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Summary

Summary

Myc is an important transcription factor that regulates a series of cellular functions. It is also
well-known as an oncoprotein, as it is frequently dysregulated in more than half of all human
cancers. The ubiquitin system regulates the biological functions of Myc. For example,
ubiquitination controls the recruitment of the elongation factor Paflcl, which is critical for
Myc activity. Usp28 was identified as a deubiquitinase of Myc that can stabilize it from
proteasomal degradation by removing ubiquitin. Usp28 is known to form homodimers in vitro
and in cells, but the biological role of Usp28 dimerization is unknown.

In this thesis, we showed that Usp28 can regulate Myc stability and Myc-driven
transcription in the human liver cancer cell line HLF. Monomeric Usp28 shows enhanced
deubiquitination activity towards Myc and facilitates Paflc recruitment on Myc, but with no
transcriptional effect. In contrast, the reinforced Paflc-Myc binding by Usp28 monomers
leads to decreased transcription-replication conflicts and stimulates DNA replication, which
further accumulates replication-associated DNA damage.

We further showed that the dimerization of Usp28 is regulated by 53bpl, a known
substrate of Usp28 that plays an important role in DNA damage response. 53bpl can
specifically bind to dimeric Usp28, and genotoxic stress disrupts Usp28's association with
53bp1, which promotes the formation of Usp28 monomers and enhances the recruitment of
Paflc by Myc. This triggers ectopic DNA synthesis during the early response to genotoxins,
amplifying DNA replication-associated DNA double-strand breaks.

We then tested different cell lines with several different DNA damage inducers to
show that this transient effect is universal in the multicellular context. The inhibition of DNA
replication concomitantly with genotoxin treatment reduces DNA damage and promotes cell
viability, indicating that the stabilization of Myc and acute DNA replication are early
pathological effects of genotoxic stress rather than a programmed rescue mechanism.

Overall, our results provide a simple but reasonable explanation of the activation of
Usp28 upon DNA damage and we therefore propose a model that dimerization of Usp28

limits aberrant replication at transcriptionally active chromatin to maintain genome stability.



Zusammenfassung

Zusammenfassung

Myc ist ein wichtiger Transkriptionsfaktor, der eine Reihe von Zellfunktionen reguliert. Es ist
auch als Onkoprotein bekannt, da es bei mehr als der Halfte aller menschlichen Krebsarten
haufig dysreguliert ist. Das Ubiquitin-System reguliert die biologischen Funktionen von Myc.
So steuert die Ubiquitinierung beispielsweise die Rekrutierung des Elongationsfaktors
Paflcl, der fur die Aktivitdt von Myc entscheidend ist. Usp28 wurde als eine Deubiquitinase
von Myc identifiziert, die es durch die Entfernung von Ubiquitin vor dem proteasomalen
Abbau stabilisieren kann. Es ist bekannt, dass Usp28 in vitro und in Zellen Homodimere
bildet, aber die biologische Rolle der Usp28-Dimerisierung ist unbekannt.

In dieser Arbeit haben wir gezeigt, dass Usp28 die Myc-Stabilitat und die Myc-
gesteuerte Transkription in der menschlichen Leberkrebszelllinie HLF regulieren kann.
Monomeres Usp28 zeigt eine verstarkte Deubiquitinierungsaktivitat gegentiber Myc und
erleichtert die Rekrutierung von Paflc auf Myc, hat aber keine transkriptionelle Wirkung. Im
Gegensatz dazu fuhrt die verstarkte Paflc-Myc-Bindung durch Usp28-Monomere zu
verringerten Transkriptions-Replikationskonflikten und stimuliert die DNA-Replikation, die
wiederum replikationsassoziierte DNA-Schaden akkumuliert.

Wir haben aul3erdem gezeigt, dass die Dimerisierung von Usp28 durch 53bpl
reguliert wird, ein bekanntes Substrat von Usp28, das eine wichtige Rolle bei der Reaktion
auf DNA-Schéden spielt. 53bpl kann spezifisch an dimeres Usp28 binden, und
genotoxischer Stress stort die Assoziation von Usp28 mit 53bpl, was die Bildung von
Usp28-Monomeren fordert und die Rekrutierung von Paflc durch Myc verstarkt. Dadurch
wird wahrend der friihen Reaktion auf Genotoxine eine ektopische DNA-Synthese ausgeldst,
die DNA-Replikations-assoziierte DNA-Doppelstrangbriiche verstarkt.

AnschlieRend testeten wir verschiedene Zelllinien mit unterschiedlichen Auslésern
von DNA-Schéaden, um zu zeigen, dass dieser vorlbergehende Effekt im multizellularen
Kontext universell ist. Die gleichzeitige Hemmung der DNA-Replikation mit einer Genotoxin-
Behandlung verringert die DNA-Schaden und fordert die Lebensfahigkeit der Zellen, was
darauf hindeutet, dass die Stabilisierung von Myc und die akute DNA-Replikation eher frihe
pathologische Auswirkungen von genotoxischem Stress sind als ein programmierter
Rettungsmechanismus.

Insgesamt liefern unsere Ergebnisse eine einfache, aber verniinftige Erklarung fir die
Aktivierung von Usp28 bei DNA-Schaden, und wir schlagen daher ein Modell vor, wonach
die Dimerisierung von Usp28 die abnorme Replikation an transkriptionell aktivem Chromatin

begrenzt, um die Genomstabilitdt zu erhalten.



Introduction

1. Introduction

Part of this chapter is adapted from the manuscript ‘Jin, C., Einig, E., Xu, W., Kollampally, R.B.,
Schlosser, A., Flentje, M. and Popov, N. (under revision) The dimeric deubiquitinase Usp28 integrates
53bp1 and Myc functions to limit DNA damage.’ (1).

1.1 DNA damage

DNA is the double strand biological macromolecule which contains all the genetic information
for the development of the organism. The flawless integrity of DNA is essential for its proper
functioning. However, modifications on DNA may lead to the abnormal consequences upon
DNA transcription and replication. These aberrant DNA alterations are known as DNA
damages (2).

DNA damage is ubiquitous in cells and constitutes a key factor of tumorigenesis.
Such DNA damage can result in lesions, making DNA single strand breaks (SSBs) and
double strand breaks (DSBs), thereby accelerating the mutation of DNA and incite the
genomic instability-a hallmark of cancer (3,4).

1.1.1 DNA damage origins

Up to 1 million lesions may occur on the DNA every day in a single cell due to different DNA
damage inducers, such as ionizing radiation or replication errors. In general, the sources of
DNA damage inducers can be classified into two catalogs: endogenous and exogenous

origins.

1.1.1.1 Endogenous DNA damage

Reactive oxygen species (ROS) account for the majority of the endogenous DNA damage
origins. ROS are produced from the metabolism pathways of aerobic organisms and play
important roles in cellular when present at a low level. However, when ROS are excess, they
may do harm on DNA via directly reacting with DNA bases or impairing DNA chains, leading
to DNA single strand breaks. Typical ROS are hydrogen peroxide and hydroxyl/superoxide

radicals (5).
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DNA replication can also do contributions to the endogenous DNA damage. Although
there are a series of strategies (such as mismatch repair pathway or the removal of mistake
deoxynucleotides through deoxynucleotide exonuclease) in cells to ensure the accuracy of
DNA replication so that all DNA can be replicated with high fidelity, considering that each
replication involves up to three billion base pairs, the probability of DNA errors, for example
mismatching or insertion/deletion, remains still high, up to 10™® to 10°® each cell per
replication (6). These DNA errors can be accumulated in the further DNA replications and
cause DNA mutations, as well as DNA damages.

Besides, other approaches such as DNA methylation or base deamination can also
induce endogenous DNA damages (5).

1.1.1.2 Exogenous DNA damage

lonizing radiation (IR) is one of the major ways to induce exogenous DNA damage. IR can
either directly lead DNA strand breaks to impair the stability of genome (7,8) or attack DNA
indirectly via the ROS such as hydroxyl radicals it generates. Interestingly, this indirect mode
of action via ROS accounts for the majority of DNA damages caused by IR (7).

Another exogenous DNA damage inducer is ultraviolet (UV) radiation. UV can link two
adjacent pyrimidines covalently. These pyrimidines dimers are detrimental for the DNA helix
structure and thus leads to DNA damages (9).

In additional, exogenous chemical substances can also lead to DNA damages, for
example alkylating agents can mutate DNA via the alkyl modifications on DNA bases.
Crosslinking agents such as cisplatin can damage DNA by linking DNA nucleotides together
and blocking the synthesis of DNA. Etoposide induces strand breaks via forming complexes
with topoisomerase Il and DNA. Hydroxyurea limits the amount of deoxyribonucleotide
triphosphate (ANTP) by inhibiting ribonucleotide reductase to stall the DNA replication forks
and leads to DNA damage (10).

1.1.2 DNA damage response

Organisms evolve a range of strategies to cope with DNA damage. When the DNA damage
is happened, DNA damage response (DDR) pathway is activated by the sensor proteins and
transduced by the kinases such as ATM (ataxia-telangiectasia mutated) and ATR (ATM- and
Rad3-Related) to initiate downstream pathways subsequently, either to repair the detected

DNA damage or to kill the injured cell via programmed death (4,11).
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1.1.2.1 ATR-Chk1 pathway in DDR

When DNA single strand breaks are generated at DNA damage sites or at the stalled
replication forks, ATR is activated by RPA-coated ssDNA to phosphorylate and activate Chk1.
After activation, Chkl phosphorylates Cdc25A to down regulate the activity of CDK2 and
leads to the S-phase arrest. Chkl also phosphorylates Cdc25B/Cdc25C to diminish the
activity of CDK1/cyclin B, leading to the G2/M arrest (12).

Besides the cell cycle regulation, ATR-Chkl pathway can stabilize the stalled
replication fork to avoid further DNA damage in response to replication stress (13).

Additionally, it can promote the homologous recombination (HR) upon DSBs (14).

1.1.2.2 ATM-Chk2 pathway in DDR

ATM is primarily activated by the DNA ends from DSBs which induced by radiation and
genotoxins. Activated ATM phosphorylates a series of substrates including Chk2. After
phosphorylation, Chk2 is activated and acts at several substrates such as p53, Cdc25,
BRCAL and E2F1 to regulate cell cycle, apoptosis and transcription (15). Moreover, ATM is
also important for the activation of ATR-Chkl signaling as ATM is required for the DNA
strand resection to generate ssDNA (16).

1.1.3 DNA damage repair

After sensing DNA damage, cells need either to start DNA repair machinery to fix the
impaired DNA strands or to promote the cell apoptosis. Various DNA repair pathways can be
activated to repair different forms of DNA damage. For example, BER (base excision repair)
can fix the single base error due to the alkylation or deamination (17). NER (nucleotide
excision repair) is activated in facing the bulky DNA lesions from UV, IR and chemical
mutagens (18). Moreover, cells also established several mechanisms in response to DNA
SSBs and DSBs.

1.1.3.1 DNA single strand break repair

DNA SSBs usually come from DNA oxidation or the aberrant activity of DNA topoisomerase |.
They can lead to the DNA replication collapses and stall the ongoing transcription. In the long

patch SSBs repair signaling, the damages are detected and removed by PARP1 followed by
8
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the POL B/&/e-driven filling and LIG1-dependent ligation. Besides, SSBs can also be
produced during the base excision repair process. In this condition, only POL B participates

in the filling step and the ligation is carried out by LIG3 (5).

1.1.3.2 DNA double strand break repair

Non-homologous end joining (NHEJ) and homologous recombination (HR) are the two major
mechanisms to repair DNA DSBs. NHEJ pathway is activated by the recruitment of KU70/80
at DNA ends, which further recruits DNA-PKcs and end-processing enzymes. Next, XRCC4—
XLF-LIG4 is recruited to ligate DNA and finish repair (19). NHEJ is utilized in the whole cell
cycles and it uses microhomologies to guide the DNA repair (3).

In contrast, HR is only activated in S-G2 phase of proliferative cells because it needs
the sister chromatids as the template for DNA repair. In short, MRN (MRE11-RAD50-NBS1)
complex recognizes and binds to the 3’ ends of the DSBs. Enzymes including CtIP, EXO1,
BLM and DNA2 are also recruited at 3’ ends for resection. Afterwards, the 3’ ssDNA is
coated by RPA and displaced by RAD51 to form the RAD51-ssDNA nucleofilament with the
help of BRCAL, BRCA2 and PALB2. This RAD51-ssDNA nucleofilament further forms a D-
loop with a homologous sequence derived from the sister chromatids. This homologous
sequence serves as the template for DNA synthesis, facilitating the replacement of the
damaged DNA near the breaks (19).

