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Abstract
The transcription factor p53 is one of the most investigated proteins in medical research
due to his pivotal role in tumor suppression and the fact it is mutated in nearly 50 % of
human cancers. p53 can be activated by a variety of stress signals inducing downstream
transcriptional programs. Despite the excessive study of p53 there is relative few
information about its role in non-cancerous cells. Latest findings showed that p53 may
also have a function in the control of cell metabolism. We could show that, while mRNA
levels stayed unchanged, p53 protein levels increased under starvation in murine liver
and in cultured hepatocytes.
The aim of this master thesis was to elucidate the mechanisms behind this p53 protein
stabilization under starvation. Based on preliminary experiments, we hypothesized that
the increased p53 levels are mediated by AMPK (adenosine monophosphate-activated
protein kinase) signaling. AMPK can control the binding of p53 to its negative regulator
MDM2, preventing p53 ubiquitination and subsequent degradation, thereby activating
p53’s transactivation function. To test this hypothesis immunoprecipitation (IP) and coIP experiments were established. First, p53 and MDM2 were overexpressed in different
cell lines (COS, HEK and HepG2 cells) followed by IP. After optimizing protocol
parameters and overexpression efficiency a robust co-pull-down of ectopic p53 and
ectopic MDM2 could be shown. These experiments were repeated also in HepG2 cells
to investigate the endogenous interaction of p53 and MDM2 under starvation. The pulldown of p53 or MDM2 alone was successful, but endogenous interaction could only be
shown to a very low extent. It remains to be determined if these observations are caused
by technical problems or if it has biological relevance. Furthermore, latest findings
suggest that the p53 stabilization might not be only an effect of AMPK activation but also
due to destabilization of MDM2 protein level under starvation.
Additionally, the CRISPR/Cas9 system was used to derive stable p53 knock-out HepG2
clones that will be used as isogenic controls in xenotransplantation experiments in mice
to investigate the role of starvation and p53 in hepatocellular carcinoma development.
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Zusammenfassung
Der Transkriptionsfaktor p53 ist eines der bestuntersuchtesten Proteine in der
medizinischen Forschung, da er eine zentrale Rolle in der Tumorunterdrückung spielt
und in 50% aller Krebsarten mutiert ist. Aktiviert wird p53 von verschiedensten
Stresssignalen, was zur Transkription unterschiedlichster p53-Zielgenen führt. Trotz
vieler Studien über p53, gibt es nur wenig Wissen über p53s physiologische Funktion in
nicht-transformierten Zellen. Neueste Studien zeigten, dass p53 auch in der Kontrolle
des Zellmetabolismus involviert ist. Wir konnten zeigen, dass obwohl die Anzahl der
mRNA unverändert blieb, sich die Anzahl von p53 Protein in Lebern gefasteter Mäuse
und in kultivierten, gefasteten Hepatocyten massiv erhöhte.
Das Ziel dieser Masterarbeit war deshalb die Aufklärung der p53 Stabilisierung, die durch
Fasten ausgelöst wird. Wir vermuteten, dass das erhöhte Vorkommen von p53 durch
AMPK (adenosine monophosphate-activated protein kinase) verursacht wird. Der
AMPK-Komplex beeinflusst die Bindung von p53 an seinen Regulator MDM2. Dadurch
wird p53 nicht mehr durch MDM2 ubiquitiniert, nicht im Proteasom abgebaut und deshalb
aktiviert. Um diese Hypothese zu testen wurden Immunpräzipitationsexperiment (IP)
durchgeführt. Dazu wurden zuerst p53 und MDM2 in verschiedenen Zelllinien (COS,
HEK und HepG2) überexprimiert. Nachdem stabile IP-Protokolle etabliert wurden,
konnte die Bindung von ektopischen p53 an MDM2 gezeigt werden. Außerdem wurde
die endogene Interaktion dieser Proteine in HepG2 Zellen untersucht. Die Isolierung von
p53 oder MDM2 alleine wurde mit IP-Experimenten gezeigt, aber es konnte nur eine
sehr schwache endogene Interaktion gezeigt werden. Deshalb sollten die angeführten
Resultate mit Bedacht interpretiert werden. Weitere Versuche werden zeigen ob diese
Beobachtungen durch technische Probleme verursacht wurden oder ob es tatsächlich
eine biologische Relevanz gibt. Außerdem zeigten die letzten Experimente, dass die p53
Stabilisierung wahrscheinlich nicht nur durch AMPK Aktivierung, sondern auch durch
eine Destabilisierung von MDM2 selbst verursacht werden.
Des Weiteren wurde das CRISPR/Cas9 System verwendet um eine stabile p53 knockout

Zelllinie

zu

generieren.

Diese

Zellen

dienen

als

Kontrolle

bei

Xenotransplantationsexperimenten in Mäusen um die Rolle von Fasten auf die
Leberkrebsentstehung zu untersuchen.
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1.

Introduction

1.1 p53 at a glance
p53 (encoded by the human TP53 gene) is one of the most described and investigated
proteins in life sciences, with nearly 85,000 PubMed-listed publications so far.1 In 1979,
when David Lane and Lionel Crawford were the first who described the p53 protein
bound to the SV40 (simian virus 40) large T-antigen, the importance of their discovery
and the influence on tumor biology was not conceivable.2 In addition it is known now that
the nomenclature p53 is misleading. The term p53 was created on the basis of p53s
migration in SDS-polyacrylamide gels and the estimated molecular mass of around 53
kDa. As realized later p53 has a molecular mass of 43.7 kDa and the slower migration
in SDS-gels is caused by a prolin-rich region. Nevertheless p53 stayed the official name.3
At the beginning it was believed that p53 is an oncogene, but ongoing research revealed
that TP53 is the most commonly mutated gene in human cancer.4 Inheritance of a mutant
p53 allele which causes the Li-Fraumeni cancer syndrome5 and a 100 % cancer
incidence in p53-null mice confirmed p53s crucial role in tumor suppression.6 p53 can
fulfill his tumor suppressive activity because it acts as a transcription factor. Two
transcriptional activation domains (TADs) and a DNA binding domain allows p53 to
activate and enhance the transcription of p53 target genes.7 Thus p53 is a key
component in the reaction to cellular stresses. It can integrate a lot of different extrinsic
and intrinsic stress signals (e.g. DNA damage, oncogene expression, loss of cell contact,
ribosomal stress, nutrient and oxygen deprivation…)8 to block the cell cycle or lead the
cells into senescence or apoptosis. p53 activation and transcription of downstream
targets is highly regulated (see chapter 1.3) and due to its complexity not yet fully
understood.9, 10 But that’s not all. Bourdon et al. reported that p53 itself is not a single
protein. Through alternative splicing there exist at least nine different isoforms of p53.11
To avoid confusion “p53” in this master thesis represents the full length p53 isoform when
p53 was overexpressed and the β-isoform of p53 in HepG2 cells.

1.2 p53s physiological role besides tumor suppression
Besides p53s pivotal role in tumor suppression there are plenty of other functions of p53
in various physiological and pathological processes including fertility, mitochondrial
respiration, cell adhesion, stem cell maintenance and development.10 Recent studies
showed that p53 is also involved in the regulation of the cell metabolism. There is
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increasing evidence that p53 plays a key role in the control of cellular metabolic
homeostasis. p53 seems to influence carbohydrate and lipid metabolism and might have
also a crucial function in the control of autophagy.12 As already mentioned p53 is
activated by different cellular stress signals. The outcome of the p53 activation depends
on cell type and the extent, duration and origin of the stress.8 Nutrient deprivation or
starvation can up-regulate p53 target genes which are relevant to metabolic homeostasis
in several tissues of mice (liver, adipose tissue and skeletal muscle)13. Further
investigations by Prokesch et al. revealed an increase in p53 protein levels in the liver of
mice, in primary human hepatocytes and in HepG2 cells upon starvation. This p53
accumulation was not caused by increased p53 mRNA expression.14 Therefore the aim
of this work was to understand the stabilization and activation of p53 protein in starved
hepatocytes.

1.3 Regulation of p53
p53 decides over life or death of a cell. As the consequences of inactivation or activation
of p53 are crucial, a well-regulated control mechanism has evolved. In unstressed cells
p53 protein levels are downregulated by its main negative regulator MDM2 (murine
double minute 2). MDM2 binds to the N-terminal transactivation domain (TAD) of p53
and blocks p53s ability to function as a transcription factor. In addition MDM2s main task
is to reduce p53 protein levels in unstressed cells via the ubiquitination of p53 which
target it for proteasomal degradation.15 Through various stress signals this interaction is
disrupted. So p53 is stabilized and can fulfill its downstream activity. The following
chapters describe the role of post-translational modifications on p53-MDM2 interactions
and the regulation of MDM2 itself, as the two main ways of p53 activation.

1.3.1

p53 and post-translational modifications

The primary amino acid sequence of p53 has many conserved serine, lysine and
threonine residues. Post-translational modifications of these residues seem to play a
pivotal role in p53 stabilization and activation.16 A broad range of kinases (e.g.
ATM/ATR/DNA-PK and Chk1/Chk2) which are activated by various stress signals can
phosphorylate p53 at its N-Terminus. It could be shown, that phosphorylations at serine
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residues, especially at Ser 15 (mouse Ser 18) and Ser 20 (mouse Ser23), affect p53MDM2 interaction. These modifications, which are within the TAD (where the binding site
of MDM2 is located) lead to a disruption of MDM2 binding and stabilize p53 protein
levels.17 Besides this central serine residues, there are known 23 different
phosphorylation and dephosphorylation sites (serines and threonines). Also C-terminal
conserved lysines are modified. They can be ubiquitinated (especially by MDM2),or also
modified by other molecules/proteins including acetylation, methylation, sumoylation and
neddylation.18 Most of these modifications are also involved in modulating the cellular
outcomes of p53 activation.9 Therefore the main focus in this work is on modifications
which influence MDM2 binding (mainly Ser15) and the control of MDM2 itself.

