutation Enrichment (PhAME), it was required to establish an amplification 
strategy on fixed (crosslinked) genomic DNA to recover and identify the mutation 
caused by the gene-trap [1,2]. Fixation of cells is a practical requirement to use antibody 
staining of intracellular traits. Understandably, crosslinking DNA hampers the efficiency 
of the relatively inefficient LAM-PCR. Overcoming this hurdle by temperature-based 
decrosslinking made it possible to apply phenotypic selection as well as the recovery 
of mutations on non-viable cells exposed to fixative. This also contributed to earlier 
work performed in our laboratory in which we identified genes essential for cell fitness 
based on genomic mutations. Fixing cells and staining for DNA content allowed us to 
sort for haploid cells. Depletion of the contaminating diploid cells allowed us to only 
take mutations in haploid cells in consideration, resulting in a better representative 
ratio of sense vs antisense mutations determining gene essentiality [2,3].

To establish the versatility of PhAME, we examined a variety of biological processes. 
A screen for protein induction, using the inducibility of IRF1 by interferon-γ, identified all 
known regulators of the interferon signalling cascade that translates the interferon-γ 
binding to its receptor to a transcriptional response. A variety of screens that assessed 
the presence of post-translational modifications (PTMs) such as phosphorylation, 
methylations and crotonylation consistently identified the enzymes responsible for 
writing the PTMs and in most cases also the enzymes responsible for removing the 
PTM. Gratifyingly, as expected and when possible, also the protein subjected to the 
specific PTM was identified as a contributor to the tested traits.

This collection of screens represents both the confirmation of known regulators 
as well as identification of novel regulators. For instance, it is well established that 
the protein complex responsible for writing the trimethylation on Histone 3 Lysine 27 
(H3K27Me3) is the Polycomb Repressive Complex 2, consisting of EED/SUZ12/EZH2 [4], 
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which were all identified in the screen using a H3K27Me3 specific antibody. Contrary, 
at the time of performing the screen, there was no known writer for crotonylation. 
Crotonyl-CoA is a Coenzyme A bound to crotonyl, a four carbon-atom chain between 
carbon atom 2 and 3. Crotonyl-CoA is an intermediate in fatty-acid synthesis and in 
lysine degradation [5]. The surprising finding that Crotonyl-CoA is used as a donor 
for histone modifications [6] raised the question which enzymes are responsible to 
‘crotonylate’ histones and which are responsible for removing the modification. In 
addition to this, considering the uncommon nature of the crotonyl, this finding opened 
the possibility that specific metabolic pathways were regulating the presence of this 
PTM on histones [5]. The screen for H2AK119 crotonylation identified EP300 as a positive 
regulator and SIRT1 as a negative regulator. Both genes encode enzymes that are 
involved in histone acetylation, where histone acetyl transferase (HATs) catalyse the 
acetylation of histones, using Acetyl-CoA, structurally highly similar to Crotonyl-CoA, 
to histones [7]. This modification can be removed by Histone Deacetylases (HDACs), 
such as Sirtuins (SIRTs) and other classes of HDACs [8]. During this thesis, we used 
biochemical assays to demonstrate that indeed p300 and the closely related HAT 
CBP can function as crotonyl transferases, findings that were subsequently published 
by others [9]. Also, as predicted by our screen, SIRTs have been shown to be able to 
remove crotonyl from histones [10].

Excitingly, also a first glimpse in the metabolic control of histone crotonylation was 
observed. As a negative regulator of histone crotonylation ATP Citrate Lyase (ACLY) 
was identified. This non-mitochondrial enzyme is responsible for the conversion of 
citrate, obtained in the first steps of the Kreb’s Cycle, to Acetyl-CoA. ACLY is considered 
the main regulator of cytosolic and nuclear Acetyl-CoA levels, directly coupling the 
cellular metabolic state to epigenetic modifications [11]. Besides ACLY, also Citrate 
Synthase (CS), the Kreb’s cycle enzyme responsible or generating citrate [12] and the 
mitochondrial citrate exporter SLC25A1 [13] were identified as negative regulators of 
histone crotonylation. Combined, this suggests a link between histone crotonylation 
and nuclear/cytosolic Acetyl-CoA levels. Considering that ACLY, CS and SLC25A1 are 
negative regulators of histone crotonylation, crotonylation levels likely increase when 
cytosolic/nuclear Acetyl-CoA levels are decreased. Indeed, experiments by others 
[14] confirmed the inverse correlation between cytosolic Acetyl-CoA levels with 
global histone crotonylation, but the metabolic source of Crotonyl-CoA remains to 
be elucidated.