1.1.3.3 53bp1l, a key regulator in DSB signaling

53bpl (p53-binding protein 1) plays an important role in DSBs induced DDR. It is
accumulated at the damaged DNA in a histone modification (H2AK15ub and H4K20me2)-
dependent manner. 53bpl can recruit DSB-responsive factors, for example EXPAND1 and
RIF1 to the DSB sites (20,21). It is also known to amplify ATM-dependent checkpoint signal
under the low DNA damage context (22,23). Additionally, 53bpl is also a key regulator in
NHEJ-driven DNA repair. In G1 phase, it can protect the damaged DNA from end resection,

which is essential for HR, in an unknown mechanism (19).
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1.1.4 DNA damage in anticancer therapy

Aberrant DNA damage leads genomic instability and apoptosis, therefore, inducing DNA
damage could serve as an anticancer strategy. In fact, DNA damage-inducing methods are
the most used treatments in cancer cell Kkilling. For example, topotecan, a DNA
topoisomerase | inhibitor, induces SSBs via forming the ternary complex with topoisomerase
| and DNA (24). Zeocin is known to kill cells by intercalating within the DNA structure, hence
inducing DSBs (25).

Another anticancer strategy which involves DNA damage is to interfere the DDR
signaling in cancer cells and thus to kill cancer cells with synthetic lethality. One well known
example is the use of PARP inhibitors in BRCAL/2-deficient cancers (26). PARP inhibitors,
such as olaparib and niraparib, block the function of PARP1, which is essential in SSB repair
signal. Unrepaired SSBs further form DSBs during the DNA replication in S phase. However,
due to the defect of BRCA1/2, the DSBs cannot be repaired by HR pathway in the BRCA1/2-
deficient cancer cells and lead to the death of these cells while the normal cells are not
affected (10). In addition, ATM inhibitors and ATR inhibitors, such as KU55933 and AZD6738
(27,28), are also used in clinical trials to kill cancer cells by the synthetic lethality via the
inhibition of DNA damage repair pathways.

10
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1.2 The transcription factor Myc

Myc, as a versatile transcription factor (TF), regulates a variety of cellular activities, including
cell cycle, signal transduction, metabolism, translation, and DNA repair, among others, by
regulating protein-coding or non-coding genes, which are further involved in the regulation of
a spectrum of biological functions, such as cell proliferation and differentiation (29,30).

Transcription

Protein

synthesis Cell cycle

DNA Translation
repair oI OO o
g S i) §
}
T
Apoptosis Metabolism

Adhesion

Cell
growth

Signal
transduction

Figure 1. Biological functions of Myc in cellular life (Created with BioRender.com.)

As a widely known oncoprotein, Myc plays an important role in boosting
tumorigenesis, development, progression and metastasis in many different types of tumors.
In fact, as one of the most important drivers of tumorigenesis, Myc is found to be
dysregulated in more than half of all tumors (31). For example, hepatocelluar carcinoma
(HCCQC), the leading type of primary liver cancer and one of the most lethal cancers in the
world (32), shows overexpression of the Myc gene in more than 30% of patients (33).

The Myc family contains three isoforms: c-Myc, N-Myc and L-Myc (34-36). These

three isoforms are highly homologous between each other, from their conserved DNA

11
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sequence to their similar protein structure (37). The main differences between the three
isoforms are their differential expression in different tissue types or developmental stages
and their differential deregulation in different tumor types. For example, c-Myc is only present
in rapidly proliferating tissues and is generally dysregulated in a large number of tumors,
while L-Myc and N-Myc are often expressed specifically in differentiated tissues. In tumors,
L-Myc is mainly deregulated in small cell lung carcinoma, while N-Myc is found to be

overexpressed in a limited number of neurons or neuroendocrine entities (36,38,39).

1.2.1 Structure and interactors of Myc

As discussed above, the three Myc isoforms are highly homologous and belong to the basic
helix-loop-helix leucine zipper(bHLHLZ) transcription factor family. Myc protein has three
main domains: The N-terminal transactivation domain (TAD), central region and the C-
terminal bHLHLZ domain (40,41).

Transactivation domain Central region Dimerization and DNA binding

4 Y Y )
16 33 45 63 128143 188 199 259 270 304 324 355 368 410 439

w( ][] ] | | | NN

MBO MBI MBIl MBllla MBllib MBIV Helix-loop-helix

COOH

Basic Leucine
region zipper

Figure 2. Domain structure of c-Myc (Created with BioRender.com.)

The TAD and central region of Myc contain six highly conserved regions, called Myc
boxes (MBs), which are MBO, MBI and MBII in the TAD region and MBIllla (which is absent in
L-Myc), MBIIIb and MBIV in the central region (42,43). These MBs are the main protein-
protein interaction (PPI) regions of Myc, which regulate the function of Myc by interacting
with different proteins. For example, binding between the general transcription factor IIF
(TFIIF) and MBO has been shown to accelerate Myc-mediated transcription (43). Additionally,
MBI plays an important role in regulating the protein stability of Myc and the subsequent
degradation through the ubiquitin-proteasome system (UPS) (44,45). MBIl activates Myc-
mediated transcription by direct interaction with transformation/transcription domain-
associated protein (TRRAP) (46). MBIlla is believed to negatively regulate Myc-induced
apoptosis as well as Myc-driven transcription (47). In contrast, MBIllb is important for Myc
chromatin recruitment via the interaction with WD repeat-containing protein 5 (WDRS5), which
is essential for tumor maintenance (48). Furthermore, MBIV has been proofed to regulate

DNA binding, apoptosis, transformation, and G2 arrest (49).
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The bHLHLZ domain at the C-terminus, is responsible for the interaction with Myc-
associated protein X (Max), one of the most important interaction partners of Myc, to form a
stable heterodimer with a specific DNA recognition and binding ability (50). Besides, this C-
terminal is also reported to mediate the interaction between Myc and MY C-interacting zinc

finger protein 1 (MIZ1) to negatively regulate the Myc-mediated transcriptional activation (51).

1.2.2 Regulation of oncogenic transcription by Myc

As an important transcription factor, many studies have shown that Myc can regulate the
expression of many genes in a variety of different cells. For example, Myc occupies more
than 15% of all promoters in Burkitt's lymphoma cells, together with its heterodimerization
partner Max (52). Meanwhile, in leukemia cell lines U-937 (monoblastic leukemia) and HL60
(myeloid leukemia), around 11% of all cellular loci have detected binding between Myc and
the promoters (53). Thus, Myc is sometimes considered a master regulator of genes.

Via binding with the promoters of the target genes at the RNA polymerase Il (RNAPII),
Myc regulates the expression of them by controlling transcription, either through activation or
repression. In fact, the transcriptional regulation of Myc not only through RNAPII but also all
three RNA polymerases. Myc can bind to human ribosomal DNA and stimulate the
transcription of ribosomal RNA (rRNA) genes by RNA polymerase | (RNAPI) (54,55). It can
also directly activate RNA polymerase Il (RNAPII) to promote the generation of transfer
RNA (tRNA) and 5S rRNA (56).

In normal tissues, Myc is required to regulate the genes, which are necessary for the
cellular biological processes such as cell proliferation, differentiation, senescence, and
apoptosis (57), and the protein level of Myc is usually low and tightly regulated with a short
half-life between 20-30 minutes (58). However, in tumor tissues, Myc is often dysregulated
and activated, mainly due to the amplification or chromosomal translocation rearrangement,
as well as the prolonged half-life (59,60).

The carcinogenicity of Myc lies in its ability not only to facilitate the transcription of
oncogenes but also to repress the transcription of tumor suppressor genes (61), and this
oncogenic transcriptional activation or repression can also be regulated by the interaction

between Myc and its binding partners.
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1.2.2.1 Myc-dependent transactivation

To activate the gene transcription, Myc first interacts with Max to form the Myc/Max
heterodimers. This Myc/Max dimer can recognize the enhancer box (E-box) DNA sequence
(5’-CACGTG-3 or related sequences) to regulate their expression (62). In most of the cases,
the function of Myc as a transcriptional factor is dependent on the heterodimerization with
Max (63). However, new studies have also shown that Myc is able to regulate gene
expression independently of Max. For example, N-Myc is reported to regulate the p53 target
genes with the direct binding with p53 in N-Myc amplified neuroblastomas (64).

After binding to the E-box, Myc recruits its cofactors to induce transcription. For
example, TRRAP, a component of histone-acetylation (HAT) complexes which contains the
histone acetyltransferases Tat-interactive protein 60 (Tip60) and General control
nonderepressible 5 (Gcnb) (65). Unlike Tip60 or Gen5, which have histone acetylase activity,
TRRAP itself has no catalytic activity (66,67). Instead, it plays a role in linking HAT complex
and Myc. Via the direct interaction with the MBIl domain, the HAT complex can be recruited
to Myc binding DNA and promote the hyperacetylation of lysine on H3 and H4 to open the
chromatin, thereby activating transcription (43,68). Studies have also shown that the
recruitment of TRRAP contributes to the oncogenic transformation mediated by Myc (69).

Another oncogenic transcription activation cofactor of Myc is WDR5, which can bind
to the MBIllIb domain of Myc to promote Myc chromatin recruitment (48) and regulate the
transcription of Myc target genes via the demethylation and acetylation of H3K27 (70). The
interaction between WDR5 and Myc can stabilize the Myc/Max heterodimers on the
promoters of the key cancer-promoting target genes so as to accelerate the transcription of
these genes (71). On the other hand, this interaction can also promote the Myc-mediated
Hypoxia-inducible factor 1l-alpha (HIF1-a) transcription to accelerate the Epithelial-
mesenchymal transition (EMT) as well as invasion and metastasis in cholangiocarcinoma
(72). Besides, it is also published that the WDR5 and Myc interaction can also contribute to
the maintenance of DNA replication in pancreatic ductal adenocarcinoma (73).

Another important cofactor of Myc in oncogenic transcriptional activation is the
Positive Transcription Elongation Factor b (P-TEFDb). It is a general transcription factor, which
contains the cyclin-dependent kinase 9 (CDK9) and its regulatory subunit cyclin T. The
former can phosphorylate the C-terminal domain (CTD) of RNAPII (74), while the latter can
bind to Myc and promote the transcription activation of the cad promoter (75). The direct
interaction between P-TEFb and Myc is also required for Myc to release RNAPII from the
paused state, which is believed to play an important role in Myc-driven oncogenic

transcriptional activation (76-78).
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Furthermore, the interaction between Myc and certain proteins may also activate Myc-
driven oncogenic transcription in an indirect manner, such as through the stabilization or
accumulation of Myc. Studies have shown that the bindings between Myc and its target DNA
binding sites are different from the binding affinities. Overexpression of Myc is associated
with the increasing occupancy between Myc and its low affinity binding sites and, in the worst
cases, also with non-specific DNA sequences other than the E-box. These effects may turn
Myc-driven transcription from normal proliferating to oncogenic direction (53,79).

For example, Aurora-A can interact with the MBI domain of Myc and rescue it from
FBXW7-induced proteasomal degradation, thus to stabilize and accumulate Myc (80,81).
Moreover, Aurora-A can also promote the expression of Myc, and in turn, Myc can regulate
the transcription level of Aurora-A. Thereby, the net effect is that the protein level of Myc is
up-regulated, and its oncogenic transcription is activated (82,83).

1.2.2.20ncogenic transcriptional repression of Myc

Myc can also act as an oncogenic transcription factor by repressing the transcription of tumor
suppressor genes, thereby initiating tumorigenesis or promoting metastasis.

The first candidate as a cofactor of Myc to induce the oncogenic transcriptional
repression is MIZ1. In fact, MIZ1 itself is also a transcription factor and can both activate or
repress transcription based on its interactors (84). In the case of Myc, it can compete with
Max in forming the heterodimers, it can meanwhile interact with zinc-finger (ZF)
transcriptional repressor growth factor independence 1 (GFI-1) to form a ternary complex at
the promoter of cyclin-dependent kinase inhibitor (CDKN) to repress CDKN1A/2B (85-87).
The recruitment of Myc to the promoters of the cell cycle inhibitors p15INK4B and p21CIP1
by MIZ1 can also lead to the inhibition of the famous tumor suppressor p53, resulting in a
negative effect on anti-tumor activities. (88,89). Moreover, MIZ1 can also suppress Mad4,
which is the endogenous transcription suppressor of Myc (90).

Histone Deacetylase 3 (HDAC3) can also interact with Myc at promoters of tumor
suppressor genes miR-15a/16-1 to down regulate their protein levels in mantle cell
lymphoma (91). It is also proofed that the interaction between HDAC3 and Myc can repress
the transcription of FOXA2 and result in the development of gastric cancer (92).