1.3.2

MDM2 as the main p53 negative regulator

The control of p53 protein levels is primarily regulated by its main negative regulator
MDM2 (murine double minute 2) via ubiquitin-mediated proteasomal degradation.19 The
term MDM2 was chosen because the MDM2 gene was first found on a double minute
chromosomes in a murine tumor cell line 3T3-DM.20 The observation that MDM2 is
overexpressed in cancer cells expressing wildtype p53 and its tumorigenic potential
revealed that MDM2s inhibits p53 activity by forming a tight complex with it.21 MDM2 can
block p53s downstream activity by binding to p53s TAD which then inhibits p53s function
as transcription factor.22 Further investigations showed that MDM2 influences p53s
stability by ubiquitin-mediated proteasomal degradation and make MDM2 therefore the
main negative regulator of p53.15
p53 has a very short half-life (5 min to 30 min in different cell lines) because it is
degraded constantly by the proteasome, like 70% of all cellular proteins. Its degradation
depends on polyubiquitination.23 To ubiquitinate a protein there are three proteins
needed: an ubiquitin-activating enzyme (E1), an ubiquitin- conjugating enzyme (E2) and
an ubiquitin ligase (E3). E1 activates ubiquitin and transfer it to the active site of an E2enzyme. E3-ligases together with E2s can then transfer ubiquitin to the protein substrate,
which is then polyubiquitinated and then degraded by the proteasome.23 MDM2 contains
a RING (really interesting new gene) domain which is the characteristic domain of an
E3-ubiquitin ligase. Therefore MDM2 is the principal endogenous E3-ligase with high
specificity for p53, but also for itself.24 When polyubiquitinated p53 and MDM2 are
degraded by the proteasome.25 MDM2 can influence p53s activity also by mono-
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ubiquitination. When only one ubiquitin is coupled to p53 then the protein is exported
from the nucleus and cannot act as a transcription factor anymore.26 Interestingly active
p53 can also promote the transcription of MDM2 mRNA resulting in an autoregulatory
negative feedback loop.27 Therefore cells which are confronted with stress need different
mechanisms to block the inhibitory activity of MDM2.
There are multiple ways of regulation that connect MDM2 with p53 stability during stress
response. MDM2 is also controlled by post-translational modifications. Phosphorylation
of MDM2 is the most common modification. Phosphorylated residues occur in two
domains of MDM2: (1) the N-terminal domain that interacts with p53 or (2) the acidic
domain in the center of MDM2. Phosphorylation of MDM2 can affect the E3 ligase activity
of MDM2, disrupt the binding of MDM2 to p53 or restrain MDM2 in different
compartments than p53 to protect it from degradation.28 Different kinases are activated
upon cellular stress and phosphorylate MDM2. DNA-PK (DNA-activated protein
kinase)29, ATM (ataxia telangiectasia-mutated)30 or c-Ab1 are examples of kinases which
can phosphorylate MDM2 at different residues and lead to p53 stabilization.31
In addition there are various other proteins which can interact with MDM2 and modulate
its degradation activity of p53 in a positive or negative way. One prominent regulator of
MDM2 is the ARF (Alternative reading frame) tumor suppressor. ARF can form a tight
complex with MDM2 in the nucleolus to prevent p53 from degradation.32 Recent studies
revealed also ribosome proteins (RPs) as MDM2 binding partners. Ribosomal stress
(caused by tumor progression33 or by nutrient deprivation34) generates free RPs (L5, L11
and L23) which can interact with MDM2, block its E3-ligase activity and lead therefore to
p53 accumulation.35 Another regulatory protein of MDM2 is MDMX (or MDM4). MDMX is
highly homologous to MDM2 and has a similar domain structure. Through its RINGdomain MDMX can promote the E3-ligase activity of MDM2.36 In addition MDMX also
functions as a negative regulator of p53, despite MDMX has no E3-ligase activity.37
To summarize p53 protein is constantly produced, but immediately degraded by the
proteasome to keep p53 levels low in unstressed cells. Various cellular stresses can
inhibit the binding of MDM2 to p53 via the modification of p53 or they influence MDM2 in
different ways. As a result p53 is stabilized and can transcribe the desired target genes.
So the cells can react really fast to provide cellular damages. The main focus in this work
is set on the mechanism which stabilize and activate p53 accordingly to nutrient
deprivation.
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1.4 Starvation as a trigger for p53 stabilization in the liver
The adaption of the cellular metabolism to nutrient availability is crucial for cell survival.
As mentioned above fasting of mice resulted in upregulation of p53 downstream targets,
especially in the liver.13 Therefore Prokesch et al. were the first to describe that p53 is a
central protein to react to nutrient deprivation in the liver. They observed that starvation
is a cellular stress which can stabilize and activate p53 protein. This stabilization of p53
requires the AMPK (adenosine monophosphate-activated protein kinase) signaling.
They could show further that p53 is required during starvation to switch from glucoseconsuming processes and lipid synthesis to gluconeogenesis and that p53 is necessary
for functioning amino acid catabolism. 14
To be more precise, p53 protein level are stabilized upon starvation. This was not due
to up-regulated p53 mRNA expression or downregulation of MDM2 mRNA expression.
Further investigation revealed that this accumulation is not triggered via extrinsic fasting
hormones. The finding that AMPK is phosphorylated in cells under starvation conditions
led to a new trace. AMPK is a multimeric protein consisting of three subunits. Its role as
sensor of metabolic stress is well described.38 AMPK can be activated by
phosphorylation or/and by increased AMP levels (produced by adenylate cyclases).
Besides the activation of AMPK upon starvation, the treatment of the cells with AMPK –
activator AICAR (5-Aminoimidazole-4-carboxamide ribonucleotide) an analog of AMP39,
led also to increased p53 protein levels. Further knock-down experiments of AMPK using
siRNA showed a decreased p53 accumulation under starvation conditions.14 In addition
starvation led to phosphorylation of p53 at Ser15 in HepG2 cells (Prokesch lab,
unpublished). This modification is central for p53 activation (see 1.3.1) and can be
introduced by AMPK as Jones et al. could show in glucose deprivation experiments.40
With this background information and preliminary experiments we hypothesized
following mechanism leading to p53 protein stabilization upon starvation. In a fed state
p53 levels are kept low. MDM2 binds to p53, ubiquitinates it and p53 is then degraded
from the proteasome (Fig. 1A). On the other hand upon starvation the AMP/ATP ratio in
the cells is increased. This can be sensed by AMPK, which then becomes active and
besides other downstream targets, phosphorylate p53 at Ser15. So MDM2 cannot
degrade p53 anymore and p53 protein accumulates and becomes activated. Through
the transcription of different downstream targets p53 reacts to the cellular stress factor
of decreased nutrient availability (Fig. 1B).
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Figure 1: Working hypothesis of this master thesis. (A) Mechanism of p53 degradation in a fed state in
the liver. (B) Activation of p53 upon starvation through increased AMP/ATP ratio, active AMPK and
modification of p53 at Ser15. Adapted after Jones et al. 40

1.5 Aim of the study
The aim of this master thesis was to test this hypothesis and to elucidate the mechanism
of p53 stabilization upon starvation in hepatocytes. For this purpose first p53 and MDM2
were overexpressed in different cell lines. Immunoprecipitation (IP) and co-IP
experiments were established to investigate the interaction of MDM2 and p53.These
experiments were repeated also in HepG2 cells to investigate the endogenous
interaction of p53 and MDM2 under starvation. The work on this study should lead to a
better understanding of the cellular response to nutrient deprivation, the role of p53 in
this context and the mechanism behind the observed p53 stabilization.
In addition the CRISPR-Cas9 system was used to create a stable p53 knockout cell line
(HepG2 cells). This cells will be used as isogenic controls in xenotransplantation
experiments in mice to investigate the role of starvation and p53 in hepatocellular
carcinoma development.
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2.

Material and methods

2.1 Vector cloning
All plasmids for protein-overexpression were transformed in 5-alpha competent E.coli’s
(New England Biolabs, Ipswich, MA, USA) according to the manual. Plasmids were
purified from these strains using the peqGold Plasmid Miniprep Kit (PeqLab, Erlangen,
Germany) and quantified with Nanodrop (Peqlap). Used constructs were: pcDNA3 flag
p53 (#10838) (Invitrogen, Carlsbad, CA, USA), pHMT.wt (p53) (#12139) (CSIRO,
Canberra, Australia), pMSCV mp53 (cloned in our lab), pCMV MDM-2 (#16441)
(Vogelstein Lab), pCMV-myc3-HDM2 (#20935) (Takara Bio formerly known as
Clonetech, Kusatsu, Japan), All plasmids were provided from Addgene, Cambridge, MA,
USA. The company/organization in parentheses behind each plasmid describes the
origin of their empty backbone construct.

2.2 Cell culture, treatments and siRNA-mediated knockdown of MDM2
HepG2, HEK and COS cells were maintained in DMEM containing 1 g/l glucose (4,5 g/l
for HEK and COS cells) with 10% fetal bovine serum and 1% penicillin/streptomycin (all
Thermo Fisher Scientific, Waltham, MA, USA). Starvation medium consisted of HBSS
and 10mM Hepes (Thermo Fisher Scientific). In starvation experiments cells were grown
confluent before switching to starvation medium. Treatment of HEK cells with AICAR and
Nutlin-3 (both Cayman chemical, Ann Arbor, MI USA) were performed with the indicated
concentrations. For siRNA-mediated knockdown of MDM2 cells were transfected with
siRNAs (Mycrosynth, Balgach, Switzerland). As transfection reagent Metafectene Si+
(Biontex, München, Germany) was used according to the manual.

2.3 Protein overexpression
1x105 cells (in a 6 well plate) or 3x106 cells (in a T75 flask) were seeded and grow to a
confluency around 90% (this takes normally 2 days). Cells were then transfected with
the indicated protein overexpression plasmids using Metafectene Pro (Biontex)
according to the manual. Plasmids and transfection reagent were diluted in PBS (in 50
µl for each 1µg plasmid DNA and 2 µl Metafectene Pro) and mixed in a 1:2 ratio (1µg
plasmid DNA : 2µl Metafectene Pro). Medium was changed one day after transfection.
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Cells were harvested 48h after transfection with RIPA buffer or with Co-IP buffer (see
2.5.1).

