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Abstract
The state of a cell and cell function is ultimately characterized by the expression of
specific proteins. The equilibrium of a “healthy” amount of protein is maintained
by the balance between newly generated proteins via translation and the
degradation. Proteins half-life in eukaryotic cells can span from minutes to several
days and are tightly controlled by the selective degradation of proteins via the
ubiquitin-proteasome system. Finding specific genes that are involved in the
degradation of a protein of interest harbours many applications for translational
medicine, but also enables a better understanding of basic cellular biology. To
enable such screens, we have established a FACS-based genome-wide
CRISPR/Cas9 knockout screening platform, based on protein delivery via the type
three secretion system (T3SS) of an avirulent strain of Salmonella typhimurium.
We discovered that the delivered proteins are dynamically degraded following
transfer, therefore this protein delivery system offers a suitable and unique
approach to study protein degradation. As a proof of concept, we studied the
poorly understood degradation of the key tumor suppressor protein p16, which
additionally is lysine-free, contradicting a longstanding concept that canonical
ubiquitin is conjugated to a lysine residue. The screen yielded several promising
candidate genes including genes of the Torsin family, the Sec62/63 complex, and
iii

COPS6. Validation of the candidate genes uncovered THAP1 as a potential general
regulator of protein degradation. We anticipate this method will offer novel
mechanistic insights into the degradation of intracellularly delivered proteins and
might uncover new pathways of protein homeostasis.
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Lay Summary
Proteins need to be recycled in every cell to maintain a healthy cellular
environment and maintain homeostatic amounts of every protein. Most proteins are
degraded through a very specific process, requiring it to be recognized, decorated
with the marker molecule ubiquitin, and then broken apart by the proteasome. In
my project, we developed a platform that allows us to find genes that are involved
in the degradation of any protein we are interested in. As a proof of this principle,
we studied the degradation of the tumor suppressor p16 and found the gene THAP1
as a potential general regulator of protein degradation. We anticipate this method
will offer novel mechanistic insights into the degradation of intracellularly
delivered proteins and might uncover new pathways involved in protein
degradation.
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Chapter 1: Introduction
1.1 Protein degradation by the ubiquitin-proteasome system
The state of a cell and cell function is ultimately characterized by the expression of
specific proteins. To maintain protein homeostasis, the balance between newly
generated proteins via translation and the degradation of proteins that are too
abundant or have lost their function is precisely maintained1. Proteins half-life in
eukaryotic cells can span from minutes to several days and are controlled by two
major pathways: autophagy and the ubiquitin-proteasome system (UPS)2,3.
Autophagy refers to several different pathways that ultimately converge to degrade
proteins, mostly large unwanted structures such as organelles and protein
aggregates, via lysosomes. While most autophagy processes are non-selective, the
UPS is a very specific degradation pathway. More than 80% of proteins are turned
over by the UPS and furthermore UPS degradation is essential to precisely control
protein levels during development, differentiation, and many other cellular
processes such as the cell cycle4. Therefore, it is not surprising that UPS
dysregulating plays a key role in many diseases including cancer5,
neurodegenerative6, or cardiac disease7.
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Proteins are degraded via the canonical UPS in a multistep process4,8,9 (Figure 1):
(I)

Adenosin triphosphate (ATP) dependent ubiquitin (Ub) activation by
attaching to the ubiquitin-activating enzyme (E1).

(II)

Transfer of Ub from E1 to a ubiquitin-conjugating enzyme (E2).

(III) Specific recruitment of a substrate and a ubiquitin bound E2 by a
ubiquitin ligase (E3) and transfer of the ubiquitin to the substrate. This
step may be repeated multiple times to form lysine 48-linked
polyubiquitin chains.
(IV) Recognition of a (poly)ubiquitinated substrate by the 19S regulatory
particle. Removal of ubiquitin from substrates by deubiquitylating
enzymes.
(V)

Entry of the unfolded substrate into the 20S catalytic core particle,
catalyzed by the regulatory particle. Capping of a core particle by one or
two regulatory particles leads to a complete 26S proteasome assembly
and subsequent proteolysis of the substrate.

2

Figure 1. Schematic of the UPS. The five steps of protein degradation as described above are shown. Adapted
from8.

Currently, two ubiquitin E1s, 30-40 E2s, and more than 600 E3 ligases have been
identified in the human genome10–12 and thus E3 ligases confer the specificity of
3

the degradation system. This specificity makes E3 ligases an interesting target for
cancer therapy13, especially since almost 20% of all cancer driving genes affect
UPS function14. E3 ligases are classified into three families: RING (really
interesting new gene)-type E3 ligases, RBR (RING between RING)-type E3
ligases, and HECT (homologous to the E6AP carboxyl terminus) domaincontaining E3 ligases15,16. The majority of E3 ligases belong to the RING family of
E3s which mediate the direct transfer of Ub from the E2 to the substrate15. By
contrast, HECT and RBR E3 ligases mediate ubiquitination by first transferring Ub
to an active cystine site present in the E3 ligase and subsequent transfer of Ub to
the substrate16.

1.2 The tumor suppressor p16
The protein p16 (cyclin-dependent kinase (CDK) 4/6 inhibitor, CDKN2A) is an
important tumor suppressor and loss-of-function of p16 has been observed in many
types of cancer17. p16 exerts its tumor suppressor function through controlling the
retinoblastoma protein (Rb) pathway (Figure 2), which primarily regulates the G1
to S transition in the cell cycle18–21. Briefly, p16’s main role is to compete with Dcyclins to bind to CDK 4/6, thereby preventing the formation of the active cyclin
D-CDK 4/6 complex. This in turn inhibits phosphorylation of Rb family members
4

and Rb remains associated with E2F transcription factors, consequently preventing
transcription of E2F target genes that are required for G1 to S transition and thus
leading to cell cycle arrest.

Figure 2. Schematic of the p16-CDK4/6-Rb-E2F pathway. p16 binds to CDK4/6, thereby blocking CDK4/6
activation by Cyclin D. Inactive CDK4/6 does not phosphorylate Rb, prohibiting the transcription of E2F target
genes.

Interestingly, phosphorylation of Rb induces p16 expression through E2F1,
forming a negative feedback loop22,23. However, upregulation of p16 has been
found in a number of cancers and has been associated with increased patient
survival in some tumors24,25 and poor prognosis in others26,27. This dichotomy
could be explained by non-canonical, cell cycle-independent, pathways that are
regulated by p16, such as cell invasion, apoptosis, angiogenesis, tumor immune
surveillance, and senescence28,29 or simply an increase of p16 levels due to other
downstream changes in the p16-Rb pathway, e.g. loss of Rb (positive feedback).

For example, p16 has been found to be overexpressed in cells at the invasive front
of endometrial, basal cell, and colorectal carcinomas30–32. On the other hand,
5

increased cancer cell apoptosis and reduced angiogenesis have been reported in
breast cancers treated with adenoviral transduction of p16 in vivo33. More recently,
p16 has been found to play a role in tumor immune surveillance, with p16
increasing the anti-tumor activity of immune cells29. Additionally, p16 has a
fundamental role in inducing senescence28,34. Specifically, p16 is important for
oncogene induced premature senescence28,34,35 and has been found to be
overexpressed in benign and pre-malignant lesions that have not undergone
malignant transformation28. Therefore, bypassing senescence via loss-of-function
of the p16-Rb pathway could be an important step in the progression to a
malignant tumor28,29. In summary, the regulation of p16 levels is important not
only due to the loss of a major tumor suppressor pathway and therefore cancer
initiation and neoplasia, but also the myriad of other tumor progression-related
processes that are required for later malignant transformation.

Despite the discovery of p16 as a major tumor suppressor almost 30 years ago36,
and substantial research on this protein, many of the non-cell cycle related
functions of p16 are still poorly understood. Another unanswered question is raised
by the subcellular localization of p16. p16’s most studied function is cell cycle
control; this occurs in the nucleus. Interestingly however, p16 is also observed in
6

the cytoplasm in some cancers37,38. Here, p16 has been shown to form complexes
with CDK4/637,39 and to interact with other proteins (e.g. actin, tubulin)39, but no
studies have addressed its actual function in the cytoplasm so far.