Another cofactor is G9a, which can promote the methylation of histone 3 lysine 9
(H3K9) and histone 3 lysine 27 (H3K27) (93,94). The methylation level of H3K9 is low at
Myc-repressed gene promoters in the absence of G9a, thus reducing Myc ability to bind to

chromatin, therefore the deficiency of G9a can inhibit the proliferation of glioblastoma cell as
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well as the tumorigenesis ability (95,96). On the contrary, the interaction between G9a and

Myc can lead to the transcriptional repression and facilitate breast tumor development.

1.2.3 Non-transcriptional functions of Myc

Although known as a transcription factor, more and more evidence has suggested that Myc
also has transcription-independent functions. For example, Myc is reported to promote the
formation of the mRNA cap structure by driving the methylation of the mRNA cap. Besides,
Myc can control DNA replication via the regulation of replication origins and chromatin
modification. Moreover, it can regulate genomic stability via Myc-driven replication stress and
DNA repair (97).

1.2.3.1 Myc drives mRNA cap methylation

The capping of the nascent mRNA by capping enzymes is an important procedure at the
early stage of the transcription because uncapped mRNA will degrade rapidly (98). However,
after capping, mRNA still needs to be methylated so that it can bind with the translation
factors, which are required for the translation (99-101).

Myc has been identified to promote the chromatin recruitment of transcription factor
TFIIH complex via the direct interaction; In addition, Myc can also relax the DNA structure to
boost this recruitment (46,102,103). The recruitment of TFIIH can further phosphorylate
RNAPII at its Ser5 on the N-terminus, which subsequently promotes the recruitment of the
cap RNA methyltransferase (RNMT) and stimulates the mRNA cap methylation.

1.2.3.2 Myc controls DNA replication

DNA replication is an essential for all forms of life. In human cells, three billion base pairs
have to be faithfully replicated during the S phase. Any errors that occur during the
replication, for example the DNA damage or the stalled replication fork, may lead to the cell
cycle arrest, which further contribute to the DNA mutations and genomic instability, the
hallmarkers of the tumorigenesis (97).

Myc was initially thought to induce genomic instability via transcriptional regulation.
For example, Myc can directly regulate the expression of relevant genes which are involved

in the DNA replication (104). Besides, via the regulation of the expression of proteins like
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cyclins and cyclin-dependent kinases (CDKs), Myc can then regulate the cell cycle such as
G1/S transition (105,106). In addition, Myc can also regulate the biosynthesis of purine and
pyrimidine, which are essential metabolites required for DNA replication, via the regulation of
the relevant genes, and therefore control the DNA replication (107,108). However,
subsequent research has demonstrated that Myc also has transcription-independent
functions in regulating DNA replication.

Myc can establish physical interactions with MCM 2-7, ORC, Cdc6, and Cdt1, which
are subunits of the pre-replicative complex (pre-RC) (109). The pre-RC is a critical complex
involved in DNA replication origins, the loci where chromosomal replication starts. ORC,
Cdc6 and Cdtl collaborate to recruit MCM 2-7, which functions as the catalytic components
of the replicative DNA helicase, to the origins of replication, to unwind DNA for replication.
Additionally, Cdc45 and GINS complex are also required to form the CMG
(Cdc45/MCMIGINS) to active pre-RC and continue DNA synthesis. The presence of these
novel Myc-associated interactions within the pre-RC implies a direct role of Myc in DNA
replication. For example, Myc can regulate the chromatin accessibility at its target sites via
MBII to stimulate the recruitment of Cdc45 and GINS to MCM and thus to activate CMG and
to accelerate DNA replication (110).

Furthermore, Myc can also regulate DNA replication via the maodification of chromatin
to regulate the assembly and activity of DNA replication origins. For example, Myc interacts
with an E box located in the Lamin B origin to recruit MLL1 methyltransferase to modify the
nucleosomes in the vicinity of H3K4. This process further leads to the establishment of a
chromatin region that is free of nucleosomes, allowing for the subsequent recruitment of
MCM at the origin (111).

Moreover, a study performed in the Xenopus extracts have shown that the depletion
of c-Myc arrests cells in early G1 phase and blocks DNA replication, and this defect can be
rescued by the addition of recombinant full-length Myc protein. as Xenopus extracts allow
DNA replication without transcription and new protein synthesis, this experiment shows that

Myc can regulate DNA replication in a non-transcriptional manner (109).

1.2.3.3 Myc regulates genomic stability

Deregulated origin firings can contribute to the DNA replication stress, which can further
induce DNA damage. In fact, the overexpression of Myc increases the density of replication
origins and elevates the level of pH2AX, the biomarker of DNA damage, in S phase. This is

probably due to the conflict between the Myc-driven transcription machinery and Myc-

17



Introduction

regulated DNA replication, which further leads to the genome instability and accelerates
tumorigenesis (112-114).

Studies have shown that Myc can recruit Brcal and the exosome complex to facilitate
R-loops (DNA-RNA hybrids formed by RNAPII) resolution. This recruitment can limit
collisions between RNAPII and replisome (transcription-replication conflicts, TRCs), thereby
maintain genomic stability (115,116). Another mechanism involves the recruitment of the
elongation factor Paflc by Myc, which not only has transcriptional effects but also contributes
to the resolution of TRCs and promotes DNA repair (117-119). Mechanistically, Paflc
stimulates histone H2B ubiquitination (120), leading to the stabilization of replication forks
and promoting homologous recombination. However, Paflc is also known to contribute to the
accumulation of R-loops and activate ATM and RAD3-related protein (ATR) signaling
pathway, thereby increasing replicative stress (121,122). This indicates that the non-
transcriptional function of Myc via the recruitment of Paflc in genome stability is genetic- or
signaling context-dependent.

1.2.4 Targeting Myc for cancer strategy

Since Myc plays such an important role in tumorigenesis, targeting Myc seems to be a
promising anti-tumor strategy. Indeed, studies have shown that the inhibition of Myc via the
expression of the dominant-negative Myc mutant can lead to the rapid regression of the Ras-
induced lung adenocarcinoma in mouse models (123).

However, the structure of Myc limits the development the small molecule inhibitors
that can target Myc directly, as it lacks hydrophobic pockets for binding of small molecules.
Besides, as a transcription factor, unlike other oncogenic enzymes, Myc has no catalytic
activity for small molecule inhibitors to block. As Myc is a nuclear protein, it is unrealistic to
develop specific monoclonal antibodies against it due to the difficulty of these antibodies
penetrating cellular membranes (37,41).

Due to the problems mentioned above, researchers have begun to investigate
methods to indirectly target Myc, for example, inhibition of Myc at the transcriptional or
translational level or blocking interactions between Myc and its key binding partners. In

addition, targeting the stability of Myc can be a potential strategy.

18



Introduction

1.2.4.1 Targeting Myc at the transcriptional level

Transcription of Myc is regulated by the BRD4 protein (Bromodomain-containing 4), which is
a transcriptional regulator of the bromodomain and extra terminal domain (BET) family (124).
BRD4 functions via recruitment of P-TEFb, which phosphorylates RNAPII at the C-terminal
domain and leads to the transcriptional elongation (125). JQ1, a small molecule inhibitor, can
inhibit the function of BRD4 via competing for binding to acetylated lysines.

Other molecules that can target transcription of Myc are CDK7 and CDK9 inhibitors,
for example THZ1 (CDK?7 inhibitor) and PC585 (CDKS9 inhibitor), as CDK7/9 are frequently
located in the SEs, which dysregulate Myc. Studies have shown that inhibition of CDK7/9 can
down regulate the transcription of Myc gene, as well as Myc target genes (126,127).

Rather than directly targeting the Myc transcription process, targeting the Myc mRNA,
the product of Myc transcription, can present another strategy. Over the past 40 years, many
efforts have been made to silence Myc mRNA, from the use of antisense oligonucleotides to
attempts at short hairpin RNAs (shRNAs) carried by oncolytic adenoviruses (128,129).
Although some of these strategies have shown the ability to inhibit tumor growth, the follow-
up clinical trials failed due to the drug instability as well as the difficulties in drug delivery.

1.2.4.2 Targeting Myc at the translational level

Targeting the translation of Myc protein is also a potential method to down regulate Myc. The
translation of Myc mRNA is encouraged by the eukaryotic initiation factor 4E (elF4E), which
can be negatively regulated by the elF4E binding protein 1 (4EBP1) with the mTORC1
mediated phosphorylation. Thus, the inhibition of mMTORC1 by small molecule inhibitor, for
example Rapamycin, may contribute to the down regulation of Myc (130,131). Indeed,
inhibition of MTORC1 by Rapamycin or its analogues has demonstrated a therapeutic
potential for Myc-driven tumors (132-134).

1.2.4.3 Targeting interactions between Myc and its cofactors

As discussed previously, the oncogenic transcriptional function of Myc also requires the
interaction of Myc and its cofactors, which also provides scientists with a potential way to
regulate Myc.

One candidate cofactor is Max, as the Myc/Max heterodimer is required for DNA

recognition and binding to initiate the Myc-driven transcription (135). Several small molecule
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inhibitors have been found to block the heterodimerization of Myc and Max via high-
throughput screening (HTS) and have been verified both in vitro and in vivo. For example,
the compound 10058-F4 showed the ability to disrupt the Myc/Max heterodimer and to inhibit
proliferation in HL60 cells (136). The compound MYCi361 and its analog MYCi975
suppressed tumorigenesis in mouse models (137).

Efforts have also been made to inhibit the interaction between Myc and Max using
peptides. Omomyc is one such peptide that was designed to mimic the bHLHLZ domain of
Myc with four point-mutations in the leucine zipper domain (138). It can form a homodimer
with another Omomyc peptide or to form a heterodimer with Max. In either case, Omomyc-
containing dimer can compete with endogenous Myc/Max heterodimers for DNA and thereby
interfere with Myc-dependent transcription (123,139).

Another frequently studied Myc cofactor is WDR5. As discussed above, the
interaction between WDR5 and Myc can promote Myc chromatin recruitment, thereby
activating Myc-driven oncogenic transcription. Additionally, the high protein level of WDR5 in
neuroblastoma is also an independent biomarker of poor prognosis (140). Recently, two
small molecule inhibitors have been shown to block the WDR5 and Myc interaction. One is a
methyl sulfone-containing compound that can strongly disrupt WDR5-Myc binding at 5 uM in
HEK293 cells by binding with the WDR5 binding motif (141). The other is a
dihydroisoquinolinone bicyclic core-containing compound that can block the recruitment of
Myc to chromatin at Myc/WDR5 co-bound genes. It can inhibit the proliferation of Myc-driven
cancer cells at around 50 nM with high selectivity by binding with the WDRS5 interaction site
(142).

1.2.4.4 Targeting Myc stability

Myc is an unstable protein with a half-life of approximately 30 minutes and is continuously
regulated by the ubiquitin-proteasome system. Degradation of Myc is initiated by the
phosphorylation of the Ser62 and Thr58 threonine, mediated by Cdk and glycogen synthase
kinase 3 (Gsk3), respectively. Ser62 is subsequently dephosphorylated by protein
phosphatase PP2A, allowing the E3 ligase FBXW?7 to recognize and ubiquitinate Myc for
degradation by the proteasome. (45,143). Mutations in FBXW7 can enhance leukemia-
initiating cell activity, while loss of FBXW7 has been found to induce Myc-dependent
cholangiocarcinogenesis in mice (144,145).

Many deubiquitinases have been identified to antagonize Myc ubiquitination and
stabilize Myc. For example, the USP36 and USP7 can stabilize Myc via interaction with
different FBXW?7 isoforms (146,147). Moreover, USP28 has also been verified as a

20



Introduction

deubiquitinase of Myc (detains see the coming section), which is overexpressed in many
Myc-driven tumor cells. The inhibition of USP28, either with USP28-targeting shRNA or with
its inhibitor AZ1, can downregulate the protein level of Myc both in vitro and in vivo (148-153).

A new strategy technology for targeting Myc stability is based on Proteolysis
Targeting Chimeras (PROTACS) - heterobifunctional molecules with one ligand that binds a
protein of interest, and another ligand to bind the E3 ligase on the other side, and these two
ligands are connected by a linker in between (154). Many researchers attempted to
downregulate Myc via the PROTAC-mediated Myc degradation, however, due to the
disordered structure of Myc, it is hard to find a ligand which can capture Myc with high affinity,
so more efforts are put to target Myc interactors with PROTAC, for example the PROTAC
compound ARV-771 and ARV-825 were shown to inhibit Myc in castration-resistant prostate
cancer and neuroblastoma, respectively, by inducing the degradation of BRD4 and other
BET family members (155,156).