2.4 RNA isolation and quantitative PCR
Total RNA was isolated using the PeqGOLD total RNA kit (Peqlab) according to the
manuals and then quantified via Nanodrop (Peqlab). RNA was reverse transcribed into
cDNA using the cDNA-synthese Kit H Plus (Peqlab) and diluted to a final concentration
of 1µg/ml. Quantitative PCR (qPCR) was performed as described elsewere14 on a BioRad CFX cycler using SYBR Green (Bio-Rad, Hercules, CA, USA).
Table 1. SYBR green qPCR primers used in this work

human genes

Forward

Reverse

TP53 pb1

CAGCACATGACGGAGGTTGT

TCATCCAAATACTCCACACGC

TP53 pb2

GAGGTTGGCTCTGACTGTACC

TCCGTCCCAGTAGATTACCAC

CDKN1A (p21)

GGCAGACCAGCATGACAGATT

GCGGATTAGGGCTTCCTCTT

hdm2

GAATCATCGGACTCAGGTACATC

TCTGTCTCACTAATTGCTCTCCT

GAPDH

ACCCACTCCTCCACCTTTGA

CTGTTGCTGTAGCCAAATTCGT

2.5

2.5.1

Protein harvest and Immunoblotting

Standard samples

Cultured cells were scraped and collected in RIPA buffer mixed with PhosStop and PIC
(Roche, Basel, Switzerland). Samples were sonificated using a Branson Sonifier 250
(Branson, Danbury, CT, USA) for 6 s at 10 % output. Cell lysates were centrifuged and
clear supernatants were used to measure protein concentrations with a bicinchoninic
acid assay (Thermo Fisher Scientific). Immunoblotting was performed as described
elsewhere14, using 30 µg protein of each sample. The following detection antibodies were
used: p53 (sc-126; Santa Cruz Biotechnology, Santa Cruz, CA, USA), MDM2 (AF1244,
Bio-techne Ltd., Abingdon, UK) and β-actin (ab6276, Abcam, Cambridge, UK).
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2.5.2

IP-samples

Cultured cells were scraped and collected in cold Co-IP buffer (see 6.1.2) mixed with
PhosStop and PIC (Roche, Basel, Switzerland). Samples were lysed using a tight pistil
(20 strokes) and incubated for 30 min on ice. Cell lysates were centrifuged and clear
supernatants were used to measure protein concentrations with a bicinchoninic acid
assay (Thermo Fisher Scientific). After IP experiments (see 2.6) proteins were eluted in
2x SDS buffer (see 6.1.2). Immunoblotting was performed as described elsewhere14,
using 26 µl of IP eluate. The following detection antibodies were used: p53-HRP (sc-126
HRP, Santa Cruz Biotechnology), myc-tag (#2278, Cell Signaling Technology,
Cambridge, UK) and MDM2 (AF1244, Bio-techne Ltd.).

2.6 (Co-) Immunoprecipitation

2.6.1

Ectopic IP with tagged and overexpressed proteins

Flag-IPs were performed using magnetic anti-FLAG beads (#635695, Takara Bio). To
pellet the beads a DynaMag-2 stand was used (Thermo Fisher Scientific). Beads were
washed with Co-IP buffer and then mixed with protein lysate (containing 1 mg protein)
and incubated rotating and shaking overnight at 4°C. After additional washing steps with
Co-IP buffer proteins were eluted using 2x-SDS buffer. For detailed protocol see 6.1.3.

2.6.2

Endogenous Co-IP

Endogenous IPs were performed using Dynabeads Protein G (#10003D, Thermo Fisher
Scientific). To pellet the beads a DynaMag-2 stand was used (Thermo Fisher Scientific).
Beads were washed with Co-IP buffer and then mixed with the indicated capture
antibodies (5 µg) and incubated, rotating and shaking for 30 min. Protein lysate
(containing 1mg protein) were added and incubated, rotating and shaking overnight at
4°C. After additional washing steps with Co-IP buffer proteins were eluted using 2x-SDS
buffer. Used capture antibodies were directed against p53 or MDM2. Anti p53: DO-1 X
(sc-126 X, Santa Cruz Biotechnology), Pab1801 (OP09, Merck Millipore), Pab204
(OP29, Merck Millipore), 2189-1-AP (Proteintech, Manchester, UK), 10442-1-AP
(Proteintech). Anti-MDM2: SMP14 (sc-965, Santa Cruz Biotechnology). As control
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normal mouse IgG (sc-2025, Santa Cruz Biotechnology) and normal rabbit IgG (sc-2027
X, Santa Cruz Biotechnology) were used. For detailed protocol see 6.1.4.

2.7 Creation of a stable p53 knock-out cell line using the CRISPR/Cas9
system
CRISPR KO plasmids were provided from Santa Cruz Biotechnology (sc-416469) and
the experiments were performed according to the manual. 1x106 HepG2 cells were
seeded in a 6 well plate in antibiotic- free standard growth medium 72 h before
transfection. At a confluency of 60 % cells were transfected with 1,5 µg of the indicated
plasmids (KO, HDR or control plasmid) by using 10 µl UltraCruz transfection reagent (sc395739). The selection of positive clones was performed by growing the cells in standard
growth medium containing puromycin (sc-108071; 2µg/ml) for 10 days. Cells were
analyzed and RFP+ clones were isolated via FACS (by using FACSAria IIu (BD
Biosciences)). FACS experiments were performed by the FACS Core facility of the
Medical University of Graz. Then single cell cloning was performed as described
elsewhere41 to isolate RFP+ populations derived from a single cell. Different clones were
transfected again (same protocol as first transfection) with a plasmid expressing a CRE
recombinase (sc-418923) and afterwards analyzed again via FACS machine. RFP- cells
were isolated and analyzed via western blot and qPCR to validate the complete knockout of p53.
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3.

Results

3.1 Ectopic Co-expression and Immunoprecipitation as a model for
endogenous p53-MDM2 interaction

3.1.1

Characterization of overexpression vectors

To investigate the hypothesis that p53-MDM2 interaction is disrupted during starvation,
first both proteins were overexpressed in HepG2 cells to characterize the different
plasmids. So we overexpressed FLAG-tagged human p53 (TP53), full length human p53
and mouse p53 (trp53). For MDM2 overexpression we used myc-tagged human MDM2
(HDM2) and untagged human MDM2.

Figure 2: Characterization of overexpression vectors. HepG2 cells were grown in a 6 well plate and then
transfected with the indicated plasmids. Cell harvest 48 hours after transfection. (A)Western blot analysis of
overexpressed FLAG-tagged human p53 (TP53), full length human p53 and mouse p53 (trp53). (B) Western
blot analysis of myc-tagged human MDM2 (HDM2) and endogenous human MDM2. ß-actin was used as
loading control.

It must be pointed out that HepG2 cells are only expressing the β isoform of p53 which
is smaller than the p53 full length form. Therefore overexpressed p53 is observable as a
band above the endogenous p53 at the western blot. The plasmid which expressed
FLAG-tagged human p53 showed higher p53 levels than the untagged full length human
p53. Mouse p53 was not detectable with the used detection antibody (DO-1), because
this antibody is only specific to human p53 (Fig. 2A). On the other side MDM2
overexpression was not that efficient. Only a moderate increase in MDM2 protein was
observable. (Fig. 2B). Nevertheless myc-tagged MDM2 and FLAG-tagged p53 were
chosen for further co-transfection experiments.
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3.1.2

Overexpression of p53 and MDM2 in different cell lines

To further investigate the hypothesis that p53-MDM2 interaction is disrupted during
starvation, first both proteins were overexpressed in HepG2 cells. Due to massive
problems with the co-expression of these proteins in this cell line (data not shown),
overexpression experiments were performed in COS and in HEK293 cells, which are
already well established transfection hosts for the expression of recombinant proteins
42,43

. Therefore both cell lines were transiently transfected with plasmids expressing

FLAG-tagged p53, myc-tagged MDM2 or with a mixture of these two vectors (in
equimolar concentrations).The transfection efficiency and overexpression of the
recombinant proteins were measured via qPCR (Fig. 3A and B) and via western blot
(Fig. 3C and D).
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Figure 3: Ectopic co-expression of p53 and MDM2. Normalized mRNA expression of p53 and MDM2 in
COS (A) and HEK293 cells (B), which were transfected with the indicated plasmids (FLAGp53, myc-MDM2).
Expression levels are set to 1 in controls (transfection with empty pMSCV plasmid). Western blot analysis
to determine FLAG-p53 and myc-MDM2 expression in COS (C) and HEK293 cells (D). Cells were
transfected with 1µg of each plasmid (in a 12 well plate) and harvested two days after transfection. Ponceau
S staining was used as loading control.

- 12 -

Co-expression of the recombinant proteins was successful in both cells lines. qPCR data
showed increased amounts of p53 and MDM2 mRNA in the transfected cells, which were
even higher in the cells which were transfected with both plasmids (Fig. 3A and B).
Western blots displayed strong overexpression of the desired proteins. In COS cells
protein levels of myc-MDM2 were decreased when transfected with both plasmids,
compared to the levels when only transfected with the myc-MDM2 containing plasmid.
Also the 60 kDa N-terminal fragment of MDM2 (cleavage product of MDM244) was more
abundant in COS cells than in HEK cells (Fig. 3C). On the other side MDM2 protein (full
length 90 kDa) in HEK cells was much more stable and showed no difference between
single- and co-transfection compared to the expression in COS cells (Fig. 3D). Therefore
the HEK cell line was chosen to study the ectopic interaction of p53 and MDM2. It must
be pointed out that the molecular mass of MDM2 (90 kDa and 60 kDa) is only their
calculated molecular mass. In all western blots presented in this work, MDM2 appeared,
compared to the standard, at a lower molecular mass. (~75 kDa for full-length, ~55 kDa
for the MDM2 fragment). This shift is most likely caused by different glycosylation
patterns in the used cell lines or due to a different composition of the SDS-polyacrylamide
gel.