Interestingly, despite the prevalence of loss of p16 in many cancers28, relatively
little is known about its degradation and if such degradation events are differently
regulated in the cytoplasm versus the nucleus.

1.2.1 p16 degradation – what is known
p16 has a relatively short half-life of a few hours40–44. Interestingly, p16 is lysinefree and conjugation of ubiquitin to an internal lysine residue is the first step in the
degradation of most proteins through the canonical UPS (see chapter 1.1).
Although N-terminal ubiquitination and ubiquitination on serine, threonine, and
cysteine residues has been reported for some proteins in recent years, these noncanonical ubiquitin-dependent proteasomal degradation processes are still poorly
understood45. A few studies have reported, at times contradicting, results on p16
degradation since the first published study in 200446. The authors first reported that
p16 is ubiquitinated and degraded by the proteasome in sparse HeLa cells but more
stable in confluent cells46. The first study to suggest that p16 degradation follows a
7

ubiquitination independent pathway was published by Chen et al. in 200742. Mass
spectrometry results showed that endogenous cellular p16 is entirely acetylated at
its N-terminus, therefore preventing it from being a suitable substrate for Nterminal ubiquitination and degradation42. Additionally, the authors demonstrated
that p16 is degraded by 20S proteasomes but not 26S proteasomes in vitro,
suggesting that ubiquitination and the 19S subunit are not required for p16
degradation. Instead, the REGγ (Proteasome Activator Subunit 3; also known as
11Sγ, PA28γ, PSME3) proteasomal activator interacts with p16 and knockdown of
REGγ leads to increased steady-state levels and half-life of p1641,42. In contrast to
the 19S subunit of the canonical UPS (see chapter 1.1), the REGγ regulatory
subunit mediates degradation of substrates in a ubiquitin- and ATP-independent
manner47–49. Furthermore, the protein p14 (ARF), expressed as an overlapping
transcript at the same genetic locus as p16, regulates the proteasomal degradation
of p16 by controlling SUMOylation (Small Ubiquitin-like Modifier) and nuclear
export of REGγ41. Interestingly, REGγ is mostly localized to the nucleus but the
SUMOylated form is translocated into the cytoplasm50, potentially contributing to
the degradation of cytoplasmic p16.
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Of note, the hepatitis C virus (HCV) core protein activates REGγ expression,
directly leading to the ubiquitin-independent proteasomal degradation of p1643.
Additionally, the HCV core protein has also been shown to downregulate p16
expression by inducing promoter hypermethylation51. This adds another level of
control over p16 by HCV and highlights the critical role of p16 downregulation in
the development of hepatocellular carcinoma. In human gastric tumors and mouse
xenografts, p16 is downregulated via COP9 (Constitutive photomorphogenesis 9)
Signalosome Subunit 6 (COPS6)-mediated ubiquitin-independent degradation by
the 20S core particle52. Furthermore, COPS6 and p16 interact with REGγ and
knockdown of REGγ rescues COPS6-mediated downregulation of p1652. The
COP9 signalosome itself is a paralogue of the 19S regulatory particle and functions
as a regulator of protein degradation by directly promoting deneddylation, thereby
controlling the activity of cullin-RING ligases53.

Another study suggested that the poorly characterized protein FAM111B (family
with sequence similarity 111 member B) promotes degradation of p16 in A549
lung cancer cells54, but the underlying pathway was not further investigated. One
study has found that the phosphorylation of p16 is important for its degradation:
Al-Khalaf and colleagues observed UV-dependent polyubiquitination of p16 but
9

not of phosphorylated p16 in cells deficient of the protein kinase ATR (ataxia
telangiectasia and Rad3-related protein)44. Furthermore, phosphorylated p16 was
more stable than the non-phosphorylated form and p16 polyubiquitination was
mediated by the E3 ligase SKP2 (S-phase kinase-associated protein 2), which is
inhibited by ATR44. Lastly, a recent publication investigated and implicated p62mediated autophagy as a pathway of p16 degradation upon cellular stress55.

In summary, p16 degradation has been studied in different settings over the last
two decades. Surprisingly however, our understanding of the pathways that the cell
uses to regulate p16 levels is still incomplete and remains controversial,
implicating different pathways, genes, and modulators. Furthermore, studying p16
degradation can give insight into “non-canonical” protein degradation pathways
(e.g., N-terminal, serine, threonine, and cysteine ubiquitination) and thereby might
lead to a better understanding of these fundamental cellular processes that have
only been described recently. To study p16 degradation in a genome-wide context
we established a genome-wide CRISPR/Cas9 knockout screen based on protein
delivery via Salmonella serovar Typhimurium (S. Typhimurium), which will be
introduced below.

10

1.3 Salmonella
Salmonella is a genus of the family Enterobacteriaceae. It is comprised of two
species, Salmonella bongori and Salmonella enterica (S. enterica), which is
additionally divided into six subspecies56. Salmonella are characterized as gramnegative, rod-shaped, generally motile bacteria with peritrichous flagella, ranging
from 1-5 μm in size. Salmonella strains, specifically the serotypes Enteritidis and
Typhimurium, are frequently responsible for bacteria related foodborne disease
outbreaks in humans57–59, instigating extensive research into this pathogen since its
first description in 188460,61. The non-typhoidal serotypes generally cause a selflimiting gastrointestinal illness, while other serotypes that are strictly adapted to
humans, such as S. Typhi, can cause typhoid fever that requires immediate
treatment62. Salmonella are facultative intracellular pathogens and can infect and
invade a range of cells, but primarily proliferate and persist in macrophages59. An
important tool that Salmonella uses for infecting and invading hosts is the type III
secretion system (T3SS).

1.3.1 Type III Secretion System
The T3SS allows many gram-negative bacteria, like Salmonella, to deliver
unfolded bacterial effector proteins directly into the cytoplasm of eukaryotic
11

cells63. S. Typhimurium has two discrete T3SSs encoded in so called Salmonella
pathogenicity islands (SPI-1 and SPI-2)64. The T3SS from SPI-1 is active during
initial contact with the host cell membrane and translocates effector proteins into
the cytoplasm, an important step in host cell invasion64,65. After invading the target
cell, the SPI-2 T3SS is responsible for ensuring bacterial survival and replication
within the so called Salmonella-containing vacuoles, transferring proteins into the
host endomembrane system and cytoplasm64,66.
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Figure 3. Structure of the needle complex from S. Typhimurium. 3-D reconstruction of a cryo-electron
microscopy map of the T3SS of S. Typhimurium surface view (A) and half-sectioned needle complex with substrate
(blue) trapped in the tunnel (B). Adapted from67. (C) Schematic of needle complex. Relevant structures are
indicated. Adapted from68.
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The T3SS has two main components: (1) a highly conserved multi-protein
nanomachine present on the cell membranes of bacteria, also called “injectisomes”
or needle complex and (2) the effector proteins and transcriptional regulators that
are translocated to manipulate host cell function69,70. The needle complex is
composed of multiple structural subunits (Figure 3). An inner and an outer ring
form the base that is rooted in the bacterial envelope and allows to translocate the
effector proteins across the inner and outer bacterial membrane. Mounted on the
circular base is a ~50 nm71 needle or syringe-shaped filament that connects the
bacteria to the external environment or the host cell membrane. The tip of the
needle is capped and serves as a platform for the translocon that is secreted and
directly creates a pore in the host cell membrane68,72. The selection and sequential
delivery of effector proteins, recognized by encoded secretion signals73, to the
membrane base of the needle complex is orchestrated by a cytoplasmic multiprotein complex called the sorting platform74. Additionally, effector proteins are
associated to chaperones that are necessary for targeting the proteins to the sorting
platform74 and to keep them in a partially unfolded state75. Since the diameter of
the needle complex is only 10 Å at the narrowest point76 (Figure 3), all substrates
must be unfolded by a ATPase prior to translocation73. Interestingly, the unfolding
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activity of the T3SS ATPase is relatively weak and therefore the mechanical
stability of a protein in part predicts whether a protein can be translocated77.