Table 1. Reported compounds or peptides targeting Myc

Type Target Compound Progress

JO1 Pre-clinical
BRD4 and other BET
_ GSK525762 Phase Il
o family members __
Myc transcription ARV-771; ARV-825 Pre-clinical
CDK7 THZ1 Pre-clinical
CDK9 PC585 Pre-clinical
_ Rapamycin;
Myc translation mTOR Phase I-1V
RADO001; CCI-779
10058-F4 Pre-clinical
Myc-cofactor 10074-G5 Pre-clinical
Max

interaction MYCi361; MYCi975 Pre-clinical
Omomyc; OMO-103 Phase |-

Survivin PC002 Phase I
Myc stability Usp7 P22077 Pre-clinical
Usp28 AZ1l; FT206 Pre-clinical
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1.3 The ubiquitin proteasome system and the

deubiquitinase Usp28

1.3.1 The ubiquitin proteasome system

1.3.1.1 Ubiquitination cascade

Ubiquitin is a 76-amino-acid protein that is highly conserved and ubiquitously expressed in all
eukaryotic tissues, first identified in 1975 (157). Ubiquitin can modify other proteins via the
formation of an isopeptide bond between its C-terminal glycine and a lysine residue on the
substrate protein (158). This modification, known as ubiquitination, is one of the most
important posttranslational modifications (PTM), playing a key role in protein degradation,
signaling pathways, DNA repair, and other biological processes.

The ubiquitination cascade involves three types of enzymes and three steps:
activation, conjugation, and ligation. First, the E1 ubiquitin-activating enzymes activate
ubiquitin in an ATP-dependent manner, forming a ubiquitin/EL1 complex through a thioester
linkage between the C-terminal glycine of ubiquitin and a cysteine residue in E1. Next, the
activated ubiquitin is transferred to an E2 ubiquitin-conjugating enzyme through a
transthioesterification reaction. Finally, the E3 ubiquitin ligases catalyze the transfer of the
ubiquitin molecule from the E2 enzyme to the substrate protein, forming an isopeptide bond
between the C-terminal glycine of ubiquitin and a lysine residue on the substrate. (159,160).

As the last step of the ubiquitination cascade, the target protein is modified by the
addition of a single ubiquitin molecule, a process known as monoubiquitination. The site of
monoubiquitination on the substrate may differ among different substrates; it may be a
specific amino acid site, such as the Lys164 in proliferating cell nuclear antigen (PCNA), or a
large domain of the target protein, such as the six C-terminal lysines in p53. In some cases,
multiple lysine residues on the same protein can be modified by monoubiquitination, a
process called multimonoubiquitylation, as in the case of the epidermal growth factor
receptor (EGFR). (161-163).

Ubiquitin itself has seven lysine residues, in addition to its N-terminal methionine, all
of which can serve as binding sites to be targeted by E3 ligases and E4 ubiquitin-chain
elongation factors to elongate the ubiquitin chain, known as a polyubiquitin chain, ranging
from two ubiquitin units to more than ten moieties (164). Polyubiquitin chain has eight

different homotypic types, as well as numerous heterotypic types with different topology
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structures and biological functions. While all possible types of linkages have been detected in
cells through proteomics research, not all of them are well understood (165,166).

The Lys48 (K48)-linked chain was the first identified and most studied polyubiquitin
chain. K48-linked chains account for more than half of all polyubiquitin chains, and their best
understood biological function is to target their substrates for degradation by the proteasome
(167).

Another well-characterized type is the Lys63 (K63)-linked chain, which is the second
most common type in the cell. Unlike K48-linked chains, K63-linked chains are thought to
play primarily non-degradative roles, such as regulating DNA repair and protein activity (168).
Recent studies have started to unveil the functions of other types of polyubiquitin chains. For
example, the Lys6 (K6)-linked polyubiquitin chain has been shown to regulate the stability of
some E3 enzymes (169). The Lys11 (K11)-linked polyubiquitin chain is assembled by the
anaphase-promoting complex or cyclosome Apc/c, and recent data show that homotypic
K11-linked polyubiquitin chain-modified substrates are poor substrates for the proteasome
(170,171). The Lys29 (K29)-linked polyubiquitin chain is reported to be linked with lysosomal
degradation, mediated by the Notch signaling modulator DTX (172). Finally, the Lys33 (K33)-
linked polyubiquitin modification is believed to regulate the activity of some AMPK-related
kinases (173).

Interestingly, in addition to their well-known canonical functions, an increasing
number of studies have identified non-canonical functions of different types of polyubiquitin
chains. For instance, Met4 has been found to contain a ubiquitin binding domain that can
interact with its own K48-linked polyubiquitin chain, limiting the amount of ubiquitin moieties
on the chain. This prevents the chain from being recognized and degraded by the
proteasome, resulting in a more stable Met4 that regulates Met4-mediated transcription (174).

Another example of a non-canonical function is the proteolytic function mediated by
K63-linked polyubiquitin chains. Scientists have shown that K63-linked polyubiquitination of
TXNIP, a proapoptotic regulator, can trigger proteasome-mediated degradation by boosting
the assembly of K48/K63 branched ubiquitin chains through the recruitment of ubiquitin
ligases (175).

1.3.1.2 The 26S Proteasome

After polyubiquitination, the modified target proteins can be shuttled to the 26S proteasome
for proteolytic degradation. The 26S proteasome consists of two subcomplexes: the catalytic
core particle, also known as the 20S proteasome, and one or two 19S regulatory particles

that are attached to one or both sides of the 20S proteasome (176).
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Figure 3. Schematic of ubiquitination (Created with BioRender.com.)

1.3.1.3 E3 ligases

As mentioned above, ubiquitination is carried out by E1, E2, and E3 enzymes. There are two
E1l enzymes, approximately 40 E2 enzymes, and over 600 E3 ligases encoded by the human
genome (177-179). Among all the participating enzymes, E3 ligases may play the most
critical role in the ubiquitination cascade. They can regulate the reaction efficiency and are
mainly responsible for the specificity of ubiquitination through direct interaction with
substrates (180). E3 ligases can be classified into four major groups based on their structure
and function: Really Interesting New Gene (RING) finger, Homologous to the EG6-AP
Carboxyl Terminus (HECT), U-box, and the newly identified RING-IBR-RING (RBR) (181).
RING finger E3 ligases can directly bind to the E2 enzymes and transfer the ubiquitin
to the substrates during the ubiquitination cascade. This group is the largest among all the
E3 ligases with over 600 family members (179). RING finger E3 ligases can be divided into
two subgroups: monomeric RING finger and multi-subunit E3 ligases. The former type has
both substrate binding domain and ubiquitination catalytic domain on the same single
polypeptide, while the latter separates different functional modules into different subunits to
form a complex. For example, the Skpl-cullin 1-F-box (SCF) E3 ligase complex, the largest

family of E3 ligases, consists of Skpl, cullinl, and F-box, which are responsible for the
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interaction between the catalytic core of the ligase and F-box, modulation of the interaction
with other subunits, and recognition of the ligase's substrates, respectively (182-184).

The HECT E3 ligases family is also one of the biggest and well-studied E3 ligase
subgroup. The catalytic HECT (Homologous to the E6-AP Carboxyl Terminus) domain at the
C-terminal of the ligase and it can accept the ubiquitin at its active cysteine site transferred
from E2 enzymes and subsequently directly delivers the ubiquitin to its target substrate which
binds at the N-terminal of the ligase (185). The HECT E3 ligases can be further classified
into Nedd4 family, HERC family and another HECTs based on the difference of their N-
terminal (186).

The U-box E3 ligases are quite similar to the RING finger E3 ligases in terms of the
structure (187). However, unlike the RING finger ligases with the zinc finger domain at the N-
terminal, U-box ligases have a conserved U-box domain at their C- terminal which can
interact with the E2 enzymes and directly transfer the ubiquitin to the lysine site of their
substrates (188). The newly classified RBR E3 ligases exhibit characteristics that resemble a
combination of the RING finger E3 ligases and HECT ES3 ligases. On one hand, like RING
finger E3 ligases, they also have a RING domain at their N-terminal to bind with the E2
enzymes, however, on the other hand, the transfer of ubiquitin from E2 enzymes to target
substrates is a two-step reaction, which is similar to the HECT E3 ligases. The ubiquitin is
firstly accepted by the second RING domain which connects to the first RING domain by the
central in-between-RINGs (IBR), and then further delivered to the target substrates (189).

1.3.2 The deubiquitinases (DUBS)

As a reversible process, the ubiquitin modification on substrates can be removed by the
DUBs, as they can cleavage the ubiquitin chain via the hydrolysis of the isopeptide between
ubiquitin and another ubiquitin or the target substrates.

Human cells express approximately 100 different DUBs. These can be classified into
six cysteine protease families and one metalloprotease family: ubiquitin-specific proteases
(USPs, which is also the largest family among all DUBs), ubiquitin C-terminal hydrolases
(UCHSs), ovarian tumour proteases (OTUs), Machado-Josephin domain proteases (MJDs),
motif interacting with ubiquitin (MIU)- containing novel DUB family (MINDY), Zn-finger and
UFSP domain protein (ZUFSP) and Zn-dependent JAB1/MPN/MOV34 metalloprotease
(JAMMSs) (190,191).

More and more studies have shown that DUBs are involved in the regulation of many

other physiological processes, such as DNA damage response, cell cycle regulation,
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chromatin remodeling, in addition to the deubiquitination stabilization of substrate proteins
(192,193).

1.3.2.1 Deubiquitinase Usp28

Usp28 was first described in 2001 as a homologous of Usp25, and it shares more than 50%
of the sequence identity with Usp25. The human Usp28 protein contains 1077 amino acids
while the canonical Usp28 is a shorter isoform which lacks the exon 19a (62 amino acids)
and is expressed across different tissues, while the full length Usp28 is only found in muscle,
heart and brain (194).

1.3.21.1 The structure of Usp28

As a member of the USP family, Usp28 has a conserved ubiquitin specific peptidase domain
(USP). Similar to the homologous Usp25, Usp28 has a ubiquitin binding region (UBR) which
contains the ubiquitin associated domain (UBA), the sumo interacting motif (SIM) and two
ubiquitin interacting motifs (UIMs) (193,195). Interestingly, Usp28 has a dimerization domain
that allows it to form an active dimer in vivo. In contrast, Usp25 forms a catalytically inactive
tetramer (196,197).
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Figure 4. Domain structure of Usp28 (Created with BioRender.com.)

13.2.1.2 Usp28 in tumorigenesis

Usp28 is the first DUB found to antagonize FBXW?7 and stabilize the oncoprotein Myc (148).
FBXW?7 is considered to be a tumor suppressor because it can ubiquitinate oncoprotein
substrates such as Myc and cyclin E1, leading to their proteasomal degradation and lower
protein levels. However, this process can be reversed by Usp28, as it can remove the
ubiquitin from the substrates before their proteolysis. Indeed, Usp28 is found overexpressed
in many different tumors such as liver cancer, colorectal cancer, bladder cancer, breast

cancer, non-small cell lung cancer and glioma. Meanwhile Myc, as well as other non-FBWX7
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mediated Usp28 oncoprotein substrates (e.g., LSD1), are also found overexpressed in these
tumors. Additionally, the Usp28 protein level was negatively correlated with prognosis
(150,198-202).

Intriguingly, Usp28 can not only stabilize the substrates of FBXW7 but also
deubiquitinate and stabilize FBXW7 when FBXW?7 autocatalytically ubiquitinate itself (149).
In this case, Usp28 exhibits a tumor-suppressive function via the destabilization of the
oncoproteins through the stabilization of FBXW7. Besides, Usp28 has also been reported to
stabilize tumor-suppressive proteins, such as p53, CHK2 and others (203-207). This dual
roles of Usp28 elicit an interesting question: is Usp28 a tumor promoter or a tumor
suppressor? One reasonable explanation is that the role of Usp28 varies depending on the
genetic conditions of the cells, particularly the states of FBXW7 and p53.

The recognition of Usp28 substrates can be mediated by FBXW?7 in what is known as
the "piggyback” model (208). However, it has also been reported that Usp28 is able to
deubiquitinate and stabilize its substrates in the absence of functional FBXW7 (151,209).
This suggests that Usp28 can recognize its substrates via other E3 ligases in addition to
FBXW?7, such as PIRH2, which can modulate the deubiquitination of CHK2 by Usp28 (207).
Alternatively, Usp28 may interact with its substrates directly, without the need for any E3
ligases, which is a common feature of many other DUBs (193).