6
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Elucidating genetic epistasis using PhAME
An exciting application of PhAME is that identified regulators can be studies in detail 
using iterative genetic screens. Most screening applications allow the identification 
of candidate regulators of the investigated trait, but typically, classic laboratory 
techniques are used to study their mechanism. An example of how iterative screens 
aid to the elucidation of the biological function of a gene identified in a screen is given 
in chapter 3, where we describe the identification of KCTD5 as a negative regulator of 
GPCR signalling. We performed a screen to identify the regulators of pSer473-Akt/PKB 
and identified KCTD5 as a strong negative regulator of this trait. To elucidate which 
of the many pathways that affect Akt/PKB signalling is affected by KCTD5 loss we 
repeated the screen for pSer473-Akt/PKB in ∆KCTD5 cells. This screen gave two crucial 
insights in the understanding of KCTD5 function. Compared to the same screen in 
wild-type cells, a new group of genes appeared as positive regulators. Most of these 
(for instance GNB1, GNB2 and GNG5) are Gβγ subunits, effectors of GPCR-signalling 
which is known to affect Akt/PKB activity through PI3K [15]. In addition to this, the 
E3-ubqituin-ligase Cullin 3 (Cul3) was identified as a negative regulator of pSer473-
Akt/PKB in wild-type cells, but not in ∆KCTD5 cells. Previously, it was established 
that KCTD5 interacts with Cul3 [16,17] and it was proposed that KCTD5 could act as 
a substrate adaptor for Cul3 function [16]. Together suggesting that KCTD5 functions 
in collaboration with Cul3 to regulate Gβγ subunits to suppress Akt/PKB signalling. 
Follow-up experiments (including a proteomics approach) and comparative PhAME 
screens for GNB1 abundance in wild-type and ∆KCTD5 cells further elucidated the 
precise mechanisms of Cul3-KCTD5 regulating Akt/PKB signalling through specific 
degradation of the Gβγ subunits dissociated from the Gαβγ complex.

Limitations of PhAME
Like every technique, PhAME has limitations. Obviously, only a limited number of 
haploid human cell types are available. Although reports of alternative haploid cells 
have arisen in the last years [18–22], the number of cells required to perform a PhAME 
screen (2-3 billion mutagenized haploid cells) makes it challenging to use those cell 
types for a PhAME screen. These cells are often embryonic stem cells and have a 
tendency to become diploid more rapidly than Hap1 and KBM7 cells. Another limiting 
factor for PhAME screens is the quality of antibodies. Both specificity and signal-over-
noise ratios need to be optimal in order to obtain a complete overview of the genetic 
regulators of the investigated trait. This is illustrated by the screen presented in 
chapter 4 of this thesis in which we describe the identification of Vasohibins as tubulin 
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detyrosinating enzymes. The antibody used in this screen has a high specificity, but a 
relatively low signal-over-noise ratio in Hap1 cells when applied in flow-cytometry. The 
resulting screen did show SVBP and TTL as key regulators of tubulin detyrosination but 
both VASH1 and VASH2 are not identified as regulators. Nevertheless, immunoblot 
analysis showed that loss of either VASH1 or VASH2 reduces the amount of tubulin 
detyrosination with approximately 50%. Besides the possibility that the gene-trap 
mutations in both Vasohibins did not lead to full knock-outs we need to assume that 
depleting SVBP has a bigger effect on Vasohibins than depleting Hap1 cells for one 
of the Vasohibins. Clearly, we would not have been able to identify the function of 
Vasohibins if SVBP would not have been identified with this screen. This may explain 
why Vasohibin-independent detyrosinating activity was not identified using the first 
PhAME screen. However, the use of other antibodies or different genetic background 
offer new possibilities to identify additional TCPs.

The identification of Vasohibins as detyrosinating enzymes
(adapted from: The Tubulin Detyrosination Cycle: Function and Enzymes. J. Nieuwenhuis, 
T. Brummelkamp, Trends in Cell Biology, 2018)