3.1.3

Establishing of a stable FLAG-IP protocol

To investigate the physical interaction of overexpressed p53 and MDM2 FLAG-CoImmunoprecipitation (Co-IP) experiments were performed. For Co-IP experiments a lot
of protein is needed. Therefore it was necessary to scale up the co-transfection and grow
the HEK293 cells in T75 flasks. The use of equimolar amounts of the two plasmids
resulted in a massive decrease of MDM2 protein levels while p53 levels did not change
(Fig. 4A). To compensate for that the amount of the used FLAG-p53 plasmid was
reduced to half of the myc-MDM2 expression plasmid to obtain similar levels for both
proteins (Fig. 4B Input). Also harvest methods had to be changed, because the routinely
used sonification of the cell lysate for protein harvest would disrupt the interaction of p53
and MDM2. Different harvest protocols for Co-IP experiments were performed to test
their efficiency on cell lysis and protein yield (see 6.1.1). A robust FLAG-IP protocol (see
6.1.3) was established after eradication of the above described problems. Strong
pulldown of FLAG-p53 and Co-IP of myc-MDM2 could be shown (Fig. 4B).
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Figure 4: Establishing of a stable FLAG-IP protocol. (A) Western blot analysis of the upscaling
transfection experiments from a 12 well plate to a T75 flask. Ponceau S staining was used as loading control.
(B) Western blot analysis of successful FLAG-IP pulldown. For the input HEK293 cells were co-transfected
with mycMDM2 (8µg) and FLAG-p53 (4µg) expressing plasmids. Using magnetic FLAG-beads, FLAGtagged p53 and bound myc-tagged MDM2 could be isolated (=pulldown). Flow through sample was taken
after incubation overnight of the protein lysate with the FLAG-beads.

After changing the used plasmid concentration to 8 µg of the myc-MDM2 plasmid and to
4 µg of the FLAG-p53 plasmid, HEK293 cells grown in T75 flasks showed similar p53
and MDM2 protein expression levels compared to the already established
overexpression in 12 well plates. One mg of whole protein lysate was incubated
overnight at 4°C with magnetic FLAG-beads (40 µl of slurry). Western blot data showed
strong FLAG-p53 pulldown, confirmed also by the massive decrease of p53 signal in the
flow through. In the pulldown sample Myc-MDM2 co-eluted with FLAG-p53 as
expected21, indicating that these proteins physically interact. Collectively, a stable
method to measure ectopic MDM2 and p53 interaction was established.

3.1.4

No effect of AICAR and Nutlin-3a on p53 protein levels in HEK293 cells

To investigate if p53/Mdm2 interaction is disrupted upon starvation HEK293 cells were
grown on nutrient-free starvation medium as described elsewhere45. Given that HEK293
cells already detached after 1 hour on starvation medium, starvation was mimicked using
the AMPK-activator AICAR39 and using Nutlin-3a46 to disrupt the p53-MDM2 interaction.
Both chemical compounds should lead to p53 protein stabilization as it was shown in
hepatocytes14. In HEK293 these compounds were not tested yet. So their influence on
p53 protein levels was investigated by titrating AICAR and Nutlin-3a. Different
concentrations and incubation times were tested (Fig. 5A and 3B).
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Figure 5: p53 protein levels do not change in HEK293 cells after AICAR and Nutlin-3a treatment.
Western blot analysis of p53 levels of HEK cells which were treated with the indicated concentrations of
AICAR (A) or Nutlin-3a (B). Cells were harvested after 1, 6 or 24 hours. For mock treatment DMSO was
used. Ponceau S staining was used for loading control.

None of the treatments showed a significant increase in p53 protein levels. Therefore it
was not possible to mimic starvation conditions or perform starvation experiments in
HEK293 cells. However, the interaction studies using FLAG-beads were successful and
HEK293 cells overexpressing p53 and MDM2 were used to develop protocols for
endogenous interaction studies in HepG2 cells, by using antibodies directed against p53
and MDM2 epitopes. The first step was the search for a selective MDM2 detection
antibody.

3.1.5

Validation of an MDM2 detection antibody

To detect endogenous MDM2 different antibodies were tested (SMP14, 19058-1-AP and
AF1244). SMP14 (Santa Cruz) and 19058-1-AP (Proteintech) antibodies could not
detect MDM2 and they showed a lot of unspecific bands on the western blot (data not
shown). Only the AF1244 (R&D systems) antibody showed two discrete and specific
bands. Titration experiments for optimal antibody concentration were performed (Fig.
6A). To validate if the R&D systems antibody really detects MDM2, siRNA knock-down
experiments were performed to see if the bands are reduced upon MDM2 siRNA
interference (Fig. 6B).
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Figure 6: Validation of the R&D systems MDM2 detection antibody. (A) Different concentrations of the
MDM2 antibody (AF1244, R&D systems) were tested for optimal MDM2 detection. 1:2000 dilution seems
to be the optimal choice avoiding unspecific binding. *Asterisks marks overexpressed myc-MDM2. (B)
Western blot analysis of siRNA-mediated knockdown of MDM2 in HepG2 cells.

Titration of the R&D systems MDM2 antibody indicated that it is a selective MDM2
detection antibody. The decrease of the used antibody concentration avoided unspecific
detection and showed two clearly discrete bands in HEK293 and HepG2 cells
representing the full length MDM2 (90 kDa) and the 60 kDa cleavage product of MDM2.
Figure 4A shows that a 1:2000 dilution of the R&D systems MDM2 antibody is adequate
for endogenous MDM2 detection in HepG2 cells. To validate the specificity of the
antibody also HEK293 cells overexpressing MDM2 and p53 were used for the titration
experiments. The overexpressed MDM2 is myc-tagged and migrate therefore slower in
the SDS-gel. The appearance of four bands in this sample (the upper band consist of
two bands when light exposure is reduced) is a strong sign that the antibody is specific
for MDM2. siRNA transfection experiments confirmed this specificity, showing a
decrease in detectable MDM2 protein when cells are transfected with siRNA directed
against MDM2 mRNA (Fig. 6B). Therefore the R&D systems MDM2 antibody was used
in the following Dynabeads (Co)-IP experiments as detection antibody.
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3.1.6

Ectopic p53-MDM2 interaction is detectable with antibodies directed
against protein epitopes.

Due to backslashes with starvation conditions in Hek293 cells (see 3.1.4) we
concentrated on the endogenous p53-MDM2 interaction. The established DynabeadsIP protocol (see 6.1.4), by using antibodies against protein epitopes instead of proteintags, was then tested for ectopic interaction of p53-MDM2 in HEK293 cells. Figure 7
shows the results of these experiments.

Figure 7: Ectopic p53-MDM2 interaction can be visualized by using p53 (DO-1) or MDM2 (SMP14)
antibodies. Cell lysates of HEK293 which were overexpressing FLAG-p53 and myc-MDM2 were used for
Dynabeads-IP experiments. Co-IP of MDM2 and p53 protein was detectable using either p53 (DO-1)
antibody (IP1) or MDM2 (SMP14) antibody (IP2). Flow troughs were collected after incubation overnight of
the cell lysate (500 mg protein) with the particular antibody (1µg). FL= full length; CP= cleavage product;
Ec= ectopic; En= endogenous;

As shown in Fig 7 using Dynabeads coupled with p53 (DO-1) antibody and incubating
them with cell lysate of HEK293 cells overexpressing FLAG-p53 and myc-MDM2, led to
strong p53 pulldown. Together with p53 also MDM2 eluted from the beads confirming a
physical interaction of p53 and MDM2. Endogenous and ectopic MDM2 is bound to p53,
because under normal physiological conditions MDM2 bind to p53 to suppress its
activity. In the flow through p53 levels nearly disappeared indicating that almost all p53
protein have bound to the capture antibody. MDM2 levels also decreased compared with
the input (Fig. 7 IP1). When the MDM2 (SMP14) antibody was used to perform IP a lot
of MDM2 protein was pulled down. Some p53 protein also co-eluted together with MDM2
protein (Fig. 7 IP2). But compared with IP1 the p53-MDM2 interaction is not that strong.
It seemed that using the p53 (DO-1) antibody was the better choice detecting ectopic
and even endogenous interaction. Taken together Figure 7 displayed that the
established Dynabeads-IP protocol works well to observe physical p53-MDM2
interaction. But these experiments showed only the proof of principle and did not answer
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physiological questions about the actual mechanism of p53 stabilization under starvation
conditions. Therefore we switched to HepG2 cells to investigate endogenous p53-MDM2
interaction.

3.2 Endogenous p53-MDM2 interaction
Compared with the overexpressing experiments described above, performing
immunoprecipitation-experiments with endogenous protein is more challenging. The
basal amounts of p53 and MDM2 under standard culture conditions are rather low and
for significant results every step of the IP had to be optimized for the desired interaction
studies. The following chapter describes establishing and execution of a proper IP
protocol (for detailed information see 2.6.1 and 6.1.3).

3.2.1

Establishing of a IP protocol

The first step to establish an IP protocol was the search for optimal capture antibodies.
For interaction studies of two proteins, both can be used as target of the capture
antibody. So different p53 and MDM2 antibodies were tested to find the best candidate
for this task. When IPs are performed there often also occurs co-elution of the capture
antibody (covalent crosslinking to the Dynabeads was not successful). This co-elution
can interfere during western blot detection and can show strong background bands,
when the desired protein has the similar size than the heavy (~50kDa) or the light chain
(23 kDa) of the antibody. To avoid this problem for the pulldown mouse antibodies (DO1 and SMP14) were used. For the detection of p53 a directly coupled p53 (DO-1) HRP
antibody was used, which does not need a secondary detection antibody. The MDM2
detection antibody (see chapter 3.1.4) was of rabbit origin. By using these two detection
antibodies no interference with the co-eluted capture antibodies were observed. After
adapting some other parameters (cell harvest, used amounts of antibody and protein,
incubation time, washing buffer, elution process. See protocol 6.1.3) p53 pulldown was
successful with all tested antibodies (Fig. 8A and B). The p53 (DO-1) antibody showed
the highest yield of p53 protein and it became therefore the antibody of choice. Also the
pulldown of MDM2 could be shown using the MDM2 (SMP14) antibody. On the other
hand no interaction between p53 and MDM2 was observable (in Fig.8A MDM2 data is
not shown, because no specific detection antibody was available when these
experiments were performed), indicating that the protocol was not yet suited to measure
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protein-protein interactions. So a few other steps of the protocol had to be changed. By
performing the IP-experiments on 4°C and switching to another washing buffer these
problems could be overcome. It was then possible to investigate the behavior of p53MDM2 in starved HepG2 cells compared to non-treated cells.