Another important factor in the role of Usp28 is p53, a well-known tumor suppressor
that has been reported as a substrate of Usp28, which can deubiquitinate and stabilize it
(205). However, p53 is frequently found to be mutated in more than half of all cancers, and
the stabilization of mutated p53 by Usp28 is considered a tumor-promoting event, as mutant
p53 is known to be an oncoprotein. Mutated p53 not only loses its tumor-suppressive
function but also contributes to metastasis and anti-tumor therapy resistance (210).

In short, we cannot simply draw the conclusion that Usp28 is a tumor promoter or a

tumor suppressor without considering the genetic environment of the tumor.

1.3.2.1.3 Usp28 and the DNA damage response

Eukaryatic cells have several mechanisms to detect and repair DNA damage upon genotoxic
stress. Phosphatidylinositol 3-kinase-like kinases (PIKKs) such as ATM, ATR and DNA-PKcs
play a crucial role in initiating a series of intracellular cascades to modulate cellular activities.
These activities include gene transcription regulation, cell cycle arrest, DNA repair, and
apoptosis (211,212).

Usp28 has shown to play an important role in the DNA damage response as it can

regulate the Chk2-p53-PUMA signaling pathway, the key pathway that modulates the
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apoptosis induced by DNA damage in response to the most harmful types of DNA damage,
such as DNA DSBs (213). The regulation of Usp28 on the Chk2-p53-PUMA signaling
pathway depends on the physical interactions between Usp28 and the signaling factors, such
as 53bpl and Chk2. When Chk2-p53-PUMA signaling pathway is activated during DNA
damage response, Usp28 is recruited by 53bpl and can deubiquitinate and stabilize both
53bpl and Chk2. Furthermore, Usp28 can regulate the pathway via the regulation of p53-
mediated pro-apoptotic genes such as PUMA.

However, it is also reported that the significance of Usp28 in the DNA DSB-induced
DNA damage response may be less significant than originally expected. It has been shown
that Usp28 has minimal effects on DNA damage response in Usp28-deficient cells or mice.
Furthermore, the lifespan, immunity, and response to external damage in Usp28-deficient
mice are comparable to those of Usp28-wildtype mice (214).

The complex role of Usp28 in DNA damage response may be due to the different
pathways in which Usp28 is involved, which can have opposing effects. For example, Usp28
can promote the Chk2-p53-PUMA pathway-induced apoptosis, but it can also contribute to
ion radiotherapy resistance through stabilizing Claspin (215). Taken together, the role of
Usp28 in DNA damage response must be considered in the context of specific physiological

conditions, as it may depend on the cell or tumor type (216).

1.3.2.1.4 Usp28 and cell cycle

Cyclin E, similar to many other cyclin family members, is responsible for the phosphorylation
of many downstream proteins by forming a complex with cyclin-dependent kinase 2 (CDK2),
thus regulating many cellular processes. For example, it can phosphorylate the
retinoblastoma-associated protein (Rb), a key cell cycle regulator and tumor suppressor that
can arrest the cell cycle in G1 phase. However, phosphorylation by the Cyclin E-CDK2
complex causes Rb to dissociate from the transcription factor E2F. As a result, E2F can
enter the nucleus to transcribe related genes, driving the transition from G1 to S phase and
promoting cell proliferation (217).

In normal cells, Cyclin E can be ubiquitinated by FBXW?7 and degraded by the
proteasome. In several types of cancer, including breast cancer, colon cancer, and bladder
cancer, Cyclin E is found to be overexpressed and further promotes tumorigenesis and
progression of the cancer. The overexpression of Cyclin E is likely indirectly regulated by
Usp28 via the regulation on FBXW?7, as the loss of Usp28 can downregulate Cyclin E in vivo
(149,218).
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Usp28 can also regulate cell cycle via stabilization of Claspin. Claspin can activate
CHK1 in response to genotoxic stress, but it is ubiquitinated by the E3 ligase SCFB-TrCP
and degraded at the G2 phase when cells are repaired from DNA damage. Therefore,
Claspin protein level acts as a threshold for checkpoint activation and the degradation of
Claspin allows mitotic entry. The stabilization of Claspin by Usp28 can thereby lead to G2
phase arrest (216). Furthermore, Usp28 can stabilize 53bpl and lead to activation of p53 in

response to ionizing radiation, prolonged mitosis and disruption of centrosomes (204-206).

1.3.2.2 Targeting Usp28 as an anti-tumor strategy

The ubiquitin-proteasome system plays an important role in regulating protein homeostasis
via ubiquitin-mediated protein degradation. However, in tumor cells, the balance between
oncoproteins and tumor suppressors is usually deregulated, such as over-stabilized
oncoproteins or destabilized tumor suppressors, promoting tumorigenesis. Therefore,
targeting the ubiquitin-proteasome system can be a promising approach to combat tumors.

In fact, there are already some FDA-approved antitumor drugs that target the
ubiquitin-proteasome system, including Bortezomib, the first drug used clinically to treat
multiple myeloma (MM) and mantle cell lymphoma, which targets the proteasome, as well as
Carfilzomib, a second-generation proteasome inhibitor (219,220). However, due to high
toxicity (lack of selectivity towards tumor cells) and patient-unfriendly administration methods
(cannot be taken orally) of the current proteasome inhibitors (221,222), scientists have now
focused on inhibiting DUBS, since they may stabilize specific oncoproteins and contribute to
tumorigenesis.

Indeed, several DUB inhibitors have been reported, such as the Uspl inhibitor ML323,
Usp2 inhibitor ML364 and Usp7 inhibitor P5091 (223). Notably, the Uspl4 and UCHL5
inhibitor VLX1570 is the first DUB inhibitor to enter clinical trials (224).

Several inhibitors of Usp28 have also been reported, including AZ1, a small molecule
identified by Astra Zeneca through HTS that showed specific activity against Usp28
enzymatic activity and downregulation of Myc (152). Another promising Usp28 inhibitor is
FT206, which showed an anti-lung squamous cell carcinoma (LSCC) activity both in vitro and
in vivo (225). Some FDA-approved drugs also exhibited the anti-Usp28 activity, such as
vismodegib, a compound clinical used for basal cell carcinoma, showed anti-human
colorectal cancer cells activity in vitro (226). However, due to the homology between Usp28
and Usp25, the small molecule compounds mentioned above usually show little or no

selectivity between Usp28 and Usp25, which limits their further clinical application.
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1.4 Aims of the study

Deubiquitinase Usp28 was identified to stabilize Myc, the essential tumorigenesis factor
which is dysregulated in a huge number of cancers. Usp28 forms homodimers in cells while
the biological role of dimerization remains unknown. Therefore, it is important to understand
how Usp28 dimerization controls Myc, especially in the field of Myc-dependent transcription
or replication in tumorigenesis. In this thesis, we aim to address the following topics:

To investigate the biological role of Usp28 dimerization on Myc and Myc-dependent
functions in the human liver cancer cell line HLF.

To explore the mechanism and key regulators/factors that regulate Usp28
dimerization.

To identify potential clinical benefits arising from a comprehensive understanding of

Usp28 dimerization to develop novel antineoplastic therapies.
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2. Materials

2.1 Chemicals and reagents

Name Manufacture Cat. Number
1-Bromo-3-chloropropane Sigma B9673
5-Chloro-2'-deoxyuridine (CldU) Cayman 18155
5-Ethynyl-2'-deoxyuridine (EdU) Cayman 61135-33-9
5-lodo-2'-deoxyuridine (IdU) TCI 10258
Acetic acid Sigma ARK2183
Acrylamide-, bisacrylamide, 37.5:1 Roth 3029.1
Agarose Standard Roth 3810.3
Albumin Fraction V Roth 8076.4
Ammonium persulfate (APS) Sigma A4418
Ampicillin Roth HP62.1
Beta-mercaptoethanol Acros Organics A0247450

Biotin-16-dCTP

Jena Bioscience

NU-809-BIO16-S

Biotin-16-dUTP

Jena Bioscience

NU-803-BIO16-S

Biotin-Ahx-Ub-VME UbiQ-054 UbiQ
Biotin-Ahx-Ub-VS UbiQ-188 UbiQ
Bis-Tris Sigma B9754
Blasticidin Invivogen ant-bl-1
Bromophenol blue Sigma B0126
CaCl; Sigma 21115
Concanavalin A-coated beads Cytiva 17044003
Crystal violet solution Sigma V5265
CuSO, Sigma C8027
Cycloheximide (CHX) Sigma C7698
DAPI-containing mounting solution Biozol VEC-H-1500
Dithiothreitol (DTT) Roth 6908.3
DMSO Roth A994.2
DNA loading dye 6X Thermo Fisher Scientific R0611
;;Lboesf‘(’sM“’I'Eoﬁ;ﬂed Eagle Medium-high | it Technologies 41966052
EDTA Sigma EDS
EGTA Sigma E4378
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Name Manufacture Cat. Number
Ethanol Sigma 32205
Ethidium bromide Roth 2218.1
Etoposide Cayman 12092
Fetal Bovine Serum (FBS) Pan Biotech P40-37500
Fugene transfection reagent Promega E2311
GeneRuler 1kb DNA Ladder Thermo Fisher Scientific SM0311
GFP-Trap Agarose beads Chromotec gta-20
Glycerol Sigma G5516
Glycine Sigma G7126
Glycoblue Thermo Fisher Scientific AM9516
HCI VWR Chemicals 1099110001
HEPES Sigma HO0887
Highprep PCR magnetic beads MagBio Genomics Europe | RC-90005
Hydroxyurea (HU) Sigma H8627
Hygromycin B Gold InvivoGen ant-hg-1
Imidazole Sigma 10250
Immobilon Western HRP substrate A & B | Merck Millipore WBKLS0500
Isoproponal Sigma 33539
Kanamycin Sigma K0129
KCI Sigma P9333
LMP agarose Promega V2111
Methanol Roth 8388.6
MG-132 Selleckchem S2619
MgCl. Roth KK36.1
MnCl; Roth 4320.1
MOPS Merck M1254
NacCl Roth 3957.2
NaHSO3 Sigma 799394
Nail polish Essence -
Native gel (4—20% Precast Protein Gel) Bio-Rad 4561096
Native sample buffer 2X Bio-Rad 1610738
N-laurylsarcosine Sigma 61739
Non-Essential Amino Acids 100X Sigma M7145
Non-fat dry milk Hartenstein CM35
Opti-MEM Thermo Fisher Scientific 31985062
PageRuler prestained protein ladder Thermo Fisher Scientific 26617
Paraformaldehyde (PFA) Sigma P6148
PBS Life Technologies 10010-056
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Name Manufacture Cat. Number
PBS tablet Thermo Fisher Scientific 18912014
Penicillin-Streptomycin Life Technologies 15140122
Phenol/Chloroform/Isoamyl Alcohol Roth Al156.1
Phosphatase inhibitor Sigma P0044
Picolyl-Azide-Biotin Sigma 900912
Polybrene Sigma 107689
Polyethylenimine (PEI) Sigma P3143
PolyJet transfection reagent SignaGen Laboratories SL100688
Ponceau S Roth 5938.1
Protease inhibitor Sigma P8340
Protein A agarose beads Thermo Fisher Scientific 20333
Protein A magnetic beads NEB S1425S
Protein G agarose beads Thermo Fisher Scientific 20398
Protein G magnetic beads NEB S1430S
PureCube Ni-NTA Agarose beads Cube Biotech 31105
Puromycin InvivoGen ant-pr-1
gg:gggm PicoGreen™ dsDNA Thermo Fisher Scientific P7581
SOC medium NEB B9020S
Sodium ascorbate Roth 3149.1
Sodium azide Sigma S2002
Sodium dodecyl sulfate Roth CN30.3
Sodium acetate Roth 6773.1
Spermidine Roth 7161.1
Streptavidin magnetic beads NEB S1420S
Sulfo-Cy3-azide Lumiprobe A1330
Tetramethylethylenediamine (TEMED) Roth 2367.3
Thymidine Biomol Cay20519-5
Topotecan Sigma 1672257
Tris Sigma T1503
Tris Base Hartenstein CT62
Tris-HCI Sigma T5941
TritonX-100 Amresco M143
TRI RNA isolation reagent Sigma T9424
Trypsin-EDTA Life Technologies 25300054
Tween20 Sigma P1379
Ultra pure water Life Technologies 10977-035
Urea Roth 7638.1
Zeocin InvivoGen ant-zn-1
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2.2 Buffers