The surprising finding that vasohibins encode tubulin detyrosinating activity solved a 
question that remained unanswered for four decades. Despite the fact that the identity 
of the TCPs was unknown, great progress was made to understand the functionality 
of the tubulin detyrosination cycle in health and disease, as discussed in chapter 2. 
With the identification of vasohibins as the first TCPs, their role in these processes 
needs to be studied in greater detail (see box 1). Their function in the developing 
mouse brain gives a first glimpse of their importance in vivo [23] although these RNAi 
studies will need to be recapitulated using knockout mice. Importantly, using knockout 
cell lines, an abundant vasohibin independent TCP activity has been observed [24]. 
In cells lacking vasohibins, the level of remaining detyrosination activity is variable, 
but it offers new opportunities to identify the remaining TCPs [24]. Identification of 
these remaining TCPs is of crucial importance in order to obtain a comprehensive 
insight into the importance of the tubulin detyrosination cycle. In principle, both 
techniques used to reveal vasohibins as TCPs will be suitable to identify the additional 
TCP activity. Recently, mice with mutations in both vasohibins were generated [25], 
which could be used to determine tissue-dependent differences in TCP preference. 
Until now the precise function of SVBP remains unclear. Although SVBP can bind to 
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vasohibins and enhances their solubility, it is not understood if SVBP remains bound, 
affects its activity, substrate specificity, localization or secretion.
Although a role for vasohibins in angiogenesis has been suggested, the molecular 
mechanisms underlying this biology remain unclear. This is of particular interest as 
opposing roles for VASH1 and VASH2 have been reported in angiogenesis which is 
remarkable given their sequence similarity and similar enzymatic activity [26–28]. The 
ECs in vasculature are polarized and microtubules are required for the maintenance 
of this polarization [29]. MAPs such as EB1 and p150glued are essential to establish this 
polarization [30,31]. Thus, a role for vasohibins affecting the endothelial cell skeleton 
could be envisioned but has not been shown.

It has been suggested that vasohibins act as secreted proteins to affect angiogenesis 
[32,33] but it remains unclear how this enables their function. Until now, the hypothesized 
receptor for vasohibins [27,34,35] has not been identified, and it has also not been 
shown that vasohibins are internalized by target cells, making the relevance of these 
observations unclear. A role for vasohibins with tubulin as a substrate manipulating the 
cytoskeleton during angiogenesis can be imagined during cell migration, polarization 
and proliferation of endothelial cells, but to our best knowledge no role for the 
detyrosination cycle is described for these specific situations. 

Box 1: Outstanding questions
1. What other enzyme(s) encode(s) tubulin detyrosination activity?
2. How are these enzymatic activities regulated?
3. Is peptidase activity of detyrosinating enzymes limited to tubulin?
4. How do Vasohibins recognize microtubules? What is the role of SVBP?
5. What is the relation between tubulin PTMs and microtubule stability?
6. What is the exact function of the detyrosination cycle in neurons?
7. What is the crosstalk/dynamics of the different post-translational modifications?
8. How are Vasohibins secreted and are secreted Vasohibins taken up by (specific) target 

cells? Is secretion important and does a receptor exist?
9. What explains the (opposing) roles of Vasohibins in angiogenesis?
10. Would it be of clinical benefit to manipulate the tyrosination-detyrosination cycle?

Importantly, a VASH1 isoform (“VASH1B”) which lacks the expression of the last three 
exons, does contain the predicted catalytic cysteine (Cys169), but not the Histidine 
(His204) and Serine (Ser221) that are predicted to be required for the nucleophilic 
attack on the substrate [36,37]. Nevertheless, it has antiangiogenic properties in 
mouse tumor models [38], suggesting that vasohibin’s angiogenic and TCP activity 
may not be connected.

voorbereid_binnenwerk.indd   142 09-11-18   09:50



143

General discussion

Four decades after the initial observations on tubulin detyrosination, the discovery 
of vasohibin’s detyrosination activity is an important first step to close the tubulin 
detyrosination cycle. The existence of multiple non-related genes (VASH1, VASH2, 
SVBP and yet to be discovered enzyme(s)) in this relatively simple enzymatic reaction 
further suggests its biological importance. The upcoming years should give insight 
into the biological relevance of this finding. For instance, it is of high interest to 
determine the contribution of vasohibins to cardiomyocyte contraction and mitosis. 
Conversely, it is foreseeable that this finding would contribute to a better understanding 
of vasohibin function. Of equal importance is the identification of the remaining 
tubulin detyrosination enzymes, only when all enzymes contributing to the tubulin 
detyrosination cycle are identified, can a comprehensible insight into the importance 
of this phenomenon be generated.

Interrogating the SREBP pathway using haploid genetics
Three independent haploid genetic screens implicated C12orf49 in the regulation of 
sterol homeostasis (Chapter 5). the comparison of different genetic maps facilitated 
the recognition of biological processes in which C12orf49 is involved. However, it 
still needs to be determined what the exact biological function of C12orf49 in the 
cholesterol homeostasis pathway is. Our experiments suggest a role for C12orf49 in 
the proper re-localization of SCAP after SREBP trafficking towards the Golgi-apparatus. 
Nevertheless, we cannot exclude a function for C12orf49 besides its role in SCAP 
regulation. Besides SCAP, other proteins cycle between the ER and Golgi-apparatus, 
among which the proteins regulating COP-II dependent transport between the ER and 
Golgi [39,40]. It would be of great interest to see if these proteins are also affected 
by loss of C12orf49. Directed experiments to study this could aid to elucidate the 
molecular mechanism of C12orf49 in ER-Golgi recycling.