Figure 8: Testing of different capture antibodies and endogenous interaction of p53 and MDM2 upon
starvation. (A, B) Different antibodies were tested for the pulldown of p53 (and MDM2 (B)) in HepG2 cells.
Further information about the used antibodies see “material and methods”. For control rabbit (A) or mouse (B)
IgGs were used. Pulldown of proteins was successful but no detectable interaction was observed. (C) After
optimizing IP protocol p53 and MDM2 interaction could be shown in WT HepG2 cells and under starvation
conditions using p53 (DO-1) and MDM2 (SMP14) antibodies for IP. WT=Wild type; Ft= Flow through; FL=full
length protein

3.2.2

Endogenous p53-MDM2 interaction might not be disrupted upon
starvation

After optimizing the IP protocol, HepG2 cells which were cultivated in standard medium
or in starvation medium for 24 hours were used for IP experiments. Pulldown was
performed using p53 or MDM2 antibody (Fig. 8C). When protein samples from unstarved
cells were used, western blot data showed a weak interaction between p53 and MDM2.
Together with a strong p53 pulldown a weak band of MDM2 appeared. Surprisingly
western blot displayed a similar band pattern when starved HepG2 cells were used as
input sample. But all this observation have to be handled with caution, due to the very
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low amounts of detectable bound MDM2, which is totally against the view of literature21.
It remains to be determined if these observations are caused by technical problems or if
it has biological relevance. For more details see the discussion chapter.

3.3

Paradigm shift in the mechanism of p53 stabilization

During establishing the IP protocol for p53-MDM2 interaction we were confronted with
unexpected observations. It seemed that MDM2 protein levels were affected by
starvation conditions.
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Figure 9. MDM2 protein levels, but not mRNA expression, are reduced in HepG2 cells upon starvation. (A)
Western blot analysis of MDM2 protein (FL= full length and CP= cleavage product) in starved HepG2 cells. (B)
qPCR analysis of MDM2 mRNA in HepG2 cells after 1-24 hours starvation. (C) Western blot analysis of MDM2
and p53 protein in starved HepG2 cells. As loading control ACTB (beta-actin) was used. For control samples in
all experiments HepG2 cells cultured in standard medium were used. ST= Starvation, m.c. = medium change only

In contrast to p53 protein, MDM2 protein decreased when HepG2 cells are cultured in
starvation medium. Figure 9A shows this decrease after 6 and 24 hours starvation. It has
to be noticed that not only the full length MDM2 protein, but also the cleavage product
protein levels decreased. To further investigate the underlying mechanism HepG2 cells
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were starved for 1 up to 24 hours. mRNA expression of MDM2 was analyzed via qPCR.
Interestingly mRNA levels did not reflect the declining protein levels under prolonged
starvation. The slight differences could be explained by circadian rhythmicity of
transcription

47,48

or technical fluctuations (Fig. 9B). On the other side protein levels of

MDM2 were already reduced after 3 hours and disappeared totally after 24 hours
starvation (Fig. 9C). These observations evoked a paradigm shift in our hypothesis. It
seems that p53 is not stabilized via the disruption of MDM2 interaction, but MDM2 protein
stability itself is strongly reduced by starvation. This suggests that p53 protein, due to
decreased MDM2 protein levels, is not downregulated and therefore stabilized. The
active p53 protein can then fulfill its downstream mission to react to the stress factor
starvation. How exactly MDM2 protein is reduced is not known yet and needs to be
investigated in the future. In summary this data indicates a novel mechanism of p53
stabilization upon starvation in HepG2 cells.
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3.4 Creation of a stable p53 knockout cell line with the CRISPR/Cas9
system
The following chapter describes a side project during the work on this thesis which has
no direct link to understand the mechanism behind p53 stabilization under starvation.
Moreover the following pages are dealing with the creation of a stable p53 knockout cell
line using the CRISPR/Cas9 system. The use of this cell line to answer biological
questions is not part of this master thesis.

3.4.1

Introduction

The CRISPR (clustered, regularly interspaced, short, palindromic repeats)-Cas
(CRISPR-associated) system was found in bacteria and archaea where it functions as
an adaptive immune defense mechanism to degrade invading nucleic acids derived from
viruses or invading plasmids. The foreign nucleic acids are fragmented into short
sequences and then integrated flanked by a pair of repeat sequences in the CRISPR
loci. These sequence-specific fragments can be transcribed into CRISPR-RNAs
(crRNAs) if the same virus infects the cells again. The crRNA bound to Cas proteins can
detect the intruder in a sequence specific manner. Once they bind tight to foreign nucleic
acids the Cas protein, which has a ribonuclease activity, can introduce a double strand
break (DSB) and the invading material is degraded.49 There are three different types of
CRISPR-Cas systems, which can be distinguished by the used Cas proteins. The most
investigated one is the type II system, which needs only a guide RNA and the Cas9
protein to cleave genomic DNA at site of interest. So a system which was originally
evolved to act as a defense mechanism in bacteria can now be used to manipulate the
genomic architecture of desired targets in eukaryotic cells. Therefore, this system is used
recently for genomic engineering of mammalian cells.50 A crucial step for manipulating
mammalian genomes is the ability of these cells to repair the DSB via homology-directed
repair (HDR). So it is possible to insert desired sequences in the target locus. The aim
of this experiment was to use this technology to create a stable p53 knock out (KO) cell
line (HepG2 cells) by using target specific CRISPR/Cas9 knock out plasmids and the
corresponding HDR plasmids provided by Santa Cruz.51
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3.4.2

CRISPR/Cas9 KO plasmid transfection and selection steps

HepG2 cells were transfected with equivalent ratios of CRISPR/Cas9 p53 KO plasmid
and HDR plasmid. The CRISPR/Cas9 p53 KO plasmid was expressing the crRNA
(specific for the p53 locus) and the Cas9 protein. Together they created a DSB in the
p53 gene locus. The HDR plasmids contained two homology arms designed to recognize
specific the genomic DNA surrounding the DSB. With the help of the cellular repair
machinery all sequences between these two arms were integrated in the p53 locus via
HDR. As a result the p53 locus was disrupted by sequences which were coding for a red
fluorescent protein (RFP) and a puromycin resistant protein. These two genes were also
flanked with LoxP sites. Transfection efficiency is often limited in mammalian cells, but it
was possible to select positive clones by growing the cells for 10 days (till controls were
dead) on medium containing puromycin. After this selection step first analyses of p53
protein and mRNA were performed to assess degree of knock out (Fig. 10).
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Figure 10: Analysis of HepG2 cells after CRISPR/Cas9 transfection and puromycin selection. (A)
Western blot analysis of p53 protein in HepG2 p53 KO cells. ACTB was used as loading control. (B) qPCR
analysis of p53 and p21 mRNA expression in HepG2 p53 KO cells. (C) DAPI staining of HepG2 p53 KO
cells. Red= RFP, Blue= nucleus. Kindly provided by Jennifer Kahlhofer. (D) FACS analysis of a
heterogeneous HepG2 p53 KO cell population. Only 3% of the cells showed red fluorescent.
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Western blot data could not detect p53 protein in the CRISPR-transfected, puromycinselected cells (Fig. 10 A). In contrast qPCR data revealed that p53 mRNA and also p21
mRNA is still present in the CRISPR-treated cells indicating that a complete knock out
of p53 did not occur (Fig. 10B). One reason for this observation could be that the
integration of the puromycin resistance took place only in one allele in some cells.
Furthermore DAPI staining showed that only around 5 % of the puromycin resistant
HepG2 cells were expressing the RFP (Fig. 10C). Therefore, we decided to sort the cells
via FACS (fluorescence-activated cell sorting) and isolate only the RFP+ population (Fig.
8D). FACS data confirmed also our estimation that only a small fraction is showing red
fluorescence (3,7 %) (Fig. 12 appendix). Given that also these RFP+ cell population
might be heterogeneous, single cell dilution was performed to obtain a clonal population.

3.4.3

Single cell dilution, selection of clones, and further validation of the knock
out

The RFP+ cells were single cell cloned by serial dilution and 12 clones which were
showing strong fluorescence were isolated. These clones were grown to a suitable
density to analyze their expression of p53 mRNA. In most of these clones no p53 mRNA
was undetectable (Fig. 11A). In combination with qPCR using other primers (data not
shown) clones number 1, 4 and 7 were selected for further validation of the knockout of
p53.
All three of these clones were strongly expressing RFP and likely puromycin resistance.
To minimize the influence of these selection markers on future experiments, we decided
to remove the whole selection marker sequence in these cells by transfecting them with
a plasmid expressing CRE recombinase. This enzyme can remove sequences which are
flanked by LoxP sites. The genomic DNA can than rejoin again and the remaining LoxP
site in the genome guarantees that the p53 gene is still disrupted and cannot be
transcribed in a functional mRNA. After transfection of the selected clones they were
sorted again by FACS to isolate the RFP- population (Fig. 13-17 appendix). Figure 11B
compares the fluorescence of these clone before and after this selection processes.
As the last step in validating the p53 knock out qPCR and western blots are performed
again to monitor the p53 levels. Both analyses could confirm that these clones (especially
clone 7) have no detectable level of p53 expression neither on protein level nor on mRNA
level and the levels of p21 mRNA were highly reduced (Fig 11C and D).
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Figure 11: Analysis of p53 knockout clones and further selection (CRE recombinase and FACS). (A)
qPCR analysis of p53 mRNA of 12 HepG2 p53 KO clones which were grown from single cells. (B) Confocal
fluorescence microscopy of HepG2 p53 KO cells before and after transfection with CRE recombinase. RFP
expression decrease massive after sorting the cells via FACS. 200x magnification (C) qPCR analysis of p53
and p21 mRNA in HepG2 p53 KO cells after transfection with Cre recombinase and sorting by FACS (to
isolate RFP- population). (D) Western blot analysis of p53 in HepG2 Clone 7. Trans= Transfection, CRE=Cre
recombinase transfection, ND= not detectable, KO=knockout, WT=wildtype, ACTB = β-actin

Despite all the data above confirmed a stable p53 knock out, these clones have to be
sequenced to proof that the p53 locus cannot be transcribed in a functional mRNA
anymore. This experiments will be performed in the future. When the knock out is fully
validated these cells will also be used as isogenic controls in xenotransplantation
experiments in mice to investigate the role of starvation and p53 in hepatocellular
carcinoma development.