Name

Composition

Annealing buffer 10X

1 M NaCl, 100 mM Tris-HCI (pH 7.4)

Bis-Tris buffer

1.25 M Bis-Tris (pH 6.8)

C & R antibody buffer

C & R tritonX-wash buffer with 2 mM EDTA

C & R binding buffer

20 mM Hepes (pH 7.5), 10 mM KCI, 1 mM CaCl;, 1 mM
MnC|2

C & R incubation buffer

3.5 mM Hepes (pH 7.5), 10 mM CacClz, 0.1% TritonX-100

C & R low-salt rinse buffer

20 mM Hepes (pH 7.5), 0.5 mM Spermidine, 0.1%
TritonX-100

C & R stop buffer

170 mM NacCl, 20 mM EGTA, 0.1% TritonX-100, 50
pMg/ml RNase A

C & R tritonX-wash buffer

C & R wash buffer with 0.1% TritonX-100

C & R wash buffer

20 mM Hepes (pH 7.5), 150 mM NacCl, 0.5 mM
Spermidine, add Protease/Phosphatase inhibitors before
use

Fiber lysis buffer

200 mM Tris (pH 7.5), 50 mM EDTA, 0.5% SDS

Hypotonic buffer

50 mM KCI, 10 mM Hepes (pH 7.5)

Laemmli sample buffer 4X

277.8 mM Tris-HCI (pH 6.8), 44.4% Glycerol, 4.4% SDS,
0.02% Bromophenol blue

Native gel running buffer

192 mM Glycin, 25 mM Tris

Neutral comet lysis buffer

2.5 M NacCl, 100 mM EDTA, 10 mM Tris base (pH 10),
1% N-laurylsarcosine, 0.5%TritonX-100, 10% DMSO

Running buffer 1X

5% Running buffer 20X, 2 mM NaHSOs

Running buffer 20X

1 M MOPS, 1 M Tris, 20 mM EDTA, 2% SDS

Stripping buffer

60 mM Tris (pH 6.8), 2% SDS, 0.7% Beta-
mercaptoethanol

TAE buffer 50X

2 M Tris base, 1 M Acetic acid, 50 mM EDTA

TBS buffer 10X

1.5 M NacCl, 500 mM Tris base

TBST buffer

10% TBS 10X, 0.05% Tween20

TE buffer

10 mM Tris-HCI (pH 8.0), 1 mM EDTA

TNT lysis buffer

25 mM Tris-HCI (pH 8.0), 0-300 mM NacCl, 1% TritonX-
100

Transferring buffer 10X

1.92 M Glycin, 250 mM Tris

Transferring buffer 1X

10% Transferring buffer 10X, 10% Methanol

Urea lysis buffer

8 M Urea, 10 mM Imidazole in PBS

34




Materials

2.3 Enzymes and Readymixs

Name Manufacture Cat. Number
Agel Thermo Fisher Scientific ER1461
DNase | Thermo Fisher Scientific ENO521
EcoRI Thermo Fisher Scientific ER0271
KAPA HiFi HotStart ReadyMix Roche 7958927001
Micrococcal Nuclease NEB M0247S
MLV reverse transcriptase Promega M1705
NEBNext Ultra || Q5 Master Mix NEB MO0544L
Protein A/G MNase Dr. Giacomo Cossa -
Proteinase K Thermo Fisher Scientific EO0491
RiboLock RNase inhibitor Thermo Fisher Scientific EO0382
RNase A Thermo Fisher Scientific ENO0531
Spel Thermo Fisher Scientific ER1251
SYBR Green JumpStart Taq ReadyMix Sigma S4438-500RXN
T4 DNA Ligase NEB M0202S
Xhol Thermo Fisher Scientific ER0691
2.4 Kits
Name Manufacture cat.
Number
. . : : DUO092014-
Duolink In Situ Detection Reagents Green Sigma 100RXN
. . . : DUO092008-
Duolink In Situ Detection Reagents Red Sigma 100RXN
. . . : DU092001-
Duolink In Situ PLA® Probe Anti-Mouse PLUS Sigma 100RXN
. . . . , DUO092005-
Duolink In Situ PLA® Probe Anti-Rabbit MINUS Sigma 100RXN
GenElute HP Plasmid Midiprep Kit Sigma 200
GenElute HP Plasmid Miniprep Kit Sigma PLN70-1KT
Monarch DNA Gel Extraction Kit NEB T1020S
Mycoplasma detection Kit abm G238
NEBNext Multiplex Oligos for Illumina (Index Primer Set 1) NEB E7600S
NEBNext Multiplex Oligos for Illumina (Index Primer Set 2) NEB E7500S
NEBNext Poly(A) mRNA Magnetic Isolation Module NEB E7490S
NEBNext Ultra Il DNA Library Prep Kit for lllumina NEB E7645S
NEBNext Ultra RNA Library Prep Kit for lllumina NEB E7770S
NEBuilder HiFi DNA Assembly Cloning Kit NEB E5520S
Pierce BCA Protein Assay Kit Thermo Fisher | 4,55
Scientific
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2.5 Bacterias

Name Manufacture Cat.
Number
NEB® 10-beta competent E. coli (high efficiency) NEB C3019I
2.6 Celllines
Name Feature Source
Dr. Ramona
HLF parental HLF cells Rudalska

HLF Usp28KO

Usp28KO by crispr, puromycin resistence
(0.5 pug/ml)

Established in this
thesis

HLF sh53bp1

53bp1l depletion by lentiviral, puromycin
resistence (0.6 pg/ml)

Established in this
thesis

HLF shCtrl

empty pLKO vector, puromycin resistence
(0.5 pg/ml)

Established in this
thesis

HLF Usp28KO+shCitrl

Usp28KO with empty pLKO vector,
puromycin resistence (5 pg/ml)

Established in this
thesis

HLF
Usp28KO+sh53bp1l

Usp28KO with 53bp1l depletion, puromycin
resistence (5 pg/ml)

Established in this
thesis

HLF Usp28-WT

Usp28KO cells with HA-tagged Usp28-WT
expressing, hygromycin resistence (250

pg/ml)

Prof. Nikita Popov

HLF Usp28-M

Usp28KO cells with HA-tagged Usp28-
Monomer (L545E) expressing, hygromycin
resistence (250 pg/ml)

Prof. Nikita Popov

HLF mCherry

Usp28KO cells with mCherry expressing,
hygromycin resistence (250 pg/ml)

Prof. Nikita Popov

HLF Usp28-WT+shCtrl

HLF Usp28-WT cells with empty pLKO
vector, puromycin resistence (5.5 pg/ml)

Established in this
thesis

HLF Usp28-
WT+sh53bpl

HLF Usp28-WT cells with 53bp1 depletion,
puromycin resistence (5.5 pg/ml)

Established in this
thesis

HLF Usp28-M+shCirl

HLF Usp28-M cells with empty pLKO
vector, puromycin resistence (5.5 pg/ml)

Established in this
thesis

HLF Usp28-
M+sh53bpl

HLF Usp28-M cells with 53bp1 depletion,
puromycin resistence (5.5 pg/ml)

Established in this
thesis

HLF Usp28-WT+shCtr9

HLF Usp28-WT cells with Ctr9 depletion,
puromycin resistence (5 pg/ml)

Established in this
thesis

HLF Usp28-M+shCtr9

HLF Usp28-M cells with Ctr9 depletion,
puromycin resistence (5 pg/ml)

Established in this
thesis

HLF Usp28-
WT+shCdc73

HLF Usp28-WT cells with Cdc73 depletion,
puromycin resistence (5 pg/ml)

Established in this
thesis
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Name Feature Source
HLF Usp28- HLF Usp28-M cells with Cdc73 depletion, Established in this
M+shCdc73 puromycin resistence (5 pg/ml) thesis
HCT116 shCt] HCT116 par_ental 'cells with empty pLKO Elias Einig
vector (Dox inducible)
i HCT116 parental cells with Myc depletion : _
HCT116 shMyc-1 (Dox inducible) Elias Einig
HCT116 shMyc-2 HCT1_16 pa_lrental cells with Myc depletion Elias Einig
(Dox inducible)
HelLa parental HeLa cells Ravi B
Kollampaly
. Ravi B
Hela Usp28KO Usp28KO by crispr Kollampaly
, Ravi B
HelLa 53bpl1KO 53bp1KO by crispr Kollampaly

p197Nras HA-Usp28 +
mCherry

p19”Nras cells with HA-tagged Usp28
(blasticidin resistence) and mCherry
expressing (hygromycin resistence, 100

pg/ml)

Established in this
thesis

p19”Nras HA/GFP-
Usp28

p19”Nras cells with HA-tagged Usp28
(blasticidin resistence) and GFP-tagged
Usp28 expressing (hygromycin resistence,
100 pg/ml)

Established in this
thesis

p19”Nras HA-Usp28 +
mCherry + shCirl

p197Nras HA-Usp28 + mCherry cells with
empty pLKO vector, puromycin resistence
(4.5 pg/ml)

Established in this
thesis

p19”Nras HA-Usp28 +
mCherry + sh53bp1l

p19”Nras HA-Usp28 + mCherry cells with
53bp1l depletion, puromycin resistence (4.5

Hg/ml)

Established in this
thesis

p19”Nras HA/GFP-
Usp28 + shCitrl

p19”Nras HA/GFP-Usp28 cells with empty
pLKO vector, puromycin resistence (4.5

pg/ml)

Established in this
thesis

p19”"Nras HA/GFP-
Usp28 + sh53bpl

p197"Nras HA/GFP-Usp28 cells with 53bp1
depletion, puromycin resistence (4.5 pug/ml)

Established in this
thesis

) . Ravi B
- _ -I- -
p19”Nras Usp28-WT p197”Nras cells with Usp28-WT expressing Kollampaly
" ] p197Nras cells with Usp28-Monomer Ravi B
p197Nras Usp28-M (L545E) expressing Kollampaly
. Ravi B
A -/-
p19"Nras shCitrl p19”°Nras cells with empty pLKO vector Kollampaly
. . Ravi B
e -/-
p19”Nras sh53bpl p19”Nras cells with 53bpl depletion Kollampaly
subclone of the transformed human Dr. Liudmvla
LentiX embryonic kidney cell line, HEK293 Ta Y
aranets

(TaKaRa)
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2.7 Antibodies

Name Application Catalog No. Manufacture
53bp1 (BP13), Mouse IP MAB3802 Millipore
53bp1l, Rabbit IB, IF, PLA NB100-304 Novus
anti-BrdU (B44), Mouse Fiber BD347580 Biosciences
anti-BrdU (BU1/75 (ICR1), Rat Fiber ab6326 Abcom
Anti-Mouse 1gG-HRP IB 7076S CST
Anti-Mouse-Alexa 488 IF 4408S CST
Anti-Mouse-Alexa 555 Fiber 4409S CST
Anti-Rabbit IgG-HRP B 7074S CST
Anti-Rabbit-Alexa 488 IF 4412S CST
Anti-Rabbit-Alexa 555 IF 4413S CST
Anti-Rat-Alexa 488 Fiber 4416S CST
Beta-Actin (AC15), Mouse B A5441 Sigma
Cdc73 (2H1), Mouse PLA sc-33638 Santa Cruz
Ctr9, Rabbit PLA 12619S CST
FLAG (M2), Mouse IB, IP F1804-200UG Sigma
GAPDH, Rabbit B 5174S CST
GFP (B-2), Mouse IB, PLA sc-9996 Santa Cruz
GFP-Trap Agarose IP gta-20 Chromotek
HA-Tag (6E2), Mouse PLA 2367S CST
HA-Tag (C29F4), Rabbit IB, PLA 3724S CST
IgG (DALE), Rabbit P 3900S CST
lgG (G3A1), Mouse P 5415S CST
Leol, Rabbit C&R A300-175A Bethyl
Myc (C-33), Mouse PLA sc-42 Santa Cruz
Myc, Rabbit B 9402S CST
Myc (D3N8F), Rabbit B 13987S CST
Myc (Y69), Rabbit PLA ab32072 Abcom
Pafl, Rabbit PLA 15441-1-AP Proteintech
PCNA (PC10), Mouse PLA sc-56 Santa Cruz
pH2AX (Ser139), Mouse IB, IF sc-517348 Santa Cruz
pS5-RNAPII (D9NS5I), Rabbit PLA 13523S CST
RNAPII (D8L4Y), Rabbit PLA 14958S CST
Usp25, Rabbit IB 12199-1-AP Proteintech
Usp28, Rabbit IB, IF, PLA 17707-1-AP Proteintech
Usp28, Rabbit B HPA006778-100 Sigma
Vinculin (hVIN-1), Mouse B V9131 Sigma
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2.8 Oligonucleotides