Another open question regarding C12orf49 is the magnitude of its effect on SREBP 
regulation. In Hap1 cells, SQLE induction in C12orf49 is reduced but not completely 
abolished, which is also seen in the primary mouse hepatocytes. Also, GFP-SCAP in 
CHO cells is not completely restricted to the Golgi apparatus. In line with this, also 
SREBP cleavage seems not to be completely dependent on the presence of C12orf49. 
This suggest a function for C12orf49 as an accessory factor than a critical regulator 
of SREBPs.

Finally, obtaining a better understanding of C12orf49 function in mouse embryonic 
development would also be of great interest. Currently, it is unclear if the early 
embryonic lethality is linked to the role of C12orf49 in cholesterol homeostasis. As 
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discussed in chapter 6, a wide variety of mouse phenotypes are reported for various 
key players in cholesterol homeostasis [41–43]. A possible explanation for this is 
alternative functions of these proteins, as disturbed SREBP regulation by itself seems 
not sufficient to induce mouse lethality [41,44]. The very early lethality of the ∆C12orf49 
embryos hampers further investigation of the phenotype. This would be circumvented 
by the generation of a conditional knockout allele in mice, which is currently ungoing.

Together, the work in this thesis shows the development and application of 
an innovative haploid genetic approach to interrogate the genetic regulators of 
intracellular phenotypes. We have shown the use of this technique to discover novel 
regulators in a wide variety of biological processes and the use of the same technique 
to elucidate the underlying mechanism. We have shown that with the availability of 
high-quality antibodies, we can obtain new insights in well-studied processes as well 
as in uncharacterized processes.
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Wiring maps display biological networks
Technological innovations broaden our ability to force biological breakthroughs 
that contribute to our fundamental understanding of life, and will eventually lead 
to medical advances. Genetic human diseases can be monogenic, but in most cases 
are considered complex genetic traits, where multiple genes in combination with 
environmental factors determine the phenotypic consequences of the individual. 
To comprehend both monogenic and complex traits, systematic analysis of the 
phenotypic changes upon manipulation of DNA, RNA or proteins would ideally 
be performed on organisms. However today, and in the foreseeable future, this is 
beyond our technical capabilities. Therefore, an already highly ambitious, but perhaps 
achievable challenge is to understand how the human cell as a viable unit can exist, 
by generating an integrative map of biological networks that form the foundation 
of cellular functionality.

Different types of biological networks can be constructed of which a selection 
will be discussed here. Protein-protein interactomes, describing which proteins 
physically connect to each other, give information both on the composition of the 
proteome and biological complexes in the cell [1,2]. Obtaining a complete overview 
of ‘the interactome’ will result in a better understanding which proteins collaborate 
to execute a cellular task [3]. Recently, a first effort was made to use massive-scale 
disease linked mutations cDNA libraries to assess the consequences of subtle mutations 
on protein complex formations [4]. This type of approaches greatly contribute to our 
understanding of the molecular mechanisms causing underlying genetic diseases.

Metabolic networks describe the activity of enzymes in the step-by-step modification 
of biomolecules, resulting in the production of chemical energy or the building blocks 
for membranes, nucleotide synthesis and amino acid production [5–7]. For many 
metabolic molecules, a comprehensive understanding of their cellular fate has been 
mapped, resulting in extensive maps of the biochemical processes regulating cellular 
energy metabolism. In contrast to cholesterol metabolism, the dynamics of many 
metabolic processes in diseased tissues and the regulators of these reactions are 
still unknown.

Besides networks describing physical interactions or the processing of biomolecules, 
regulatory networks can be constructed. For instance, gene regulatory networks 
represent the presence of transcription factors on gene regulatory elements, and 
when combined with transcriptome analysis help us understand the architecture of 
transcription-regulatory networks [8]. For instance, these networks are a great tool 
to map the dynamics of gene regulation during cellular differentiation [9]. Moreover, 
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these networks allow us to better understand how the non-gene-coding part of the 
genome [10,11] and the epigenetic ‘histone code’ exert their function on transcriptional 
control [12,13].