1.3.2 Non-virulent S. Typhimurium strain ASB2519 and pCASP-HilA
expression plasmid
To harness the power of T3SS mediated cytoplasmatic protein delivery, we have
recently engineered an improved version of the non-virulent S. Typhimurium strain
SB251978. Two additional genes (SopA, a E3 ligase required for invasion and
SsaK, an indispensable SPI-2 effector) were knocked out in this strain to create a
strain named ASB2519, which was used in this thesis63. This strain is currently
approved for handling under BSL-1 conditions in Canada and Germany.

The pCASP-HilA plasmid is employed to express proteins of interest and boost
their delivery63 (Appendix A). Here, the protein of interest (such as p16), Nterminally fused to the first 120 amino acids of the secretion signal SptP
(SptP120), is under the control of the SicA promoter, a S. Typhimurium SPI-1
effector protein, and is thus co-regulated with SPI-1 gene expression63.
Furthermore, to boost the expression of SPI-1 genes in the ASB2519 strain, the
pCASP-HilA plasmid contains the main regulator of SPI-1 genes, HilA, under the
15

control of an arabinose inducible pBAD promoter63. The inducible HilA and
SptP120 enhance expression and secretion of the proteins of interest,
respectively63,79. Therefore, ASB2519 in combination with the pCASP-HilA
plasmid is a versatile and highly efficient protein delivery system, allowing the
rapid cytosolic delivery of a wide range of proteins with high amounts of protein in
all target cells63,79. Bacteria mediated protein delivery emerges as a powerful tool
that can be used in many different applications to study basic biology (e.g., protein
degradation), but also may be used in future translational efforts.

1.4 Pooled genome-wide CRISPR/Cas9 knockout screening
Less than a decade after researchers first described genetic perturbations using
CRISPR (clustered regularly interspaced short palindrome repeats) in combination
with the nuclease Cas980,81 it has evolved to a crucial tool in research and clinical
sciences, highlighted by the Nobel Prize in Chemistry 2020 for Emmanuelle
Charpentier and Jennifer A. Doudna.

Genome-scale loss-of-function screening is an important tool of functional
genomics. Historically, this has been mostly done with RNA interference (RNAi),
but the utility of RNAi has been hindered by incomplete protein depletion
16

(knockdown instead of knockout) and off-target effects82–85. Off-targets effects are
also observed in Cas9 induced gene knockouts, but using an inducible Cas9 can
mitigate the potential effects of long-term constitutional Cas9 expression86,87.
CRISPR/Cas9 screens uncovered 3-4 times more essential genes compared to
previous RNAi screening88 and thus CRISPR/Cas9 screening has mostly replaced
RNAi screening in recent years.

In a pooled CRISPR/Cas9 knockout screen a library of single guide RNAs
(sgRNAs) is designed to target every gene of interest with multiple (typically 4-6)
sgRNAs, as well as negative controls. These libraries are commercially available
and therefore do not need to be designed, synthesized, and cloned by every
individual researcher. Typically, lentiviral vectors are produced from the pooled
sgRNA constructs and target cells transduced at a low multiplicity of infection
(MOI) of > 0.3, ensuring that every cell only receives a single sgRNA. After
selection of sgRNA positive cells, the cells are expanded and can be frozen for
future screens. Cas9 can either be delivered simultaneously with the sgRNA library
or a stable Cas9 cell line can be engineered prior to library transduction. Most
pooled library screens use cell growth as a phenotype and readout in positive or
negative selection84, but fluorescence-activated cell sorting (FACS)-based screens
17

have, albeit more challenging, also shown good results in recent years89. The stable
integration of the sgRNA expression cassette enables screen readout using next
generation sequencing (NGS). Genomic DNA (gDNA) from target cell populations
and control cells is extracted, a NGS library of the sgRNA-encoding region
generated and subsequently sequenced. The raw sequencing data is commonly
analyzed using bioinformatic analysis platforms such as MAGeCK-VISPR,
PinAPL-Py, CRISPRCloud2, and CRISPRAnalyzeR90. These end-to-end packages
generally allow a researcher with minimal knowledge of Pyhton or R to analyze
screening data and further include a number of quality control tools90.

1.5 Rationale, hypothesis, and objectives
Protein degradation is a major cellular pathway and a way for a cell to selectively
clear excessive amounts of protein levels, protein aggregates, or abnormal proteins.
It is fundamental to maintain the proper balance of proteins and therefore required
for cellular function and cell health. Furthermore, knowing the mechanisms by
which a specific protein is degraded not only expands our basic understanding of
that protein’s degradation, but also has direct implications for the treatment of
many pathologies.
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We hypothesized that cytoplasmic protein delivery via S. Typhimurium is a viable
platform to rapidly study the degradation of any protein of interest using genomewide CRISPR/Cas9 knockout screening. Thus, the objectives of my thesis were:
1. Find genes involved in the degradation of a sample protein of interest (p16)
using S. Typhimurium as a protein delivery tool using genome-wide
CRISPR/Cas9 screening.
2. Validate genes that are discovered in the screen to gain insight into (a) the
degradation of p16 and (b) the degradation of lysine-free proteins.

19

Chapter 2: Methods
2.1 Cell culture
Human colon carcinoma (RKO; ATCC Cat# CRL-2577) cells were cultivated in
Roswell Park Memorial Institute (RPMI) 1640 (Gibco). Human pancreas
carcinoma (MIA PaCa-2; ATCC Cat# CRL-1420), human fibrosarcoma (HT-1080;
ATCC Cat# CCL-121), and human embryonic kidney (Lenti-X 293T; Takara Bio
Cat# 632180) cell lines were cultivated in Dulbecco’s modified Eagle’s medium
(DMEM; Gibco). All growth media were supplemented with 10% fetal bovine
serum (FBS; Gibco), 4 mM L-Glutamine (Sigma-Aldrich), and 25 mM HEPES
(Gibco). Cells were routinely maintained at 37°C and 5% CO2.

2.2 Salmonella Typhimurium infection assay
5 ml cultures were inoculated with the ASB2519 Salmonella strains and grown to
saturation (250 rpm, 37°C) in LB medium (Sigma-Aldrich) supplemented with
25 μg/ml chloramphenicol (CM). Saturated bacterial cultures were diluted 1/10 in
LB, supplemented with 25 μg/ml CM, 0.3 M NaCl, and 0.012% arabinose and
grown for 2 h (250 rpm, 37°C). The target cell culture medium was changed
30 min prior to infection and supplemented with 25 μg/mL CM and 0.012%
arabinose. Cells were then infected at a multiplicity of infection (MOI) of 100 for
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1 h, after which cell culture medium (containing ASB2519) was removed and the
eukaryotic cells washed once with 1x PBS. Cells were then further incubated for
up to 4 h with 200 μg/ml gentamicin. When indicated, cells were treated with
50 nM bortezomib (BZB) 30 min before infection and throughout the entire
experiment.

2.3 Western blotting
For sample preparation, cells were harvested with accutase (Gibco), pelleted at 4°C
(2000 g, 2 min) and snap frozen in liquid nitrogen for storage at -80°C. Cells were
thawed on ice and resuspended in 1x PBS, supplemented with 0.002% digitonin,
protease inhibitor cocktail (Sigma-Aldrich, cOmplete), and, if necessary, with
phosphatase inhibitor cocktail (Sigma-Aldrich, PhosSTOP). Resuspended cells
were incubated for 5 min on ice and centrifuged at 4°C (16000 g, 25 min).
Digitonin does not lyse bacterial membranes63 and therefore the supernatant
containing only eukaryotic cell lysate was harvested and the total protein content
was determined via the Bradford protein assay (Bio-rad, Cat# 5000205). Samples
were separated on 4-12% Bolt Bis-Tris gels (ThermoFisher Cat# NW04120BOX)
and blotted on polyvinylidene difluoride (PVDF) membranes (ThermoFisherm,
Cat# 88520) by wet transfer (4°C, 100 V, 60 min). PVDF membranes were
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blocked for 45mins at RT in 5% milk or 5% PhosphoBlocker (Cellbiolabs, Cat#
AKR-103) in TBST and probed with rabbit anti-HA-Tag (1/1600, Cell Signaling,
C29F4), mouse anti-GAPDH (1/500, Santa Cruz Biotechnology, 0411), mouse
anti-Rb (1:2000, Cell Signaling, 4H1), rabbit anti-phospho-Rb (Ser807/811)
(1:1000, Cell Signaling, D20B12), rabbit anti-phospho-Rb (Ser780) (1:1000, Cell
Signaling, 9307), diluted in universal antibody dilution buffer (Sigma-Aldrich,
Cat# U3635) overnight at 4°C. Blots were washed three times in 1x PBS and
incubated with secondary anti-mouse IgG (1/4000, Promega, W4021) or anti-rabbit
IgG (1/4000, Sigma-Aldrich, NA9340) conjugated to horseradish peroxidase in 5%
milk or 5% PhosphoBlocker for 1 h at RT. Blots were developed with Clarity ECL
substrate (Bio-Rad, Cat# 1705060) and imaged using a ChemiDoc MP system
(Bio-Rad).