Name

Sequence (5°-3’)

Application

Usp28-monomer
forward

GTTAAGACCTGTGAACAGAGATGGAGGAG

Mutagenesis

Usp28-monomer
reverse

CTCCTCCATCTCTGTTCACAGGTCTTAAC

Mutagenesis

TGAGTCGGCCGGTGGATCCAATGAGCAAG

sfGFP forward GGCGAGGAG cloning
sfGFP reverse CCGCAGTCATCTTGTACAGCTCGTCCATG cloning
Usp28 forward GCTGTACAAGATGACTGCGGAGCTGCAG cloning
Uso28 reverse GAGGGGCGGATCCGTCGACATTATTTCAC | .
P TGTCACAGTTGAAACTCC g
SfGFP-Usp28 forward | COGCATGGACGAGCTGTACAAGGGAGGCT | o i
CTACTGCGGAGCTGCAGCAGGACG
S{GFP-Usp28 reverse | COTCCTGCTGCAGCTCCGCAGTAGAGCCT | o i
CCCTTGTACAGCTCGTCCATGCCG
CCGGCCCTTGTTCAGGACAGTCTTTCTCGA
h53bpl-1 forward GAAAGACTGTCCTGAACAAGGGTTTTTG | SPRNA
H53b01.1 reverse AATTCAAAAACCCTTGTTCAGGACAGTCTT | o
P TCTCGAGAAAGACTGTCCTGAACAAGGG
CCGGGATACTTGGTCTTACTGGTTTCTCGA
h53bp1-2 forward GAAACCAGTAAGACCAAGTATCTTTTTG | SPRNA
H53b01.2 reverse AATTCAAAAAGATACTTGGTCTTACTGGTTT | o
P CTCGAGAAACCAGTAAGACCAAGTATC
m53bp1-1 forward CCGGCAAGTCCTTCACCCGCATTATCTCGA | on
GATAATGCGGGTGAAGGACTTGTTTTTG
m53bp1-1 reverse AATTCAAAAACAAGTCCTTCACCCGCATTA | o
TCTCGAGATAATGCGGGTGAAGGACTTG
CCGGTGAATGGACAGTGACTATAAACTCGA
m53bpl-2 forward GTTTATAGTCACTGTCCATTCATTTTTG ShRNA
E3boL.2 reverse AATTCAAAAATGAATGGACAGTGACTATAA | o
P ACTCGAGTTTATAGTCACTGTCCATTCA
hUsp28 forward CACCGGAGTTGATGGTTGGCCAGTT SgRNA
hUsp28 reverse AAACAACTGGCCAACCATCAACTCC SgRNA
hCALM2 forward CGGACTAATTCGCCTCCTCC gPCR
hCALM2 reverse GTGAAGAAAGGGGTCCCGAG gPCR
hNPM1 forward CTCGCGAGATCTTCAGGGTC gPCR
hNPML1 reverse AGAACGCTGCTCCAGAGAAC gPCR
hRPS13 forward GAAGTGACCTCACACGTCCC gPCR
hRPS13 reverse CTCTTGCGACGCTGAAATGC gPCR
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Name Sequence (5-3’) Application
hSRSF7 forward GCGTCATCTCGTTGTTCTGC gPCR
hSRSF7 reverse CATGACCCGCGTGTTAGTCT gPCR
hMTIF2 forward CGCTGGAAAAGGTTCTTTCCG gPCR
hMTIF2 reverse AGGTTGAACCAGCGCCTC gPCR
hMyc forward TCCTACGTTGCGGTCACA gPCR
hMyc reverse GCTCGGTCACCATCTCCA gPCR
hBeta-actin forward CCAACCGCGAGAAGATGA gPCR
hBeta-actin reverse TCCATCACGATGCCAGTG gPCR
U6 forward GAGGGCCTATTTCCCATGATTCC sequencing
SFFV forward CTTCTGCTTCCCGAGCTCTA sequencing
CMV forward CGCAAATGGGCGGTAGGCGTG sequencing

2.9 Plasmids (vectors, generated plasmids)
Vectors:
Name Feature Source

pSpCas9(BB)-2A-
Puro (PX459)

cloning backbone for sgRNA with Cas9
from S. pyogenes, puromycin
resistance, U6 promoter

Feng Zhang, Addgene
plasmid # 62988

lentiviral expression vector, puromycin

Bob Weinberg, Addgene

production vector

pLKO1 resistance, U6 promoter plasmid # 8453

PRRL Ien'qwral expression vector, hygromycin Prof. Martin Eilers
resistance, SFFV promoter

DCDNA3.1 eukaryotic expression vector, CMV Prof. Nikita Popov
promoter

PAX2 packaging plasmid for lentiviral Didier Trono, Addgene
P production vector plasmid # 12260
PMD2G/VSVG envelope plasmid for lentiviral Didier Trono, Addgene

plasmid # 12259
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Cloned constructs:

Name

Feature

Source

PX459-h-sgUsp28

with sgRNA targets gene coding
human Usp28

Established in this thesis

pSpCas9(BB)-2A-
GFP (PX458)

with gene expresses green fluorescent
protein (GFP)

Dr. Liudmyla Taranets,
Addgene plasmid # 48138

pLKO1-h-sh53bp1-
1

with shRNA (pair 1) against human
53bpl mMRNA

Established in this thesis

pLKO1-h-sh53bp1-
2

with shRNA (pair 2) against human
53bpl mRNA

Established in this thesis

pLKO1-h-sh53bp1l-
3

with shRNA (pair 1&2) against human
53bpl mMRNA

Established in this thesis

PRRL-HA-Usp28-
WT

with cDNA expresses HA-tagged
human wild type Usp28

Prof. Nikita Popov

pRRL-HA-Usp28-M

with cDNA expresses HA-tagged
human monomeric Usp28 (L545E)

Prof. Nikita Popov

pRRL-mCherry

with cDNA expresses cherry red
fluorescent protein (RFP)

Prof. Nikita Popov

pLKO1-h-shCtr9-1

with shRNA against human Ctr9 mRNA

Sigma, TRCN0000008739

pLKO1-h-shCtr9-2

with shRNA against human Ctr9 mRNA

Sigma, TRCN0000008741

pLKO1-h-shCdc73-
1

with shRNA against human Cdc73
mMRNA

Sigma, TRCN0000008728

pLKO1-h-shCdc73-
2

with shRNA against human Cdc73
mRNA

Sigma, TRCN0000011464

PRRL-GFP-Usp28

with cDNA expresses GFP-tagged
human wild type Usp28

Established in this thesis

pLKO1-m-sh53bpl

with shRNA (pair 1&2) against mouse
53bpl mMRNA

Ravi B Kollampaly

pcDNA3.1-His-Ub-
WT

with cDNA expresses His-tagged wild
type ubiquitin

Prof. Nikita Popov

pcDNA3.1-His-Ub-
Kllo

with cDNA expresses His-tagged K11
only ubiquitin

Prof. Nikita Popov

pcDNA3.1-His-Ub-
K480

with cDNA expresses His-tagged K48
only ubiquitin

Prof. Nikita Popov

pcDNA3.1-HA- with cDNA expresses HA-tagged wild o
Usp28-WT type Usp28 Prof. Nikita Popov
pcDNA3.1-Strep- with cDNA expresses Strep-HA-tagged I
HA-Usp28-M monomeric Usp28 Prof. Nikita Popov

pcDNA3.1-Myc

with cDNA expresses wild type Myc

Prof. Nikita Popov

pDZ-Flag-Usp28

with cDNA expresses Flag-tagged
Usp28

Prof. Martin Eilers,
Addgene plasmid # 15665

41




Materials

2.10 Instrumentation

Device Manufacturer
4 °C/-20 °C fridge LIEBHERR
-80 °C freezer SANYO VIP series -86 °C
Agarose gel imaging machine INTAS

Bacteria incubator

Thermo scientific Heraeus FUNCTION Line

Bacteria shaker

INFORS HAT Multitron Standard

Cell counter

Countess Il FL

Cell culture cabinet

Thermo scientific HERASAFE 2030i

Cell culture incubator

BINDER

Centrifuge

VWR MICRO STAR 17R;
Thermo scientific Multifuge X Pro Series;
Thermo scientific SORVALL LYNX 6000

Chemiluminescence imaging machine

Bio-rad ChemiDoc MP Imaging System

Electrophoresis chamber

Bio-Rad Compact XS/S, M

Heating

SUN lab SU1150

Heating block

Labnet

lllumina NextSeq instrument

Illumina NextSeq 500

Micro centrifuge

Roth;
CORNING;
VWR PCR PLATE SPINNER

OLYMPUS DP28;

Microscope OLYMPUS DP80
Mixer STAR LAB Mixer HC
Nanodrop Thermo scientific NANODROP 1000

PCR thermal cycler

Bio-rad T100 Thermal Cycler

pH meter

Schott Lab850

Power supply

VWR

Quantitative RT-PCR machine

Bio-rad CFX Connect Real-Time System

Reader TECAN INFINITE M PLEX
Thermo scientific;

Rotator PHOENIX RS-TRO5:
A.Hartenstein

SDS PAGE chamber Bio-Rad

Shaker CAT ST15

Ultrasonificator

hielscher UP200ST Ultrasonic Processor

Vortexer

neolLab D-6012

Water bath

GFL

Wet transfer chamber

biostep GB33-N1010
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2.11 Software

Softwares:

Name

Manufacturer

ApE plasmid editor

by M. Wayne Davis

Bio-Rad CFX Manager 3.1 Bio-Rad

Endnote 20 Clarivate

GraphPad 9 GraphPad Software, Inc.
ImageJ (version 1.53f) F1JI

ImageLab Bio-Rad

Integrated Genome Browser

by Nicol et al., 2009

Office 365 Microsoft
SnapGene Viewer GSL Biotech

Websites:

Name Source

BioGrid https://thebiogrid.org/
bioRENDER https://www.biorender.com/
cBioPortal https://www.cbioportal.org/
Ensembl https://www.ensembl.org/index.html

GPP Web Portal

https://portals.broadinstitute.org/gpp/public/

Microsynth

https://srvweb.microsynth.ch/

Oligo order

https://www.sigmaaldrich.com/DE/de/configurators/tube?
product=standard

Predesigned shRNA

https://www.sigmaaldrich.com/DE/de/semi-
configurators/shrna?activeLink=productSearch

Primer designing tool

https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi

Primer3web

https://primer3.ut.ee/

Protein Blast

https://blast.ncbi.nIm.nih.gov/Blast.cgi?PROGRAM=blast
p&PAGE_TYPE=BlastSearch&BLAST_SPEC=blast2seq
&LINK_LOC-=blasttab

UniProt

https://www.uniprot.org/
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2.12 Others

All the consumables items such as plastic products (cell culture plates and dished, pipette
tips, tubes, falcons and so on) were purchased from Zentrallager, Sarstedt, Thermo Fisher
Scientific, Greiner, Merck Millipore, Eppendorf; glass products (slides, coverslips and so on)
were purchased from Hartenstein; Immunoblotting PVDF membranes were purchased from

VWR and the blotting paper was purchased from Hartenstein.
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3. Methods

Part of this chapter is adapted from the manuscript ‘Jin, C., Einig, E., Xu, W., Kollampally, R.B.,
Schlosser, A., Flentje, M. and Popov, N. (under revision) The dimeric deubiquitinase Usp28 integrates
53bp1 and Myc functions to limit DNA damage.’ (1).

3.1 Cell biology methods

3.1.1 Cultivation of mammalian cells

All cell lines used in this thesis were cultured in DMEM with 10% FBS, 1% Non-Essential
Amino Acids, 1% Penicillin-Streptomycin and 56 pM beta-mercaptoethanol in a humidified
atmosphere at 37 °C and 5% CO..

Cell maintenance and passaging

All cell lines were cultured for a maximum of 3 months and replaced with prior cryopreserved
backups to avoid senescence, mutation, or bacterial contamination. Cell morphology and
mycoplasma were regularly checked by eye observation and corresponding test kit according
to the manufacturer’s protocol.

Cells were passaged or seeded when they reached around 90% confluence. They
were washed twice with PBS and then incubated with 0.05% trypsin-EDTA (1 ml for a 10-cm
dish) at 37 °C for 5 min until all cells were detached. The same volume of culture medium
was added to quench the remaining trypsin. Cells were resuspended and centrifuged at 4 °C
for 5 min at a speed of 2500 G. After centrifugation, the supernatant was discarded and the
cell pellet was resuspended in fresh culture medium. Cells were then passaged into new
dishes at a ratio of 1:10.