Genetic interactions can also be used to draw genetic networks. In model organisms 
genetic interactions that affect cell fitness have been compiled [14–17], and with the 
development of haploid genetics and CRISPR/CAS9 technology, it is foreseeable 
that a giant leap in our understanding of genetic interactions in human cells will be 
achieved in the coming years. Very recently, a first study appeared that systematically 
investigated the genetic interactions of 1 million pairwise genetic perturbations using 
CRISPR/CAS9 technology in cancer cell lines. Using this method, novel components 
could be added to well-understood biological processes by identifying highly related 
genes [18]. Although anecdotal, this illustrates the use of these systematic genetic 
interaction interrogations to concrete addition to our understanding of biological 
processes.

In chapter 3 of this thesis, we describe PhAME, a novel method to directly couple 
genomic mutations to intracellular phenotypes by quantifying the presence of the 
desired trait at single cell resolution. These screens result in a novel type of regulatory 
network, displaying the genes influencing the quantity of a single investigated trait. 
An important addition to the potential of PhAME is the possibility to use iterative 
‘suppressor screens’, to elucidate the function of the hits obtained in the primary screen, 
as shown by the deconvolution of the function of KCTD5 on AKT signaling. Further 
developing the technical applications and analysis of PhAME screens will further aid 
to our understanding of genetic interactions, as discussed in the following paragraph.

Future applications of PhAME
So far, a majority of screens investigate the genetic regulators of protein abundance 
and post-translational modifications (PTMs). In general, these latter screens identify 
the protein subjected to the PTM, the enzymes responsible for depositing the PTM 
as well as the erasers. To extend the use of this technique beyond the use of proteins 
as a selectable trait, alternative phenotypic read-outs will be interesting to explore. 
For instance, RNA probes to use endogenous transcription as a reporter for signal 
transduction pathways, biosensors measuring the levels of intracellular biomolecules 
such as calcium [19,20] or NAD+ [21] and lipid binding fluorescent probes [22] to 
dissect the genetic regulation of membrane lipid composition. In principal, every 
intracellular process that can be monitored with a selectable phenotype is accessible 
to interrogate using PhAME.

7
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To further exploit this technique, extra dimensionality can be added by measuring 
multiple phenotypes at once. Instead of two, at least four (AlowBlow; AhighBlow; AlowBhigh; 
AhighBhigh) mutagenized populations could be selected by cell sorting. The mutations 
found in each of these populations potentially yield detailed information of the genetic 
interconnectivity of the investigated traits. For instance, it would be highly interesting 
to interrogate the co-occurrence of histone modifications in this way. Multiple histone 
PTMs are associated with active genes, but questions remain on how and why this 
is regulated in such a detailed manner. Another particular poorly understood topic 
in this field is the influence of the metabolic state of the cell on the histone code 
[23]. Screens in which in parallel a marker for metabolic state in combination with 
measuring, by example, histone acetylation, might improve our understanding of the 
complicated mechanisms underlying this connection.

Another potential application of PhAME is to aid to the discovery of novel signaling 
pathways. External stimuli are sensed by the cell, often resulting in a transcriptional 
response. PhAME could be an ideal tool to dissect the signaling intermediates from 
the receptors involved in translation the que to the activation of target genes, on the 
premises that tools are available (RNA-probes of the translated mRNA or antibodies 
recognizing the translated protein) to quantify the products of the signaling pathway.

Meta-analysis of PhAME
Besides the various technical improvements to PhAME, it is of great interested to 
further integrate the results obtained with PhAME screens. Only about 20 of this 
type of screens are currently published, but in our laboratory, already more than 100 
of these screens are performed. Since all of these screens are performed in the same 
cell line, often using the same libraries of mutagenized cells, they are very usable for 
further integration, as the screens are highly comparable. Already in a first analysis, 
integrating the regulators of only 10 screens, we determine that in this system, many 
genes contribute to a variety of phenotypes (Chapter 3 figure 2B) and should therefore 
not be considered isolated elements solely contributing to a single phenotype. For 
instance, similarly as observed in yeast, chromatin regulators appear to have a broad 
phenotypic range and genes involved in specific processes such as the splicing of 
XBP-1 during ER stress are not found as general regulators of phenotypes. Moreover, 
unbiased analysis of the genes associated with only one trait shows that these are 
indeed linked to the investigated trait.

Comprehensive analysis of these screen results will inevitably lead to new biological 
insights. One particularly interesting idea is the interrogation of co-occurrence of 
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genes as positive or negative regulators in mutation maps. For instance, the members 
of the well-studied Polycomb Repressor Complex 2 (PRC2) consisting of EED, SUZ12 
and EZH2 [24] almost exclusively co-appear as genetic regulators (Chapter 3, Figure 
2A). Unbiased analysis of all the available data will allow us to find patterns of genes 
acting as regulators (or not being involved at all) of investigated traits.