- 25 -

4.

Discussion and Outlook

This study revealed insights in the mechanisms of p53 stabilization upon starvation in
HepG2 cells. The working hypothesis was based on the observations of Jones et al. who
identified the phosphorylation of p53 through AMPK as the central mechanism of p53
stabilization and activation.40 Although ectopic interaction studies of p53 and MDM2 were
successful, endogenous interaction seem to occur only minimally in HepG2 cells.
Activation of p53 through disruption of the MDM2 interaction during starvation could also
not be shown with Co-IP experiments. If these findings are caused by technical problems
or have actual biological function has to be investigated further and the observed results
should therefore be interpreted with caution. Furthermore, latest findings suggest that
the p53 stabilization might not be only an effect of AMPK activation but also due to
destabilization of MDM2 protein level under starvation. Therefore further experiments
are needed because both findings exclude each other. In the following chapters the
establishment of ectopic interaction studies and the endogenous mechanism of p53
stabilization upon starvation are discussed. Possible mechanisms for the observed
results are discussed further. They should lead to a guideline for future experiments. The
establishing of the p53 knock-out cell line using the CRISPR/Cas9 system is already
discussed in chapter 3.4.

4.1 Study design and used cell lines
The liver is a central organ in vertebrates to maintain normal vital functions. The liver is
responsible for detoxification, protein synthesis and production of digestion molecules.52
Besides this functions the liver plays also a central role in the glucose and lipid
metabolism, especially during nutrient deprivation.14 The human liver consist mostly of
hepatocytes, which make around 70-85 % of the liver’s mass. Therefore primary human
hepatocytes would be a perfect model to investigate the mechanisms of p53 stabilization
upon starvation.
Unfortunately primary cells have a limited lifespan and are more difficult to handle
compared to cell lines. To facilitate the work during the establishment of protocols COS
and HEK (see 3.1.2) cells were used first to test the ectopic interaction of p53 and MDM2.
Most studies which investigated p53’s role in the liver used models of hepatocellular
carcinomas53 or models of p53 deficiency54, which do not reflect the mechanisms in a
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healthy organism. For practical reasons HepG2 cells were used for further investigations
of endogenous p53-MDM2 interaction. HepG2 cells were also derived from a human
hepatocellular carcinoma, but in contrast to other liver cancer models HepG2 cells
contain wild-type, non-mutated p53 alleles.55 Therefore it is reasonable to assume that
p53 in HepG2 cells behaves like in normal hepatocytes. There are no detectable
abnormalities of p53 in HepG2 cells, either on DNA, mRNA or protein expression.
Especially the treatment of HepG2 cells with AICAR and Nutlin-3a revealed an expected
reaction of p53, indicating an endogenous form of p53.14 Therefore HepG2 cells are an
adequate model to test the working hypothesis and make new observations. On the other
side to prove the results described in this master thesis further investigations by using
primary hepatocytes or animal models are needed to reflect the actual in vivo mechanism
of p53 stabilization upon starvation.

4.2 Ectopic p53 and MDM2 physically interact with each other

4.2.1

Overexpression of p53 and MDM2

In a first attempt, two plasmids expressing p53 and MDM2 were tested in HepG2 cells.
As described in chapter 3.1.1 FLAG-tagged p53 and myc-tagged human MDM2 were
chosen for co-transfection experiments. Normally these tag should not interact with the
binding capacity of p53 and MDM2. FLAG-p53 was needed to perform the FLAG-IP
experiments and the myc-tag was useful to detect MDM2, because at this point no
antibody for untagged human MDM2 was available. Both proteins were from human
origin and therefore reflect better the in vivo interactions between them. Nevertheless it
was not possible to co-express and detect both proteins in HepG2 cells via western blot,
despite the overexpression on mRNA level was successful (data not shown). This might
be caused by poorly conceived transfection protocols and/or an inadequate detection
system of this two components via western blot. To simplify the procedure cotransfection experiments were performed in COS and HEK cells, which are well
established transfection hosts for the expression of recombinant proteins.42, 43
Overexpression was successful in both cell lines at mRNA and protein level (Fig. 3).
qPCR data confirmed the increased expression of p53 and/or MDM2 mRNA.
Interestingly the cells which were transfected with both constructs showed the highest
mRNA levels. This might be caused by the increased transcription of MDM2, which is
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also a downstream target of p53.27 On the other side increased p53 levels compared to
the transfection of only one plasmid could be explained through increased cellular stress
for the cell lines, because transfection experiments can cause cellular damage and
increased expression of p53 is a normal cellular reaction. It should also be mentioned
that the overexpression at the mRNA level was about 10 times higher in COS cells
compared to HEK cells. These extreme differences in mRNA were probably caused by
the origin of the cell lines. COS cells were derived from monkey kidney tissue42 and the
human specific primer gave a high signal when human p53 and MDM2 were
overexpressed. The very low amounts of endogenous p53 and MDM2 detectable with
these primers in COS cells were then responsible for the measured high amounts of p53
and MDM2 mRNA in the transfected cells. In HEK cells endogenous mRNA levels were
already high and the overexpression gave for this reason only a moderate increase of
p53 and MDM2 mRNA compared to COS cells. Therefore the increased mRNA between
these two cell lines was not detectable on protein level. Additionally, every cell has a
restricted capacity to produce proteins with its ribosomes. When all ribosomes are used
to full capacity increased mRNA levels cannot result in increased protein production. In
addition it seemed that COS cells could not handle a stable expression of MDM2 in the
co-transfection experiments.

Fig. 3 shows that in COS cells MDM2 protein was

decreased compared to cells which were transfected only with the MDM2 plasmid. This
might be caused again by the extreme high mRNA levels of p53 and MDM2. p53 mRNA
is also more abundant in COS cells. This could be explained by the fact that both
plasmids differ slightly in their vector backbone (provided from different companies; see
2.1). Furthermore it seemed that the ribosomes of the COS cells preferred the p53 mRNA
over the MDM2 mRNA. Which mechanism led to this preference is unknown (increased
p53 mRNA levels or stability are possible candidates). One the other side HEK cells were
able to produce stable amounts of p53 and MDM2 in the co-transfected cells. Besides
the cleavage product of MDM2 was more abundant in COS cells than in HEK cells. This
60kDa N-terminal fragment of MDM2 is lacking the E3-ligase activity44 and therefore
confounding ectopic interaction studies, because to investigate the binding of the fulllength MDM2 and subsequent p53 ubiquitination was the aim of this thesis. All these
reasons led to the use of the HEK cell line for the study of the ectopic interaction of p53
and MDM2.
During the upscaling experiments to co-transfect the cells in T75 flasks, western blots
revealed again problems with MDM2 stability. The solution was this time to reduce the
amount of the used p53 plasmid. A stable expression of both proteins in T75 flasks was
then detectable.
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To improve these co-transfection experiments plasmids from the same provider and the
same empty vector constructs would be needed. In addition it would be better to know
the actual stoichiometry of p53 and MDM2 in unstressed cells to reflect the in vivo
situation. Unfortunately this information is not known. Furthermore, overexpression in
HepG2 cells or even in primary hepatocytes would lead to an even better understanding.
Nevertheless at this time the overexpression model in HEK cells was the best one which
was available.

4.2.2

Establishing FLAG-IP protocols

Overexpression of tagged proteins is used often for interaction studies. The FLAG-tag is
also very useful to function as the target for the pulldown antibody in immunoprecipitation
experiments. The anti-FLAG-tag antibody is very specific and does not bind in regions
of the proteins which are crucial for protein interaction.56 But one has to keep in mind
that every tag might influence the shape and binding properties of a protein and therefore
the protein is not exactly in its native conformation. Nevertheless to observe protein
interactions one needs to harvest the cells under native conditions to not disrupt pivotal
binding domains. Different harvest methods were tested to find a way to isolate high
amounts of protein and simultaneously keep the proteins in their native form. (see 6.1.1).
The procedure using passive lysis on ice and the use of a tight pistil showed good results.
The cells were lysed in a passive way on ice (by the lysis buffer) and active by using the
mechanistic forces of the tight pistil. After adapting the already available protocol for
FLAG-IP a robust pulldown of FLAG-p53 and co-IP of myc-MDM2 could be shown (Fig.
4B). These findings were expected because MDM2 is the main negative regulator of p53
and need to be bound to p53 to repress it.21

4.2.3

Starvation and mimicking starvation in HEK cells

Unfortunately HEK cells detached immediately upon starvation conditions. HEK cells are
derived from human embryonic kidney cells and due to their transformation with
adenovirus 5 DNA they do not reflect a typical human cell anymore.