2.4 Lactate dehydrogenase (LDH) assay
LDH release was measured with the LDH-Glo Cytotoxicity Assay (Promega, Cat#
J2380) according to the manufacturer’s instructions and measured on a Spark
microplate reader (Tecan).
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2.5 Immunofluorescence staining and microscopy
Cells were grown on coverslips in 24 well plates and infected at a MOI of 100 for
1 h. Cells were then washed once in 1x PBS and fixed with 4% paraformaldehyde
(PFA) (ThermoFisher, Cat# 50-980-487) for 10 min at RT. Subsequently, cells
were permeabilized and blocked for 1 h at RT in blocking buffer (5% FBS, 2%
bovine serum albumin (BSA) (Sigma-Aldrich, Cat# A7906), 1% glycine (SigmaAldrich, Cat# 410225), 0.2% triton X (Roche, Cat# 11332481001) in 1x PBS. The
specimens were then stained with primary rabbit anti-HA-Tag (1/1000, Cell
Signaling, C29F4) overnight at 4°C in a humid chamber, followed by three washes
in washing buffer (1% glycine, 0.2% Triton X in 1x PBS) and staining with
secondary Alexa 647-anti-mouse IgG (1/500, Abcam, ab150115) in blocking
buffer for 1 h at RT. Cells were washed three times in washing buffer and stained
with DAPI (Fisher Scientific, Cat# D3571). Cover slips were mounted onto
microscope slides (Thermo Fisher, Cat# 4951WS44370) and images acquired on a
Leica TCS SP8 laser scanning confocal system. Image analysis and assembly was
performed using ImageJ (v1.53c), the ScientiFig (v3.2) plugin for ImageJ, and
Adobe Illustrator.
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2.6 Flow cytometry
At the end of an infection experiment, the cells were washed once in 1x PBS,
harvested with trypsin (Gibco), and transferred to a 96 well analysis plate
(Sarstedt, Cat# 82.1583). The cells were then stained with fixable viability dye
eFluor780 (Thermo Fisher, Cat# 65-0865-18) for 15 min on ice and washed once
with FACS buffer (5% FBS in 1x PBS). Subsequently, the cells were fixed with
4% PFA for 10 min at RT. The samples were then blocked and permeabilized in
blocking buffer for 30 min at RT and incubated with primary rabbit anti-HA-Tag
(1/1600, Cell Signaling, C29F4) antibody at 4°C overnight. The cells were then
stained with secondary PE-anti-rabbit IgG (1/500, BioLegend, 406421) in blocking
buffer for 30 min at RT. Cells were then resuspended in FACS buffer and analyzed
on a CytoFLEX LX (Beckman Coulter), LSR2 (BD Biosciences), or FACSCanto
(BD Biosciences).

2.6.1 Flow cytometry for validation studies
For validations, the cells were processed as described in 2.6, but after fixation the
prechilled cells were resuspended in ice-cold methanol (MeOH) and incubated on
ice. The samples were then blocked, stained, and washed in FACS buffer.
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2.7 FACS-based Genome-wide CRISPR/Cas9 knockout screen
The pooled genome-wide CRISPR/Cas9 knockout screen was performed using the
genome-wide Vienna sgRNA library91. The inducible RKO library was already
prepared as described previously92. 1.5x108 cells were thawed and expanded,
maintaining a coverage of at least 500x per sgRNA. Cas9 expression was induced
with 0.2 μg/ml doxycycline (dox) (Sigma-Aldrich, Cat# D9891) for the two
timepoints (2.5 and 5 days of induction). At these two timepoints the standard S.
Typhimurium infection and protein delivery (see 2.2) was performed and the cells
were incubated for 4 h to allow for degradation of p16 and OVA. The cells were
then pooled and split to batches of 5x107 cells per 50 ml Falcon conical centrifuge
tube, stained with Zombie Aqua viability dye (1:1000, BioLegend, Cat# 423101),
and fixed for 30 min at 4°C in 5 ml fixation buffer from the Foxp3/Transcription
Factor Staining Buffer Set (Thermo Fisher, Cat# 00-5523-00). Subsequently, the
cells were blocked in 5ml permeabilization buffer supplemented with 5% FBS for
45 min at 4°C and stained with rabbit anti-HA-Tag (1/1600, Cell Signaling,
C29F4) antibody in 500 μl permeabilization buffer supplemented with 5% FBS
overnight at 4°C. The cells were then stained with secondary PE-anti-rabbit IgG
(1/500, BioLegend, 406421), washed 3x in FACS buffer, strained through a 40 μM
mesh and sorted in sort buffer (1% FBS, 1 mM EDTA, 25 mM HEPES in 1x PBS)
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at 8-10,000 events/second on FACS Aria III (BD Biosciences) and FACS Aria IIu
(BD Biosciences) cell sorters. After exclusion of aggregates, dead, and Cas9(GFP-) cells, two fractions were collected: a mid-fraction (HAmid) of 50-60% of the
main population centered around the median of the HA-PE signal and the 1-2% of
cells with the highest HA-PE signal (HAhigh). Sorted cells and unsorted control
samples (harvested just before dox induction and on the respective timepoints as
uninfected controls) were pelleted, snap-frozen and stored at -80°C until further
processing.

2.7.1 Generation of NGS library and sequencing
NGS libraries were prepared in technical replicates for all HAmid and HAhigh
fractions as previously described91,92. Genomic DNA (gDNA) was extracted by cell
lysis (10 mM Tris‐HCl, 150 mM NaCl, 10 mM EDTA, 0.1% SDS), proteinase K
treatment (New England Biolabs, Cat# P8107S), and DNAse-free RNAse digest
(Thermo Fisher, Cat# 10977035), followed by two rounds of phenol extraction.
Isolated gDNA was frozen and thawed ten times to increase fragmentation prior to
nested PCR amplification of the sgRNA cassette.
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Barcoded NGS libraries for each sample were created using a two-step PCR
protocol. In a first PCR reaction with 28 cycles, the sgRNA cassette was amplified
from the isolated gDNA using 0.2 μl AmpliTaq Gold (Invitrogen, Cat# 4311820)
in 50 μl reactions each containing 1 μg of gDNA. All reactions of a sample were
pooled, and the DNA purified with in-house magnetic beads. The purified DNA
was used in a second PCR reaction (7 cycles) to add barcodes and Illumina
sequencing adaptors using 10 ng DNA template per 50 μl reaction. The final
Illumina libraries were pooled and deep sequenced on a HiSeq2500 (Illumina)
platform. Primers used for library amplification are listed in Appendix B.

2.7.2 Analysis of pooled genome-wide CRISPR/Cas9 knockout screen
Analysis of the pooled genome-wide CRISPR/Cas9 knockout screens was
performed as previously described using the crispr-process-nf Nextflow workflow
(https://github.com/ZuberLab/crispr-process-nf) developed by the Johannes Zuber
laboratory92. Raw sequencing reads were aligned to a previously created index
using Bowtie 2 (v2.3.0)92. Prior to read count median-normalization, guide RNAs
with fewer than 50 counts in the control and sorted samples were excluded. Then,
enrichment or depletion of sgRNAs in HAhigh samples was calculated against
control samples and average log2 fold changes (LFCs), ρ-values, and false
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discovery rates (FDRs) calculated using MAGeCK (0.5.9)93. This analysis was
performed by trained bioinformaticians, Florian Andersch and Melanie De
Almeida, at the Vienna Bio Center.