Final remarks
Theoretically, a comprehensive wiring map of the human cell could be envisioned 
as the integration of all biological networks, in all cellular states (cell cycle phase, 
growth factor stimulation, nutrients deprivation etc), in all cell types and their possible 
genotypes. Although practically, the generation of such a complete network is not 
in reach, establishing a network combining some of these parameters is achievable. 
The use of PhAME as a versatile tool to study any quantifiable cellular trait will lead 
to the creation of a new type of regulator maps. It is an exciting prospect to imagine 
the result of the meta-analysis of these maps, in combination with the large database 
of regulator maps that is already available, to identify previously unrecognized 
regulatory complexes.

7
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SUMMARY

Functional genetic research is aimed at improving our understanding of organisms by 
studying their genome. One way to achieve this is to systematically analyse the relation 
between genotypes and phenotypes. In this thesis, genetics in haploid human cells 
is used to study signal transduction, protein modifications and other protein fates.

In contrast to diploid cells that contain two copies of every gene, haploid cells contain 
only one version of every gene and are therefore an ideal model to use for insertional 
mutagenesis. Using this approach, a library containing millions of unique mutations 
can be generated, which subsequently can be used to link genes to phenotypes. 
Previously, the application of haploid genetics has contributed to the identification 
of viral host factors, the elucidation of biosynthesis pathways and the classification 
of cell essential genes. Current studies focus on the dissection of genetic regulators 
that control intracellular traits.

In chapter 1 of this thesis an overview of functional genetic approaches is given 
with an emphasis on the contribution of cDNA libraries on the identification of the 
regulators of sterol homeostasis, which is also the topic of chapter 5. Additionally, 
RNA-based approaches aimed at inactivating gene function, such as RNAi and CRISPR/
CAS9-mediated genome editing, are described. Finally, the background and use of 
haploid genetics as a tool to link genes to phenotypes is described.

In chapter 2 we describe the current state of knowledge regarding the function and 
enzymes of the tubulin detyrosination cycle. This cycle involves the enzymatic removal 
of the carboxyterminal tyrosine on α-tubulin on microtubules. After microtubule 
depolymerization, a tyrosine can be ligated to α-tubulin by tubulin tyrosine ligase. For 
four decades, it was unknown which enzymes were responsible for the detyrosination 
of α-tubulin, but in chapter 4 it is described that vasohibins catalyze this reaction. 
This tubulin-specific post-translational modification is involved in the binding of 
microtubule-associated proteins and thereby contributes to the regulation of a wide 
variety of biological processes such as mitosis, cardiomyocyte contraction and the 
migration of vesicles over microtubules.

Chapter 3 describes the development of a novel application of haploid genetics. 
This approach allows us to combine the power of haploid genetics to identify the 
regulators of intracellular phenotypes. To this end, mutagenized haploid cells are 
stained using antibodies recognizing the (intra-)cellular trait of interest. Subsequently, 
the mutants possessing the highest and lowest abundancy of the trait are isolated 
and mutations are determined. After showing the versatility of the technique using 
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antibodies recognizing a suite of protein fates we perform an in-depth analysis of the 
Akt/PKB pathway. Using an antibody recognizing pAkt-Ser473 KCTD5 is unmasked as 
a negative regulator of Akt signaling. Indeed, in cells lacking KCTD5, elevated levels 
of pAkt is detected. To determine which of the many inputs on Akt is regulated by 
KCTD5, we carried out a comparative screen for regulation of the Akt pathway in cell 
deficient for KCTD5. This screen resulted in the identification of GPCR beta-gamma 
dimers as positive regulators of pAkt. Follow-up studies demonstrate that KCTD5 
targets activated Gβγ to proteolytic degradation by the E3-ligase Cullin-3, resulting 
in the shut-down of GPCR signaling towards Akt.

This same methodology is used in chapter 4 in which we describe the identification 
of vasohibins as the first tubulin detyrosinating enzymes. Previously, vasohibins were 
studied as secreted regulators of angiogenesis and no enzymatic function had been 
assigned to them. Vasohibin-1 as well as Vasohibin-2 possess tubulin detyrosinating 
activity and contribute to the endogenous levels of detyrosinated tubulin in the tested 
cell culture models. As predicted previously, microtubules, rather than α/β-tubulin 
dimers, are preferred targets for detyrosination. Surprisingly however, in cells lacking 
both vasohibins a remaining detyrosinating activity is observed, indicating the presence 
of yet to be identified detyrosinating enzymes.