57

It seemed that

their altered karyotype (modal chromosome number is 64) influences their ability to react
properly to nutrient deprivation. Also AICAR and Nutlin-3 treatment could not induce p53
stabilization. AICAR mimics increased AMP levels39, which should activate AMPK and
lead to p53 stabilization via Ser15 phosphorylation as shown in HepG2 cells14. On the
other hand Nutlin-3 should disrupt the interaction of p53 and MDM2 in a phosphorylation
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independent way, resulting in increased amounts of active p53.46 That both components
did not stabilize endogenous p53 protein levels in HEK cells might again be caused by
the altered genomic composition of HEK cells. Overexpression of ectopic p53 and MDM2
with subsequent Nutlin-3 treatment would have shown the disruption of p53-MDM2
interaction, but these experiments were not performed yet. Again the usage of HepG2
cells for this ectopic interaction studies coupled with starvation conditions would have
given more significant results. Nevertheless the HEK cell line was very helpful to
establish protocols for interaction studies using antibodies against protein epitopes
instead of protein-tags (Fig.7). These protocols were then also used for endogenous
p53-MDM2 interaction studies in HepG2 cells.

4.3 Endogenous p53-MDM2 interaction in HepG2 cells is only partially
detectable
After adapting the Co-IP protocol for endogenous interaction studies it could be shown
that p53 interacts with MDM2 only to a very low extent in HepG2 cells. Different capture
antibodies were tested and the DO-1 antibody for p53 pulldown and the SMP14 antibody
showed the best results for single protein pulldown. Therefore both antibodies were used
for Co-IP experiments in HepG2 cells maintained under standard or starvation
conditions. Intriguingly, the pulldown of p53 or MDM2 was strong, but the interaction
between these two proteins was only slightly observable. With the p53-pulldown only a
weak band of MDM2 and with the MDM2-pulldown only very little amounts of p53 coeluted. In addition the experiments with starved HepG2 cells showed the same results
(Fig. 8). These unexpected results might be caused by technical problems which were
not solved at this point. The following chapter suggests different changes in the protocol
which might improve the detectable interaction between p53 and MDM2. On the other
hand this findings might have also biological relevance, which is discussed later on.

4.3.1

Technical problems with Co-IP-experiments

Protein interactions are often very weak and can be disrupted during the experimental
procedure. Therefore optimized harvest methods were established (6.1.1) to minimize
denaturation of proteins during the cell lysis. In addition the lysis buffer was changed
from RIPA to a special Co-IP buffer (6.1.2). This slightly alkaline buffer contained no SDS
and a nonionic detergent (1% Triton X-100) and therefore did not denaturate proteins.
On the other side the Co-IP buffer contained the double amount of NaCl compared to
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the RIPA buffer. High salt concentrations can also disrupt noncovalent protein
interactions and therefore the salt concentration should be reduced in the Co-IP buffer
in the future experiments. In addition the same Co-IP buffer was used for the washing
steps during the IP experiments where, again, the high salt concentrations might
influence the p53-MDM2 interaction. The very low amount of p53 in the flow-through of
the MDM2 pulldown (Fig. 8C, lane 6) indicates, that the binding of p53 to MDM2 is
disrupted during the washing steps. Therefore PBS buffer with a non-ionic detergent
such as Tween-20 (0,01-0,1 %) would be the better choice for washing, because it is
less stringent and might not disrupt the p53-MDM2 interaction. It would be necessary to
repeat this Co-IP experiments and wash the cells with a stringent and a less stringent
washing buffer to observe the influence of the washing steps on the protein interaction.
Furthermore p53-MDM2 interaction mainly takes place in the nucleus.58 It could be that
the relative mild cell lysis had not disrupted the membrane of the nucleus and therefore
mostly free MDM2 and p53 was isolated. The finding of an optimal lysis buffer for Co-IP
experiments which does not denature proteins, but disrupts the membrane of the nucleus
will be the next logical step.
On the other hand the used antibodies might have their experimental limitations. The
DO-1 (p53) and the SMP14 (MDM2) are both monoclonal antibodies directed against
specific epitopes at p53 respectively MDM2. The binding site of the DO-1 antibody is at
the amino acid residues 11-25 of p5359. These residues are crucial for MDM2 binding
and the bound antibody to p53 might compete with the MDM2 interaction. In addition it
is not advisable to pull down p53 at this residues because the protein modification Ser15
is exactly at the same spot and might interfere with the pulldown of phosphorylated p53.
To avoid this element of uncertainty an antibody which can bind full-length p53 would be
a better choice for these kind of experiments. In addition also the use of an antibody
against full length MDM2 would be preferable, although the SMP14 antibody does not
bind at pivotal amino residues of MDM2.60 In summary other capture antibodies might
show the interaction between p53 and MDM2 and will be tested for this purpose.
On the other side ectopic p53-MDM2 interaction could be shown in overexpressing
experiments in HEK cells using the same protocol and antibodies as for endogenous
interaction (Fig. 7). Again it has to be mentioned that overexpressed proteins cannot be
entirely transported in the nucleus and it could be that these experiments only reflect
cytoplasmic p53-MDM2 interaction. Nevertheless the finding that p53 and MDM2 only
minimally interact in HepG2 cells could be biological reality.
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4.3.2

Biological relevance of minimal p53-MDM2 interaction in HepG2 cells

HepG2 cells were always grown until they reached a very high degree of confluency to
mimic post-mitotic conditions, as for hepatocytes in the liver. It could be that the cell cycle
of the high confluent cells was already inhibited by cell-cell contact pathways (e.g. over
the Hippo signaling pathway61) and the p53 protein was not regulated by MDM2 in this
context and the interaction between them is not needed. A hint that this might be the
case gave the flow-through of the p53 pulldown (Fig.8 C, Lane 4 and 8). High amounts
of MDM2 were detectable in this fraction, indicating that MDM2 is not bound to p53 in
HepG2 cell under this conditions. Against this hypothesis is the fact that p53 is activated
and stabilized upon starvation which occurred also in high confluent cells. Nevertheless
it might be interesting to repeat these experiments with cells harvested at a lower
confluency were cell cycle inhibition through p53 should be inhibited by MDM2 and p53MDM2 interaction should be disrupted upon starvation.
In addition MDM2 is not the only negative regulator of p53. There are several other E3ligases which can bind p53 including COP162, Pirh2.63 and TRIM65.64 All of them can
bind to p53 and target it for polyubiquitination and proteasomal degradation. It could be
that p53 in HepG2 cells is mainly regulated by these E3-ligases and MDM2 has only an
inferior standing. But this hypothesis is highly speculative and will be investigated in the
future by Co-IP experiments.
Nevertheless, it is supposable that MDM2 regulates mainly p53 also in HepG2 cells and
that the observed results will change after adapting the IP protocol properly. This is even
more important with respect to the observed decrease in MDM2 protein levels upon
starvation. Hence, future experiment need to test whether this is relevant for p53
regulation or only caused by decreased protein production in HepG2 cells upon
starvation.65

4.4 MDM2 protein levels decrease upon starvation
Interestingly, MDM2 protein levels decreased upon starvation, while MDM2 mRNA
stayed more or less unchanged (Fig. 9). Not only the full length MDM2, but also the
60kDa fragment of MDM2 decreased (Fig. 9A), indicating that the cleavage of MDM2
through Caspase-2 (which is activated through the formation of the PIDDosome, a
downstream target of p53 and a possible pathway to inhibit p53 ubiquitination)44 is not
the reason for this observed protein degradation. In addition most negative regulators of
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MDM2 like ARF32 or free ribosomal proteins (e.g. RPL5 and RPL11)34 only inhibit the
binding of MDM2 to p53, but they have not been shown to influence MDM2 protein
stability. Nevertheless there are several possible explanations for the decrease of MDM2
stability upon starvation.
First there exists a mechanism which is not often mentioned in the context of MDM2
inhibition and subsequent p53 stabilization: MDM2s auto-degradation.66 MDM2s can
polyubiquitinate itself and is then degraded by the proteasome. The RING-domains plays
thereby a pivotal role in substrate selection (p53 or MDM2 itself).24 The switch from p53
ubiquitination to auto-ubiquitination might be caused by post-translational modifications,
especially through phosphorylation of MDM2 in cells which are confronted with DNA
damage.67 Other studies revealed that the substrate selection depends on selective deubiquitination. The ubiquitin hydrolase HAUSP can fulfill this task by de-ubiquitiating p53
and/or MDM2.68 MDMX, a MDM2 homolog without E3-ligase activity, complicates the
whole mechanism even more.37 MDMX can form heterodimers with MDM2 promoting
MDM2’s E3-ligase activity towards p53.36 In contrast MDM2 homodimers seem to
promote MDM2 auto-ubiquitination.66 Nevertheless there are opposing studies about the
role of MDMX in regulating p53 stability and MDM2 activity, but it seems the
stoichiometric balance between these three proteins is crucial for the p53 stabilization.69
In addition Ranaweera et al. reported that self-ubiquitination of MDM2 increases its E3ligase activity for p5370, indicating that the scientific community is far away from
understanding the whole interplay of MDM2, MDMX and p53. Ubiquitination studies of
p53 respectively MDM2 would lead to better insights of p53 stabilization and MDM2
degradation upon starvation.
On the other side MDM2 degradation in starved HepG2 cells could also be caused by
decreased protein synthesis. Starvation leads to a decrease in the intracellular free
amino acids. This results is an accumulation of uncharged tRNAs. The general control
nonderepressible 2 (GCN2) protein can sense these tRNAs and subsequent block the
protein translation.71 In addition mTORC1 (mammalian target of rapamycin complex 1)
is a central node in sensing nutrient availability. Starvation leads to inactivation of
mTORC1 and therefore also to a decrease in protein synthesis.72 It could be that, MDM2
as the negative regulator of p53 is not translated under starvation condition, resulting in
an increase of the half-life of p53 protein and its activity. This would be an elegant
mechanism of HepG2 cells to react to nutrient deprivation. Molecules that block protein
synthesis might reveal if this mechanism reflects the actual reaction of HepG2 cells to
nutrient deprivation.
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4.5 Conclusion and outlook
In summary the initial working hypothesis adapted after Jones et al.40 cannot be rejected
or verified. Nevertheless the introduced phosphorylation at serine 15 of p53 upon
starvation might play an important role in p53 regulation, but is probably not the sole
reason for p53 stabilization upon starvation. In vivo studies showed, often in contrast to
in vitro studies, that p53 modifications during stress responses are not the main reason
for p53 stabilization. It seems that these post-translational modification are only
responsible for the fine-tuning of p53s downstream activity.17,18 More important is
probably the interplay between p53, MDM2 and MDMX and the regulation of these
negative regulators.69 The used model at this point indicates that p53 stability is not
mainly regulated by MDM2 in HepG2 cells or that p53 accumulation during nutrient
deprivation is caused by a decrease of the MDM2 protein. Both hypotheses have to be
validated with the above suggested experiments.
Collectively, the work of this thesis leads to a better understanding of the mechanism of
p53 activation under starvation conditions, providing new pieces of the puzzle to
understand the complexity of p53 regulation particularly in post-mitotic cells and tissues.
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6.