2.8 Lentiviral plasmid design for Validation
sgRNA containing lentiviral plasmids were generated based on pLentiCRISPRv2
(Addgene #52961), obtained from the laboratory of Johannes Zuber, IMP,
Vienna92. sgRNA sequences targeting the genes of interest were cloned into
pLentiV2-U6-sgRNA-mPGK-eBFP using the Esp3L restriction site and confirmed
by Sanger sequencing. Oligonucleotides for the sgRNA inserts are listed in
Appendix C.

2.9 Lentivirus production and infection
70-90% confluent Lenti-X cells were cultured in RPMI 1640 and co-transfected
with pCMVR8.74 (Addgene Cat#22036), pCMV-Eco (Cell Biolabs), and sgRNA
containing lentiviral plasmid (pLentiV2.U6-improvedTRACER-PGK-eBFP) using
Lipofectamine 3000 (Invitrogen) reagent according to the manufacture’s
instructions. RKO cells containing a doxycycline-inducible Cas9 were infected at
30-70% infection efficiency with 4 μg/ml polybrene (Sigma-Aldrich) and infection
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levels were determined by flow cytometry based on blue fluorescent protein (BFP)
expression 7 days post transduction.

2.10 Competitive proliferation assays
Gene editing was activated by inducing Cas9 expression with 0.2 μg/ml dox
(Sigma-Aldrich, Cat# D9891) and confirmed by green fluorescent protein (GFP)
expression. The percentage of BFP+ (sgRNA+) cells was monitored by flow
cytometry over 9 days in 24 h intervals to determine effects of the inducible
knockouts on proliferation and viability.

2.11 Statistical analysis
Statistical information regarding the number of technical or biological replicates
are indicated in the figure legends. To organize data Microsoft Excel (v
16.0.14527.20270) was used. Screen analysis was performed with the R (v4.0.2)
programming environment using RStudio (v1.3.1073 and v1.1.456)92. Quantitative
immunoblotting was evaluated using ImageJ (v1.53c) and statistical analysis was
performed using GraphPad Prism (v9.2.0).
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Chapter 3: Results
3.1

Degradation of p16, OVA, and secretion tag in 3 cell lines

3.1.1 SptP120-HA is rapidly degraded
To find genes that are specific for the degradation of p16 and do not stem from the
secretion tag (SptP120), the lysine-free HA tag, or the protein being expressed in
bacteria, we chose to perform a separate screen on a control protein. The most
straight forward choice to control for confounding components from the SptP120
and HA tags would be to use the fusion peptide SptP120-HA. Initial experiments
revealed that SptP120-HA is delivered in much lower quantities to RKO cells than
SptP120-p16-HA (Figure 4). Furthermore, while p16 is completely degraded over
4-5 h and the degradation was inhibited by bortezomib (BZB), SptP120-HA is
degraded more rapidly and BZB does not rescue its degradation (Figure 4). This
data shows that the delivered SptP120-p16-HA is degraded at comparable rates to
native p1640–44, while the secretion tag, SptP120-HA, on its own is degraded more
rapidly.
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Figure 4. Fusion proteins delivered via S. Typhimurium are degraded by the proteasome in RKO cells. Flow
cytometry analysis of SptP120-HA and SptP120-p16-HA transferred to RKO cells by 1 hour infection at a MOI of
100. Cells were incubated for the indicated times after infection in the presence of 50 nM of the proteasome
inhibitor bortezomib (BZB) when indicated. S. Typhimurium ASB2519 with an empty pCASP-HilA vector served
as a negative control (Mock infected). Data is representative of two independent experiments.

3.1.2 Ovalbumin as a degradation control
Screening for a better suited control revealed that Ovalbumin (OVA) is delivered
and degraded at a comparable rate to p16 in three different cancer cell lines (RKO,
HT1080, and MiaPaCa2) that were available for screening (Figure 5A). Details
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regarding these three cell lines can be found in chapter 2.1. Since RKO cells had
the strongest shift from mock infected to p16 and OVA protein levels as measured
by flow cytometry (the primary read out in the screen) and p16 delivery had low
cytotoxic effects on these cells (Figure 5B), they were chosen for the genome-wide
CRISPR/Cas9 knockout screens.

Figure 5. OVA degradation in RKO cells. (A) Flow cytometry analysis of SptP120-OVA-HA and SptP120-p16HA transferred to RKO, HT1080, and MiaPaCa2 cells. Cells were infected at a MOI of 100 for 1 h and incubated
for 0 and 4 h after infection with 50 nM of bortezomib (BZB) as indicated. S. Typhimurium ASB2519 with an
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empty pCASP-HilA vector served as a negative control (Mock infected). Data is representative of four independent
experiments. (B) Cytotoxicity of SptP120-p16-HA delivery via S. Typhimurium ASB2519 was assessed using
lactate dehydrogenase release assays in the indicated cells infected at a MOI of 100 for 1 hour followed by
incubation for 4 hours. Data are shown as mean ± s.d.. p.i., post infection.

3.2 Genome-wide CRISPR Cas-9 knockout screen
3.2.1 Layout of the CRISPR/Cas9 knockout screen
To find genes involved in the degradation of p16 we performed FACS-based
genome-wide CRISPR/Cas9 knockout screens in RKO cells as laid out in Figure
6A. Briefly, cells were thawed and Cas9 expression induced for 2.5 and 5 days to
capture essential genes and more stable proteins, respectively. At the two
timepoints, SptP120-p16-HA and SptP120-OVA-HA were delivered to the
knockout cell libraries for 1 h via S. Typhimurium and further incubated for 4 h
after which the cells were fixed, the HA-tag immuno-stained, and cells sorted in
two fractions: the Top 1% gate (HAhigh) and the mid-fractions (HAmid, of 50-60%
of the main population centered around the HA-PE median) (Figure 6B). Genomic
DNA from the sorted cells was extracted, the sgRNAs expression cassette deep
sequenced in two technical replicates, and hits recovered using the MAGeCK
platform.
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Figure 6. Layout of the genome-wide CRISPR/Cas9 knockout screen. (A) Schematic layout of the screen. (B)
Sorting strategy used for the screens. First the general cell population is gated followed by gates excluding doublets
and death cells. On this population HAhigh and HAmid are sorted.

3.2.2 Analysis of the genome-wide CRISPR/Cas9 knockout screen
The MAGeCK platform was used to normalize read counts based on the median
and to calculate log2 fold changes (LFCs), ρ-values, and false discovery rates
(FDRs)93. sgRNA enrichment was calculated between the sorted Top 1% gate, the
mid-fractions, and the infected control samples harvested on the day of sorting.
Since the representation of sgRNAs in many HAmid samples was sub-par (many
sgRNAs were not represented and variances between samples were different),
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LFCs, ρ-values, and FDRs were more robust against unsorted control samples, and
therefore HAmid samples were not used for screen analysis. Furthermore, the
technical replicates of HAhigh samples were combined for statistical analysis.
First, the obtained data was analyzed and general controls, such as genes of the
26S proteasome or other known essential genes that are involved in unrelated
pathways, examined. Interestingly, more genes had stronger enrichment on day 5
than day 2.5 (Figure 7), indicating that most genes require more than 2.5 days to
create a complete protein-level knockout.
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Figure 7. FACS-based CRISPR screens for genes involved in the degradation of SptP120-p16-HA and
SptP120-OVA-HA. Gene-level enrichment of sgRNAs in HAhigh cells as compared to unsorted control samples and
one-sided MAGeCK ρ-values are shown. The lines indicate a ρ-value of 0.01 and the 95th percentile of enrichment.
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All subunits of the 26S proteasome and other genes known to be involved in the
UPS were analyzed in detail (Figure 8, Figure 9). This analysis revealed that the
core particle is involved in degrading the delivered p16 and OVA, likely in a
ubiquitin-dependent process as the E1 enzyme UBA1 and the 19S regulatory
particle were also enriched in HAhigh samples. Selected genes that have previously
been described to be involved in p16 degradation and that have an established
general role in protein degradation are also listed. For example, the alternative
proteasome regulator REGγ (PSME3) is only moderately enriched in both p16 and
OVA screens and therefore does not seem to be involved in their degradation in
this screen. COPS6 on the other hand, is only enriched in p16 and not OVA, while
most other COP9 signalosome subunits are highly enriched in both, suggesting that
COPS6 has a specific role in p16 degradation.
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Figure 8. Analysis of selected UPS-related genes. Heat map of one-sided ρ-values calculated using MAGeCK for
selected subunits of the proteasome and other genes involved in canonical protein degradation.
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3.2.3 Selection of candidate genes
The candidates for validation studies were primarily selected based on their LFCs
and ρ-value differences between p16 and OVA (Figure 9), and secondarily based
on current literature. Criteria for candidate gene selection were further based on
annotated functions and established interactions between them.