Chapter 5 reports the identification of the Golgi-resident protein C12orf49 as a 
regulator of sterol homeostasis. Various haploid genetic screens identify C12orf49 
together with SREBP2 and accessory factors. Cells lacking C12orf49 show a poor 
induction of SREBP2 target genes as well as a defect in the localization of SCAP, a 
protein recycling between ER and Golgi-apparatus that aids to the activation of SREBP2 
in the Golgi-apparatus. Although the exact molecular function of C12orf49 remains 
unclear, it is suggested that C12orf49 could contribute to the release of SCAP from 
the Golgi-apparatus to allow its recycling to the ER.

The discussion of this thesis is divided in two chapters. Chapter 6 further describes 
the biological and technical aspects of the experimental chapters. Chapter 7 focusses 
on the application of the technique described in chapter 3 and how this relates to 
other techniques that lead to the formation of biological networks. In addition, this 
final chapter provides an outlook on the generation of a comprehensive wiring map 
of the human cell.

A
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De functionele genetica is de tak van de wetenschap die zich ten doel heeft gesteld om 
van ieder gen in de menselijke cel zijn functie te begrijpen. Een van de methoden om 
dit te bewerkstelligen is het systematisch testen van de relatie tussen het genotype (de 
genetische opmaak) en het fenotype (een observeerbare eigenschap). Dit proefschrift 
beschrijft de toepassing van haploïde genetica om verschillende biologische processen 
te bestuderen door middel van het toepassen van functionele genetica. Hierbij werden 
onder andere signaaltransductie en eiwitmodificaties als onderwerp van studie gekozen.

Haploïde cellen hebben slechts een enkele versie van ieder gen in het genoom, in 
tegenstelling tot diploïde cellen die twee kopieën bevatten. Deze eigenschap maakt 
haploïde cellen zeer geschikt om te gebruiken voor insertie mutagenese. Middels 
deze techniek kan relatief eenvoudig een collectie van miljoenen unieke mutant 
cellen worden gecreëerd door het op een willekeurige plek laten integreren van gen-
verstorende DNA-elementen. Tot op heden heeft haploïde genetica al bijgedragen 
aan een brede verscheidenheid aan biologische processen, waaronder het ophelderen 
van de weg die virussen afleggen naar het binnenste van een cel en het classificeren 
van de genen die onmisbaar zijn voor een menselijke cel.

In hoofdstuk 1 van dit proefschrift wordt een weergave van verschillende genetische 
screening applicaties gegeven. Een onderwerp dat verder uitgediept wordt is de bijdrage 
van cDNA collecties aan het ophelderen van het signaaltransductie pad dat cholesterol 
homeostase reguleert, dat ook het onderwerp van hoofdstuk 5 is. Bovendien worden 
de verschillende mogelijkheden om genen uit te schakelen op DNA- of RNA-niveau 
besproken. Tot slot wordt hier een introductie in de haploïde genetica gegeven.

Hoofdstuk 2 is een samenvatting van de huidige staat van kennis betreffende 
de functie en enzymen die betrokken zijn bij de tubuline-detyrosinatie-cyclus. Deze 
cyclus beschrijft de proteolytische eliminatie van de carboxyterminale tyrosine van 
α-tubuline. α-Tubuline komt in twee verschillende vormen voor in de menselijke cel. 
1) als heterodimeer met β-tubuline of 2) in een gepolymeriseerde vorm waarbij de 
α/ β-tubuline heterodimeren als bouwstenen van microtubuli gebruikt worden, als 
onderdeel van het celskelet. Detyrosinatie vindt met name plaats wanneer α-tubuline 
geïncorporeerd is in microtubuli. Na de-polymerisatie van de microtubule kan een 
tyrosine worden teruggeplaatst op de carboxyterminus van α-tubuline, resulterende 
in het terugbrengen van α-tubuline in zijn originele, getyrosineerde staat. Vier 
decennia was het reeds bekend dat α-tubuline onderworpen wordt aan detyrosinatie, 
maar het was onbekend door welk(e) enzyme(n) deze reactie wordt uitgevoerd. In 
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hoofdstuk 4 wordt de identificatie van de eerste α-tubuline detyrosinerende enzymen 
beschreven. Deze modificatie is uniek voor α-tubuline en reguleert de interactie van 
microtubuli met gespecialiseerde eiwitten die een fysieke interactie met microtubuli 
aangaan. Deze eiwitten reguleren door hun interactie met microtubuli verschillende 
biologische processen, zoals celdeling, hartspiercel samentrekking en het transport 
van intracellulaire blaasjes over microtubuli.