Appendix

6.1 Protocols for IP

6.1.1

Harvest methods

Five different harvest protocols:
1. Aspirate the medium and wash the cells with 200µl PBS; add 200µl Co-IP Buffer
and scrape the cells from the plate; sonificate lysate; Centrifuge lysate 13000g
15 min 4°C. Take supernatant for BCA measurement
2. Aspirate the medium from the cultured cell plate and wash the cells 1x with cold
1X PBS. Finally, add cold 100µl 1X PBS to each plate. Scrape the cells from the
plate using a cell scraper. Transfer the suspensions to 1,5-mL tubes by pipet.
Collection tubes should be stuck deeply into the ice during the procedure.
Centrifuge the cells in a swinging bucket rotor for 3–5 min at 3000g and 4°C to
pellet the cells. Aspirate the PBS, and then the cells are ready for IP or can be
stored at –80°C for at least 1 mo. Add 100 µl of cold Co-IP buffer to each sample.
Resuspend the sample by vortex mixing and leave on ice for 20–30 min with
occasional mixing. Spin in a 4°C microfuge for 5–10 min at maximal speed.
Transfer supernatant to a fresh tube and keep on ice.
3. Same protocol as sample 2, but before 2nd centrifugation step use the tight pistil
for better cell lysis
4. Wash cells once with PBS. Scrape with 100 µl ice-cold Co-IP buffer and lysate
samples: 20 strokes with the tight pistil (=active lysis). Incubate on ice for ~30
min (=passive lysis). Centrifuge 10’ at 5000g, 4°C. Take supernatant for BCA
measurement.
5. Same protocol as sample 4, without the use of the tight pistil
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Table 2: Results of BCA measurements of samples which were harvested with different harvest methods

6.1.2

Harvest
protocol

Protein yield
[µg/µl]

1
2
3
4
5

1,340914
0,800756
0,584524
1,366956
1,382817

IP buffer

Table 3: Co-IP buffer

End concentration
50 mM Tris-HCL, pH 7.4-7.5
300 mM NaCl
1% Triton X-100
dH2O
pH 7.4-7.5

Stock

For 10 ml

For 50 ml

1M
5M
100%

0.5 ml
0.6 ml
0.1 ml
8.8 ml

2.5 ml
3.0 ml
0.5 ml
44.0 ml

Store at 4°C. Add PIC and phosphatase inhibitors before use. Keep on ice.

Table 4: 2x SDS buffer

End concentration

Stock

For 10 ml

For 50 ml

100 mM Tris-HCl pH 6.8
20% glycerol
4% SDS
dH20

1M
100 %
20 %

1 ml
2 ml
2 ml
5 ml

5 ml
10 ml
10 ml
25 ml

Store at room temperature. Preheat buffer in the water bath before use to solve SDS.
Add PIC and phosphatase inhibitors before use.
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6.1.3

FLAG-IP
Harvest of protein lysates








Wash cells once with PBS
Scrape with 1 ml ice-cold Co-IP buffer and lyse samples: 20 strokes with the tight
pistil (=active lysis)
incubate on ice for ~30 min (=passive lysis)
Centrifuge 10’ at 5000g, 4°C
Take supernatant and perform BCA measurement
~1 mg of protein is needed for a pulldown. Keep aliquot for input sample (~30 µg
is needed for a western blot)!
Pulldown






Take Flag-beads from -4°C, let them thaw a little bit on RT
Take 40 µl per Co-IP of slurry (vortex shortly before to mix) and transfer into Eppi
Equilibrate beads with 3x with 500 µl Co-IP buffer. Place the tube on the magnet
for 30 sec and remove the supernatant.
Add protein lysate (containing 1mg protein) to beads, incubate overnight shaking
at 4°C.
Washing and Elution








Place the tube on the magnet 30 sec. Keep supernatant for further analysis (=
Flow through).
Wash beads with 500 µl Co-IP buffer 4-5x (to increase/decrease stringency you
can increase/decrease the NaCl concentration in the buffer). PIC is not necessary
in the washing buffer. Transfer the last washing suspension into a new Eppi to
decrease background (proteins that unspecifically bind to the Eppi). If you want
to test the washing efficiency keep washing buffer for further analysis.
For elution of beads there are many different methods (also see original protocol
Flag-beads)
For Western blot: Add 30 µl 2xSDS-lysisbuffer and heat sample 15 min at 70°C
(transfer supernatant into new Eppi with 10µl pipette, avoid taking beads!
Sometime the IP-product is very viscous.)
IP-product can be used directly for Western blot or be frozen at -20°C.
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6.1.4

Dynabeads IP

Cell lysis (in T75 flasks):






Wash cells once with PBS
Scrape with 500 µl ice-cold Co-IP buffer (add PIC and PhosStop) and lyse cells
= 20 strokes with the tight pistil (=active lysis)
incubate on ice for ~30 min (=passive lysis), vortex samples during incubation
every once a time
Centrifuge 10’ at 5000g, 4°C
Take supernatant and perform BCA measurement

Prepare Dynabeads:






1. Resuspend Dynabeads in the vial (vortex >30 sec or tilt and rotate 5 min).
2. Transfer 50 μL (1.5 mg) Dynabeads to a tube.
3. Place the tube on the magnet to separate the beads from the solution, and
remove supernatant.
4. Remove the tube from the magnet.
5. Proceed directly to “Binding of Antibody”.

Bind Antibody
 1. Add your antibody (Ab) (5 μg) diluted in 200 μL Co-IP Buffer to the
Dynabeads from step 4 in "Prepare Dynabeads
 2. Incubate with rotation for 30 min at room temperature.
 3. Place the tube on the magnet and remove the supernatant.
 4. Remove the tube from the magnet and resuspend the beads-Ab complex in
200 μL Co-IP Buffer. Wash by gentle pipetting.
 5. Proceed to “Immunoprecipitate Target Antigen”.


(For storage of Ab-conjugated Dynabeads, use PBS (pH 7.4) with 0.01–0.1%
Tween-20 to prevent aggregation)

Immunoprecipitate Target Antigen (all these steps have to be performed in
the 4°C room)
 1. Place the tube (from step 5 in "Binding of Antibody") on the magnet and
remove the supernatant.
 2. Add your sample containing the antigen (Ag) (use 1 mg protein) and gently
pipette to resuspend the Dynabeads-Ab complex.
 3. Incubate with rotation overnight to allow Ag to bind to the Dynabeads
 4. Place the tube on the magnet. (Transfer the supernatant to a clean tube for
further analysis, if desired.)
 5. Wash the Dynabeads-Ab-Ag complex 3 times using 200 μL Co-IP Buffer for
each wash. Separate on the magnet between each wash, remove supernatant
and resuspend by gentle pipetting.
 6. Resuspend the Dynabeads-Ab-Ag complex in 100 μL Co-IP Buffer and
transfer the bead suspension to a clean tube. This is recommended to avoid coelution of proteins bound to the tube wall.
 7. Proceed to “Elute Target Antigen”. Next steps can again be performed at
room temperature.
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(For storage of the immunoprecipitated protein, freeze the Dynabeads-Ab-Ag
complex after adding the elution buffer and sample buffer. For analysis of the
sample, thaw and continue with the elution protocol.)

Elute Target Antigen
 1. Place the tube (from step 7 in "Immunoprecipitation of Target Antigen") on
the magnet and remove the supernatant.
 2. Add 30 µl 2xSDS-lysisbuffer( with PIC and PhosStop) and heat sample 15 min
at 70°C (transfer supernatant into new Eppi with 10µl pipette, avoid taking beads!
Sometime the IP-product is very viscous.)
 IP-product can be used directly for Western blot or be frozen at -20°C.
!! This protocol can also be used to immunoprecipitate overexpressed proteins. For this
purpose use only 2,5 µg of capture antibody and 500 mg protein!
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6.2 FACS data

Figure 12: FACS setting and results. FACS analysis and sorting of a heterogeneous HepG2 p53 knockout cell line after puromycin selection process. RFP expressing cells were isolated for single cell cloning
experiments.
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Figure 13: FACS setting and results. FACS analysis of a heterogeneous HepG2 p53 knock-out cell line
Clone 1.
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Figure 14: FACS setting and results. FACS analysis and sorting of a heterogeneous HepG2 p53 knockout cell line Clone 1 after transfection with CRE recombinase plasmid. RFP- cells were isolated for further
validation of the p53 knock-out.
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Figure 15: FACS setting and results. FACS analysis of a heterogeneous HepG2 p53 knock-out cell line
Clone 4.
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Figure 16: FACS setting and results. FACS analysis and sorting of a heterogeneous HepG2 p53 knockout cell line Clone 4 after transfection with CRE recombinase plasmid. RFP- cells were isolated for further
validation of the p53 knock-out.
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Figure 17: FACS setting and results. FACS analysis of a heterogeneous HepG2 p53 knock-out cell line
Clone 7.
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Figure 18: FACS setting and results. FACS analysis and sorting of a heterogeneous HepG2 p53 knockout cell line Clone 7 after transfection with CRE recombinase plasmid. RFP- cells were isolated for further
validation of the p53 knock-out.
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