Three of the five known members of the Torsin family (TOR1A, TOR1B, and
TOR2A) enriched in cells with delivered p16 but not in cells with delivered OVA
and were therefore selected for validation. Torsins are atypical members of the
AAA+ (ATPases associated with a variety of cellular activities) protein family and
are the only known AAA+ ATPases to be located in the endoplasmic reticulum and
nuclear envelope94. The mechanistic understanding of Torsins remains elusive due
to their striking differences to their closest structural homologs, such as a noncanonical Walker A motif and the lack of an otherwise conserved arginine finger94.
However, they have been found to play a role in ERAD (Endoplasmic-reticulumassociated protein degradation) of some proteins95. Therefore, the genes SEC62
and SEC63 were included, as they play a central role in translocating proteins into
the ER and subsequent ERAD96,97.
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Remarkably, COPS4, a subunit of the COP9 signalosome, has been identified to
interact with TOR1A and together they are required for the stability of snapin and
synaptotagmin-specific endocytic adaptor stonin 298. Further, COPS6, another
component of the COP9 signalosome, has been shown to be directly involved in
p16 degradation. This suggests that the COP9 signalosome and TOR1A might act
in concert to regulate protein stability. Furthermore, RFWD2 (or COP1) is an E3
ligase that associates with COPS6 and together they regulated ubiquitin-dependent
degradation of various proteins99. Additionally, a deletion in TOR1A has been
identified as the cause of DYT1 dystonia100. Dystonias are a group of neurological
hyperkinetic movement disorders, some of which are hereditary with known
genetic causes. Interestingly, another clinically similar dystonia, DYT6, is caused
by mutations in the transcription factor THAP1101. Interestingly, TOR1A expression
can be repressed by wild type THAP1101. Furthermore, THAP1 is involved in the
regulation of pRB/E2F target genes102, one of which is p16 itself. Of note, sgRNAs
targeting the “safe harbor” locus AAVS1 and PSMB5 served as negative and
positive controls, respectively. Based on these considerations, we focused on the
validation of the genes shown in Figure 9 and listed in Table 1.
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Figure 9. Selected hits for validation. Gene-level enrichment of sgRNAs in HAhigh cells and one-sided MAGeCK
ρ-values are shown. The lines indicate a ρ-value of 0.01 and the 95th percentile of enrichment. All genes that were
used for validation studies are labeled and highlighted in orange, 20S proteasome core particle genes (as in Figure
8) are highlighted in blue.
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Table 1: Selected candidate genes
Genes that were selected for validation are listed with respective gene-level enrichment of sgRNAs in HAhigh cells
and one-sided MAGeCK ρ-values. LFC, log2 fold enrichment.

Gene

ρ-value
p16 d2.5

PSMB5

LFC
p16
d2.5
4.43

ρ-value
p16 d5

6.57

LFC
p16
d5
3.13

ρ-value
OVA d2.5

6.56

LFC
OVA
d2.5
4.54

ρ-value
OVA d5

6.57

LFC
OVA
d5
4.27

COPS6

2.16

0.71

3.30

6.56

0.78

0.45

1.25

1.19

TOR1A

3.57

4.03

4.16

6.56

1.84

2.99

2.24

1.78

TOR1B

3.27

4.93

3.79

6.56

2.29

2.95

1.62

0.80

TOR2A

2.82

2.24

3.57

6.56

2.31

2.45

1.41

0.78

SEC62

1.71

0.83

3.23

6.09

1.00

0.65

1.93

0.99

SEC63

2.50

2.10

3.35

6.56

1.14

0.68

2.93

2.27

RFWD2

2.76

2.48

2.40

3.79

0.33

0.42

1.33

1.86

THAP1

3.50

4.35

4.66

6.56

1.00

0.72

6.00

6.56

SIGMAR1

0.93

1.04

3.48

6.56

0.30

0.24

0.61

0.84

ZNF207

2.29

1.68

3.46

6.56

1.12

0.85

2.05

1.06

U2SURP

0.61

0.40

3.61

6.56

1.21

0.68

3.08

2.07

OTUD5

1.43

0.53

2.86

6.56

-0.75

0.04

1.63

1.55

POLR3A

-0.51

0.20

-2.69

0.00

-1.26

0.01

5.42

6.56

6.56

3.3 Validation of hits
3.3.1 Designing single gene inducible CRISPR/Cas9 knockouts
To validate and further characterize the selected genes, inducible single gene
knockouts were created using the top ranking sgRNA as predicted by the Vienna
Bioactivity CRISPR-score (https://www.vbc-score.org/)91. Additionally, two genes,
TOR1A and COPS6, were targeted with the top scoring sgRNA from the
CRISPR/Cas9 screen. The sgRNA sequences used can be found in Appendix C.
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The RNA polymerase III subunit, POLR3A, was included as a control due to the
unexpected strong enrichment in OVA. To this end, RKO cells containing a
doxycycline (dox) inducible Cas9 were transduced with the respective sgRNA via
pseudotyped lentivirus at 40-70% infection efficiency.

3.3.2 Competitive proliferation
To determine gene essentiality competitive proliferation assays were performed for
every sgRNA (Figure 10). In addition to gene essentiality this assay provides
crucial information about the required timing to obtain the strongest effect on
overall function of the protein and at the same time mitigating effects that could
stem from the cell dying. For the validation studies, Cas9 was then induced for the
amount of time until knockout cells started to deplete in the proliferation assay, or
for seven days when the gene was not essential for cell survival.
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Figure 10. Competitive proliferation of candidate genes in RKO cells. Cell lines were grown for up to 9 days in
the presence of dox and subsequently the frequency of sgRNA+ (BFP+) cells analyzed by flow cytometry. Data are
normalized to day 0.
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3.3.3 Validation of candidate genes
To validate candidate genes, the knockouts (Cas9) were induced for the
appropriate amount of time as determined by the competition assay (Figure 10).
Then, the standard S. Typhimurium-based protein delivery experiment was
performed, followed by 4 hours incubation for protein degradation. The
proteasomal subunit PSMB5 served as a positive control and the “safe harbor”
locus AAVS1 as a negative control in all experiments.