In hoofdstuk 3 wordt de ontwikkeling van een nieuwe toepassing van haploïde 
genetica beschreven. Met deze nieuwe techniek kunnen we de kracht van de haploïde 
genetica toepassen om de regulatoren van intracellulaire fenotypes te ontrafelen. 
Om dit te bereiken maken we gebruik van gemutageniseerde haploide cellen die 
met behulp van antilichamen gekleurd worden voor een intracellulair fenotype. 
Daaropvolgend worden de mutanten geïsoleerd die zeer veel of zeer weinig van dit 
kenmerk hebben. Door de mutaties in die twee populaties te bepalen kan worden 
vastgesteld welke genen ten positieve of negatieve bijdragen aan de kwantiteit van 
het geteste fenotype. In dit hoofdstuk laten we zien dat deze techniek toegepast 
kan worden op verschillende intracellulaire fenotypes. Vervolgens onderwerpen we 
het Akt/PKB-signaaltransductie pad aan een diepgaande analyse. Zo vinden we het 
eiwit KCTD5 als een negatieve regulator van dit signaaltransductie pad. Cellen zonder 
KCTD5 bevatten meer actief Akt. Om te bepalen welke van de vele signalen die dit 
pad kunnen activeren gereguleerd wordt door KCTD5 herhalen we de screen naar 
Akt phosphorylatie in cellen die geen KCTD5 hebben. Deze screen laat zien dat in 
deze cellen verschillende onderdelen van het Gβγ  signaleringscomplex bijdragen aan 
de grote hoeveelheid actief Akt. Aanvullende biochemische analyse en een set van 
extra genetische screens legt het moleculaire mechanisme van KCTD5 regulatie van 
Akt zien. Het blijkt dat KCTD5 samenwerkt met de ubiquitine E3-ligase Cullin-3. Deze 
is verantwoordelijk voor de proteolytische afbraak van het Gβγ signaleringscomplex 
nadat G-eiwit gekoppelde receptoren geactiveerd zijn.

Dezelfde technologie is de basis van hoofdstuk 4. Hier wordt een genetische screen 
naar α-tubuline detyrosinatie beschreven die vasohibins als eerste tubuline detyrosinatie 
enzymen identificeert. Hiervoor werden vasohibins bestudeerd als eiwitten die 
uitgescheiden worden door cellen en een rol spelen in de ontwikkeling van nieuwe 
bloedvaten. Het was dan ook onbekend dat er een rol was voor vasohibins als enzymen 
in het intracellulaire milieu. Er zijn twee vasohibins, die beiden α-tubuline detyrosinatie 
activiteit bevatten en bijdragen aan de endogene niveaus van tubuline detyrosinatie. 
Andere wetenschappers hadden reeds voorspeld dat α-tubuline detyrosinatie meer 
plaatsvindt op microtubuli in vergelijking tot α/β-tubuline dimeren, en onze in vitro 
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testen bevestigen deze observatie. Tot onze verrassing vinden wij in cellen die geen 
vasohibins hebben nog steeds tubuline detyrosinatie, suggererende dat er ook andere, 
nog te identificeren, tubuline detyrosinatie enzymen aanwezig zijn in deze cellen.

In hoofdstuk 5 rapporteren we over de rol van het eiwit C12orf49 in het reguleren 
van sterol homeostase. In verschillende haploide genetische screens vinden we 
C12orf49 samen met de sterol regulator SREBP2 en aanverwante factoren. C12orf49 
is te vinden in het Golgi-apparaat en in cellen zonder C12orf49 zien we een gebrekkige 
inductie van de transcriptie van genen die door SREBP2 geactiveerd worden. In deze 
cellen is SCAP, een regulator van SREBP2, vooral in het Golgi-apparaat te vinden in 
vergelijking met wild-type cellen. Ondanks dat we het exacte moleculaire mechanisme 
van C12orf49’s bijdrage aan SREBP2 niet hebben opgelost kunnen we wel vaststellen 
dat C12orf49 een belangrijke factor is om de SREBPs te activeren, waarschijnlijk door 
SCAP’s intracellulaire lokalisatie te reguleren.

De discussie van dit proefschrift is verdeeld over twee hoofdstukken. Hoofdstuk 6 
beschrijft de biologische en technische aspecten van de experimentele hoofdstukken. 
Hoofdstuk 7 gaat dieper in op de rol van de techniek zoals beschreven in hoofdstuk 3 
en hoe deze in de toekomst gebruikt kan worden voor het construeren van biologische 
netwerken. Verder speculeren we in het laatste hoofdstuk over de totstandkoming 
van een alomvattende kaart van de humane cel.
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