As seen in Figure 11, most candidate genes did not validate since Cas9-induced
cells contain the same amounts of protein as the uninduced controls. However,
THAP1 knockout results in a small fraction of cells with high p16 and OVA levels
after the 4 hour incubation time. While THAP1 knockout showed a measurable
effect on p16 and OVA stability (as found in the genome-wide CRISPR/Cas9
screen), most other gene knockouts did not show a convincing phenotype. We
hypothesized that this was because the analyzed cells were infected at low
efficiencies and therefore cells that did not have the sgRNA were included.
Therefore, the cell lines were sorted to enrich sgRNA+ cells, obtaining populations
with at least 90% of cells BFP+/sgRNA+, now termed “enriched cells”.
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Figure 11. Validation of candidate genes in RKO cells. Flow cytometry analysis of SptP120-OVA-HA and
SptP120-p16-HA transferred to RKO knockout cells (as indicated). Knockouts were induced with dox for 3 d
(PSMB5), 4 d (U2SURP), 5 d (COPS6 (1), COPS6 (2), TOR1A (1), TOR1A (2), TOR2A, THAP1, TOR1B), 6 d
(U2SURP, SEC62, SIGMAR1, ZNF207, OTUD5), or 7 d (AAVS1, POLR3A, SEC63). Cells were infected at a MOI
of 100 for 1 h and incubated for 4 h after infection. Non-induced cells served as negative control (-dox). Data is
representative of three independent experiments.
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Figure 12 shows the validation experiments performed on the enriched cells.
Interestingly, the phenotype for PSMB5 and THAP1 was stronger in the enriched
cells than in the unsorted population. However, knockout of the other candidate
genes still did not show an effect on p16 or OVA stability. In summary, while
some candidate genes did not validate strongly, this data supports THAP1 as a hit
that influences p16 and OVA stability.
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Figure 12. Validation of candidate genes in “enriched” RKO cells. Cells from Figure 11 were sorted for
sgRNA+ cells and re-cultivated. Flow cytometry analysis of SptP120-OVA-HA and SptP120-p16-HA transferred to
RKO knockout cells (as indicated). Knockouts were induced with dox for 4 d (PSMB5), 5 d (COPS6 (1), TOR1A
(1), THAP1), 6 d (U2SURP, POLR3A), or 7 d (AAVS1, OTUD5, SEC62). Cells were infected at a MOI of 100 for 1
h and incubated for 4 h after infection. Non-induced cells served as negative control (-dox). Data is representative of
three independent experiments.
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3.4 Delivered p16 does not aggregate and is functional
Since TOR1A has been found to be involved in the degradation of protein
aggregates103,104 and some of the Torsins were highly enriched in the genome-wide
CRISPR/Cas9 knockout screen, we investigated if the S. Typhimurium delivered
SptP120-p16-HA forms aggregates within RKO cells. Immunofluorescence
analysis of delivered p16 and OVA did not reveal any obvious aggregates (Figure
13A). To effectively demonstrate that the delivered p16 does not aggregate we
further investigated if the delivered p16 is functional. Since p16 inhibits Rb
phosphorylation through CDK4/6, we hypothesized that Rb phosphorylation levels
should be reduced in cells that receive a high dose of p16. Indeed, quantitative
western blotting with two antibodies against the Rb phosphorylation sites (S780
and S807/811) revealed that Rb phosphorylation is reduced (Figure 13B). These
experiments show that the delivered SptP120-p16-HA does not aggregate and
appears to be functional at the timepoint of analysis.
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Figure 13. SptP120-p16-HA does not form aggregates and is functional. (A) Representative anti-HA
immunostaining confocal images of SptP120-p16-HA and SptP120-OVA-HA delivered to RKO cells via S.
Typhimurium ASB2519 for 1 h at a MOI of 100. In the merged image DAPI and anti-HA are pseudo colored as blue
and red, respectively. 50 different cells were analyzed per condition. Scale bars 10 µm. (B) Quantitative immunoblot
of RKO cells. SptP120-p16-HA was delivered to RKO cells via S. Typhimurium ASB2519 for 1 h and further
incubated in the absence of ASB2519 for 1 h. S. Typhimurium ASB2519 with an empty pCASP-HilA vector served
as negative control (Mock infected). HA-tags are displayed to show effective delivery of the protein complex
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SptP120-p16-HA. Quantification of S780 and S807/811 phosphorylation was performed against total Rb protein and
GAPDH. Statistical analysis was performed with two-sided t-test (n=6 biological replicates). Data is shown as mean
± s.d.
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Chapter 4: Discussion
Protein degradation is a fundamental process in the daily life of every cell and the
degradation of most proteins is mediated by specific enzymes4. Since the
abundance of a protein often determines its cellular function and degradation is one
of the two major means of a cell to regulate protein homeostasis, it is important to
understand how a specific protein of interest is degraded. We hypothesized that
cytoplasmic protein delivery via S. Typhimurium is a viable platform to rapidly
study the degradation of proteins of interest using genome-wide CRISPR/Cas9
knockout screening. Thus, in this thesis we performed an exemplary screen to
study the degradation of the tumor suppressor p16 and validated the candidate
genes by performing single gene knockout experiments. Additionally, we were
able to show that the delivered SptP120-p16-HA does not aggregate and is
functional in cells.

By using an inducible Cas9 we were able to screen the entire genome, instead of
just non-essential genes which has been a major limitation in many other genetic
screens. By screening at two timepoints, 2.5 and 5 days after Cas9 induction, we
can also detect temporally resolved effects of Cas9 mediated gene-knockouts.
Coupled with the highly efficient protein delivery via the avirluent S.
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Typhimurium strain ASB2519, inducible genome-wide CRISPR/Cas9 knockout
screening becomes a powerful tool to study the degradation of proteins of interest
with minimal setup time. This is facilitated by the ease and speed of cloning the
pCASP-HilA plasmid for intracellular protein delivery via S. Typhimurium.

While the analysis of the raw sequencing data with MAGeCK revealed high
quality data, the validation of candidate genes posed more challenging. Many of
the candidate genes in both (days 2.5 and 5) HAhigh fractions, despite having good
LFCs, FDRs and ρ-values (almost equal to the positive control PSMB5), did not
validate in single gene knockout cells as true positives. Given that the entire
proteasome (and other genes that have a more specific link to p16 degradation)
enrich in the HAhigh fractions, we hypothesize that this was an issue of the delivery
assay not being sensitive enough for the validations. More specificially, the
problem is rooted in mean fluorescence intensities varying too much from well to
well to confidently detect small changes, and not of detecting false positives in the
genome-wide CRISPR/Cas9 knockout screen. Furthermore, in the screen every
sgRNA was interogated against each other, therefore serving as internal controls
and eliminating well to well variation which allows for the detection of smaller
changes in phenotypes. To solve this validation problem, the sgRNA coupled BFP
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reporter could be used to directly compare cells that have the gene knockout to
cells without an integrated sgRNA within a well, however that did not work
reproducibly in our hands. The BFP signal is relatively weak (compared to for
example the GFP signal that is coupled to Cas9 expression) and even further
quenched by fixation. Therefore, it was not possible for us to gate BFP+ and BFPpopulations in the flow cytometry analysis.

An issue with FACS-based screens is that the effect sizes in the screen do not
represent biological effect sizes and hits are therefore not directly comparable.
Furthermore, they are limited to measure one parameter and therefore only produce
a single enrichment score that makes it impossible to directly draw any information
(e.g. pathway or dynamic and complex phenotypes) from these hits. Recently,
optical pooled screening setups with microscopy-based read outs of multiple
phenotypes105 or temporally resolved information106 coupled to in situ sequencing
have shown a way to overcome these issues.

Interestingly, based on the defined criteria, the REGγ proteasomal activator
(PSME3) did not qualify as a hit for p16 degration, despite multiple studies
suggesting its involvement in the degradation of p1641,42. This might be due to
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subcellular sequestration: REGγ is preferentially localized to the nucleus and the
delivered SptP120-p16-HA localizes primarily to the cytoplasm (Figure 13A).
However, SUMOylation of REGγ results in cytosolic translocation of the protein50
which is mediated by p1441. In RKO cells, p14 expression is relatively low
according to DepMap107 and therefore sufficient amounts of REGγ might not
translocate into the cytoplasm. Regardless of REGγ, p16 is located to both the
nucleus and the cytoplasm and therefore even if nuclear p16 is degraded by REGγ,
a cytoplasmic p16 degradation pathway must still be in place. The functionality of
the delivered p16 (Figure 13B), despite being expressed in bacteria and the
addition of the secretion signal SptP120 and HA-tag, provides additional proof that
the delivered p16 is degraded via its canonical cytoplasmic pathway. Furthermore,
COPS6, also previously found to be involved in the degradation of p1652, was a top
hit for p16 but not OVA degradation, suggesting that the obtained screen results
are, at least in part, reliable.

The strongest candidate gene, THAP1, has, to our knowledge, not been shown to
be involved in the degradation of any protein. Recently however, THAP1 was
found in a genome-wide CRISPR/Cas9 knockout screen to regulate MYC
stability92. This implies that THAP1 could be a general regulator of protein
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degradation that has not been described previously. THAP1 has been shown to be
involved in the regulation of pRB/E2F target genes, and thereby regulate cell
proliferation102. The minute control of protein levels (specifically of cyclins and
CDK inhibitors such as p16) is important for cell cycle progression and thus cell
proliferation4. As a transcription factors, THAP1 regulates the expression of
specific target genes. These genes could be components of the protein degradation
machinery, such as E3 ligases, to tightly regulate the degradation of proteins that
are involved in the cell cycle. TOR1A, for example, is directly involved in ERAD95
and its expression can be repressed by wild type THAP1101. Additionally, it has
been shown that THAP1 directly regulates the expression of β-glucuronidase, a
lysosomal enzyme involved in the catabolism of glycosaminoglycan in the extra
cellular matrix thereby controlling the maturation of oligodendroglial progenitor
cells into myelinating cells108.

We used the T3SS delivery system of S. Typhimurium due to the high amounts of
protein that can be delivered into the cytosol, the dynamic degradation of these
proteins, its capability to infect many cell types, and the low cytotoxicity of the
modified ASB2519 strain. None of the high ranking hits in the genome-wide
CRISPR/Cas9 knockout screen were related to S. Typhimurium or the T3SS as the
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mode of protein delivery. Therefore, the genome-wide CRISPR/Cas9 knockout
screening via S. Typhimurium is a viable tool to obtain high quality data. However,
it might be beneficial to employ a secondary screen of a smaller subset of target
genes or using different cell lines. Here, the endogenous protein of interest could
be stained directly or endogenously tagged with a fluorescent reporter to asses
steady state levels, potentially also allowing to validate smaller phenotypic
changes. Since this smaller follow-up screen would be focused to the significant
targets found in the first S. Typhimurium based screen, other genes, e.g. required
for transcription or translation, that would otherwise confound the screen analysis
could be excluded. The capture of only genes that are directly involved in the
degradation of the protein of interest is a major advantage of our system using
intracellular protein delivery via S. Typhimurium.

This work showed a viable method to rapidly perform genome-wide CRISPR/Cas9
screening for genes that are involved in the degradation of p16. With an
appropriate validation strategy, this method can be use to study the degradation of
proteins of interest. We found and validated THAP1 as a potential general regulator
of protein degradation that warrants further research. Other genes that highly
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enriched in the screen but did not validate could be validated using other methods
or cell lines.
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Appendices
Appendix A pCASP-HilA SptP120-p16-HA plasmid map

Figure 14. pCASP-HilA SptP120-p16-HA plasmid map. Purple boxes represent promotors with the arrow
indicating the direction of read. (CM-R, chloramphenicol resistance; AraC, L-arabinose operon; pBAD, arabinose
promotor; ColE1, origin)
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Appendix B NGS library primer sequences
Table 2: Primers used for 2-step PCR to generate NGS libraries
NN denotes random nucleotides

Primer ID

Sequence (5’ to 3’)

F1

GCATACGAGATAGCTAGCCACC

R1_T0 unsorted

CTCTTTCCCTACACGACGCTCTTCCGATCTNNaCGGTTT
CCAGCATAGCTCTTAAAC

R1_T2.5 unsorted

CTCTTTCCCTACACGACGCTCTTCCGATCTNNtaCGTGT
TCCAGCATAGCTCTTAAAC

R1_T5 unsorted

CTCTTTCCCTACACGACGCTCTTCCGATCTNNctaGACG
TTCCAGCATAGCTCTTAAAC
R1_T5 p16
CTCTTTCCCTACACGACGCTCTTCCGATCTNNgctaACGT
unsorted
TTCCAGCATAGCTCTTAAAC
R1_T5 OVA
CTCTTTCCCTACACGACGCTCTTCCGATCTNNgTTCGTT
unsorted
CCAGCATAGCTCTTAAAC
R1_T2.5 p16 a mid CTCTTTCCCTACACGACGCTCTTCCGATCTNNagCTGGT
TCCAGCATAGCTCTTAAAC
R1_T2.5 p16 b
CTCTTTCCCTACACGACGCTCTTCCGATCTNNtagAATG
mid
TTCCAGCATAGCTCTTAAAC
R1_T2.5 OVA a
CTCTTTCCCTACACGACGCTCTTCCGATCTNNctagCAA
mid
GTTCCAGCATAGCTCTTAAAC
R1_T2.5 OVA b
CTCTTTCCCTACACGACGCTCTTCCGATCTNNcTTGTTT
mid
CCAGCATAGCTCTTAAAC
R1_T2.5 p16 a
CTCTTTCCCTACACGACGCTCTTCCGATCTNNgcATAGT
high
TCCAGCATAGCTCTTAAAC
R1_T2.5 p16 b
CTCTTTCCCTACACGACGCTCTTCCGATCTNNagcACTC
high
TTCCAGCATAGCTCTTAAAC
R1_T2.5 OVA a
CTCTTTCCCTACACGACGCTCTTCCGATCTNNtagcGCA
high
GTTCCAGCATAGCTCTTAAAC
R1_T2.5 OVA b
CTCTTTCCCTACACGACGCTCTTCCGATCTNNtAGCTTT
high
CCAGCATAGCTCTTAAAC
72

R1_T5 p16 a mid

CTCTTTCCCTACACGACGCTCTTCCGATCTNNctGGTCT
TCCAGCATAGCTCTTAAAC
R1_T5 p16 b mid
CTCTTTCCCTACACGACGCTCTTCCGATCTNNgctACCG
TTCCAGCATAGCTCTTAAAC
R1_T5 OVA a mid CTCTTTCCCTACACGACGCTCTTCCGATCTNNagctGAG
TTTCCAGCATAGCTCTTAAAC
R1_T5 OVA b mid CTCTTTCCCTACACGACGCTCTTCCGATCTNNaTCTGTT
CCAGCATAGCTCTTAAAC
R1_T5 p16 a high CTCTTTCCCTACACGACGCTCTTCCGATCTNNtaTGAGT
TCCAGCATAGCTCTTAAAC
R1_T5 p16 b high CTCTTTCCCTACACGACGCTCTTCCGATCTNNctaCTTCT
TCCAGCATAGCTCTTAAAC
R1_T5 OVA a
CTCTTTCCCTACACGACGCTCTTCCGATCTNNgctaTAG
high
GTTCCAGCATAGCTCTTAAAC
R1_T5 OVA b
CTCTTTCCCTACACGACGCTCTTCCGATCTNNgGCTTTT
high
CCAGCATAGCTCTTAAAC
R2
AATGATACGGCGACCACCGAGATCTACACTCTTTCCC
TACACGACGCT
F2
CAAGCAGAAGACGGCATACGAGATAGCTAGCCACC

73

Appendix C Validation sgRNA sequences
Table 3: sgRNA sequences
sgRNAs were synthesiszed as single stranded oligonucleotides, annealed, cloned into pLentiV2-U6-sgRNA-mPGKeBFP expression plasmid and used for gene knockout experiments. sgRNAs were picked based on the VBC score 91,
or the sgRNA that enriched strongest in the screen as indicated.

sgRNA

Sequence

PSMB5
COPS6
TOR1A
TOR1B
TOR2A
SEC62
SEC63
RFWD2
THAP1
SIGMAR1
ZNF207
U2SURP
OTUD5
POLR3A
VCP
CKLF-CMTM1
AAVS1
COPS6_5 (2) (Screen)
TOR1A_10 (2) (Screen)

TTTGTACTGATACACCATGTTGG
GGTGTGGGACAGCAGCTCAAAGG
AGCATGTGGAAAGTGCAATGTGG
GTCATTGTAGGACAGGTAGCCGG
GGTCCCGTATACCACCCAGGAGG
GATTTGGCAAGAACCAAAAGTGG
GATCACGATGAGCCCCACGAAGG
TATGACCCTTGAAGGAACGTAGG
GCGGTTCTTGCAGCCGTAGGCGG
CGGACAGCGAGGCGTGCAGAAGG
GACAAAGGATACCAGCACCACGG
AGAAGAAATAGATCATCTGGTGG
AGAGATGTACAACCGTCCTGTGG
GTAGAGAGACACCTCATCGATGG
GATGAATTGCAGTTGTTCCGAGG
CCAGCCGCAGCATCTTCACGTGG
GCTGTGCCCCGATGCACAC
GAGCTGCTGTCCCACACCG
GCAATGTGGCCACAAACAGG
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