For seeding cells in specific experiments that required a certain cell number or
confluency, cells were counted using the COUNTESSII cell counter according to the
manufacturer’s protocol. The required number of cells were then seeded with the

corresponding ratio.
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Cell cryopreservation

To store cells long-term, they were collected at around 90% confluence using trypsin-EDTA
as described above. After discarding the supernatant, cryopreservation medium (90% FBS
and 10% DMSO, freshly prepared) was added to resuspend the cells. The cells were then
aliquoted into cryovials, labeled (usually three cryovials for cells from a 90% confluent 10-cm
dish), and frozen gradually by storing them in a cryobox containing isopropanol at -80 °C.
The cryovials were then transferred into a common box at -80 °C.

For cell lines that were newly established, they should be cryopreserved as soon as
the selection was completed in order to preserve the earliest passages.

Cell recovery

The cryovials were thawed in a 37 °C water bath, and the cell suspension was further
centrifuged to remove the DMSO from the cryopreservation medium. The cell pellet was then
resuspended in culture medium and transferred into a new dish with fresh culture medium.
The medium was changed the next day after washing with PBS, and newly thawed cells

could be used for further experiments after at least one passage.

3.1.2 Novel mammalian cell lines establishment

Dozens of novel mammalian cell lines with specific features were established in the thesis for

study, and different methods were applied to obtain these cell lines.

Stable mammalian cell lines establishment

CRISPR-Cas9 system

SgRNAs against hUsp28 were cloned into the pSpCas9(BB)-2A-Puro (PX459) V2.0 vector
and transfected into parental HLF cells using Fugene HD transfection reagent according to
the following protocol:
Day 1: 200,000 parental HLF cells were seeded in a 6-well plate with culture medium.
Day 2: 3.3 ug of sgRNA against hUsp28 in PX459 was added to 155 ul of Opti-MEM
and mixed well by vortexing. 19.8 pl of Fugene HD transfection reagent was directly added to

the DNA solution, and the mixture was incubated at room temperature for 10 min after

46



Methods

vortexing. All the DNA/Fugene HD transfection reagent mixtures were added to the HLF cells
without changing the culture medium. The cells were then incubated at 37 °C for 48 h.

Day 4: Transfected HLF cells were splitted into a 10-cm dish and started puromycin
selection with a final concentration of 0.5 pg/ml when cells were all attached.

After puromycin selection, the cell pool was verified by Western blotting against
Usp28 to confirm a significant reduction of Usp28 protein levels. Subsequently, the cell pool
was diluted to a density of 10 cells per ml, and 100 pl of the cell suspension was added into a
single well of a 96-well plate to allow for single cell seeding. The cells were cultured until a
single colony could be detected, and then transferred into a 6-well plate for expansion. The
cells were then subjected to Western blot analysis to confirm the knockout of Usp28.

Lentiviral transduction system

ShRNAs against scramble/h53bp1/hCtr9/hCdc73/hMyc were cloned into pLKO1.puro vector,
cDNAs targeting mCherry/Usp28-WT/Usp28-M/GFP-Usp28 were cloned into pRRL-hygro
vector. These plasmids were further transduced into target cells via the lentiviral transduction
system as follow:

Day 1: 3.5-4.5 million of lentiX cells were seeded into a hew 10-cm dish.

Day 2: 30 pl of PEI (1 mg/ml) was mixed with 670 pl of plain DMEM meanwhile 11.1
Mg of target plasmids/2.8 ug of packaging plasmid pPAX2/1.4 ug of envelope plasmid
pMD2G/VSVG were mixed with 650 ul of plain DMEM (15.3 ug of GFP in PX458 could also
be added in a separate group without packaging/envelope plasmids to check the transfection
efficiency). All solutions were incubated for 10 min until PEI solution was added into plasmids
solution. Afterwards, the mixture was vortexed and incubated for another 10 min, meanwhile
lentiX cells were changed with 6 mL fresh culture medium. The PEI-plasmids mixture was
added into lentiX cells dropwise and mixed well by gentle swirling. LentiX cells were labeled
with “S2” as they were starting lentivirus production and all the rest procedures should be
done under S2 requirements.

Day 3: GFP group was checked to confirm the transfection efficiency. The medium of
lentiX cells was changed with 7 ml fresh culture medium 24 h after the transfection
meanwhile target cells were seeded into a 6-well plate with 10,000 cells per well.

Day 4: The lentivirus-containing medium was harvested from lentiX cells using a
syringe 48 hours after transfection. The medium was then filtered through a 0.45 yM filter to
remove any floating lentiX cells and debris. The culture medium of the target cells was
changed with 1 mL of fresh medium, and 2 ml of filtered virus medium was added dropwise
for infection. Polybrene was also added to the target cells with a final concentration of 8

pg/ml. Finally, 7 ml of fresh culture medium was added back to the lentiX cells.
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Day 5: Second infection was done 72 h after the transfection the same as described
above.

Day 7: Target cells were selected by puromycin or hygromycin with the concentration
pre-screened, based on the resistance from corresponding plasmids. Target cells could also
be passaged first if they were confluent at this moment, and the selection should be started

when target cells were attached again.

Unstable mammalian cell lines establishment

For transient transfection, both PEI and PolyJet reagent were used in this thesis.

For HA/Flag-Usp28 co-immunoprecipitation assay, either HA-Usp28 in pcDNA3 plasmid and
Flag-Usp28 in pDZ plasmid were co-transfected with PEI into HeLa WT cells or only the HA-
Usp28 in pcDNA3 plasmid was transfected with PEI into HeLa WT cells as a negative
control. The transfection was done as follow:

Day 1: 200,000 of HeLa cells were seeded into a 6-well plate per well with culture
medium.

Day 2: 1.25 ug of HA-Usp28 pcDNA3 with 1.25 ug of empty pcDNA3 or 1.25 ug of
Flag-Usp28 pDZ were mixed well in 100 ul of plain DMEM and 5 pl of PEI (1 mg/ml) was also
well mixed with 100 ul of plain DMEM (2.5 pg of GFP in PX458 could also be added in a
separate group to check the transfection efficiency). Both solutions were incubated at room
temperature for 10 min until PEI solution was added into DNA solution. The mixture was
further vortexed and incubated for another 10 min and meanwhile the medium of HeLa WT
cells was changed by 2 ml fresh culture medium. The DNA/PEI mixture was added into HelLa
WT cells dropwise and incubated at 37 °C overnight.

Day 3: The transfection efficiency could be checked by GFP signal and the medium
was changed by fresh culture medium.

The transfected cells should be collected as soon as they were confluent for further
verification or other research usage as they were transient transfected and the new feature
could not last long.

For ubiquitin pulldown assay, a total amount of 1 pg of Myc-WT/His-Ub/Usp28-
WT/Usp28-M in pcDNA3 were co-transfected into HeLa WT/HeLa 53bp1KO cells with 3 pl
Polyjet transfection reagent, the procedure was the same as the PEI procedure described

above.
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3.2 Biochemical methods

3.2.1 Whole cell proteins extraction

To extract proteins from whole cells, the target cells were washed with PBS and then
trypsinized using trypsin-EDTA. After centrifuging the cells at 4 °C for 5 min at 2500 G to
remove the medium and trypsin, the cell pellets were resuspended in PBS and centrifuged
again to discard the supernatant. The pellets were then resuspended in TNT-150 lysis buffer
with protease inhibitor and phosphatase inhibitor (both at 1:1000) and sonicated using the
following parameters: 4 °C, 100% cycle, 30% amplitude, 30 sec. The lysates were
subsequently centrifuged at 4 °C for 10 min at 17000 G, and the supernatant was transferred
to a fresh 1.5 ml eppendorf tube. To determine protein concentration, 10 ul of lysate was
aliquoted, and the remaining lysates were mixed with 4X Laemmli sample buffer and boiled

at 95 °C for 10 min before being stored at -20 °C for long-term storage.

3.2.2 Total protein concentration measurement

The bicinchoninic acid colorimetric assay (BCA) was utilized to determine the total protein
concentration of the cell lysates. Initially, 5 ul of the fresh lysates were added to a well of a
transparent 96-well plate, followed by the addition of 100 pl of the freshly prepared BCA
measurement buffer (Buffer A: Buffer B = 50:1). To avoid pipetting errors, two wells were
made for each sample and a blank control was also included, consisting of 5 pl of lysis buffer
instead of lysates. The reaction mixture was then incubated for 30 min in a 37 °C incubator,
and the absorbance was measured at 560 nm wavelength using the TECAN infinite M200
PRO Reader. The protein concentration of each sample was determined using a standard
formula, which was generated using BSA standards of different concentrations included in
the BCA Kit.

3.2.3 SDS-PAGE and Western Blot

SDS polyacrylamide gel electrophoresis (SDS-PAGE) was used to separate proteins based
on their molecular mass. In principle, proteins were denatured and negatively charged by

SDS so that they could migrate toward the positively charged electrode during the gel
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electrophoresis. Subsequently the western blot was used for specific protein detection. The

full procedures are as follow:

Bis-Tris polyacrylamide gel preparation: For 4 Bis-Tris polyacrylamide gels containing 7-
15 % resolving and 4% stacking gels with 1.5 mm thickness, the recipe is show in the table

below:

Component Stacking gels (4X) Resolving gels (4X)

30% acrylamide 1.3 mi 7.5-16.0 (7%-15%) ml

ddH,O 4.3 ml 15.5-7 (7%-15%) ml
Bis-Tris 2.3 ml 8.8 ml
10% APS 100 pl 320 pl
TEMED 2.5l 24 yl

7.5 ml of the resolving gel solution was poured into the 1.5 mm thickness casting
chamber and 1 ml 80% ethanol was added on above to make a flat surface. Ethanol was
discarded when the resolving gels were solidified and 2 ml of stacking gel solution was
added on the top together with a 10/15-well 1.5 mm thickness comb. Gels were ready to use

when stacking gels were also solidified and combs were carefully removed.

Gel electrophoresis: Protein samples were boiled again at 95 °C for 10 min and loaded into
the gel with equal amounts based on the concentration measurement after cooling. Page
Ruler Prestained Protein Ladder was also added as the marker to indicate different
molecular weight. The electrophoresis was performed with the prechilled 1X running buffer at
80 V for 20 min and 120 V for 60 min.

Protein transferring: To transfer the proteins from gels to PVDF membranes for further
immunoblotting, the gels were assembled with methanol preactivated PVDF membranes in
the following order in the prechilled 1X transferring buffer: sponge - two Waterman filter
paper - PVDF membrane - gel - two Waterman filter paper - sponge. Make sure the bubbles
between the membrane and gel were carefully removed and the membrane towards the

positively charged electrode. Wet transfer was performed at 4 °C and 125 V for 125 min.

Immunoblotting: Membranes were carefully taken from the transfer sandwich and washed
once with TBST and further incubated in the blocking buffer (5% non-fat dry milk or 5% BSA

in TBST) for 60 min at room temperature. Afterwards membranes were washed with TBST
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and cut and incubated with specific primary antibodies overnight at 4 °C with rotation. The
membranes were washed with TBST three times with 10 min each time before incubated
with secondary antibodies at room temperature for 2 h on a shaker and followed by another
three times TBST washing with 10 min each time. To visualize the proteins, the membranes
were covered by Immobilon Western Substrate (Millipore, 1:1) and the chemiluminescence

was performed in the ChemiDocTM MP Imaging Device.

Stripping: The blotted membrane can be directly used to blot for another protein when the
antibody comes from another different species. However, for antibodies from the same
species, the blotted membrane was first incubated in the stripping buffer at 50 °C for 20 min
to remove the previous antibody. Second, the membrane was washed with tap water, ddH.O
and TBST before being blocked again, and then incubated with the new antibodies overnight
as described above.

3.2.4 Native PAGE

Native Page was used to verify the expression of dimeric and monomeric Usp28 in HLF
Usp28-WT and Usp28-M cell lines. Cells were collected by trypsin-EDTA and washed once
with PBS. Subsequently, cell pellets were resuspended in 1 ml TNT-250 buffer with
protease/phosphatase inhibitors and 1 mM DTT and lysed on ice for 10 min followed by a
fast centrifugation. Supernatant was mixed with 2X Native sample buffer and loaded onto the
4-20% Precast Protein Gels. Page Ruler Prestained Protein Ladder was also added as the
marker after mixing with 2X Native sample buffer. The electrophoresis was performed with
the prechilled Native gel running buffer at 80 V for 20 min and 120 V for 60 min. The further
protein transferring and immunoblotting steps were the same as SDS-PAGE, details see
section 3.2.3 SDS-PAGE and Western Blot.

3.2.5 Immunoprecipitation

Immunoprecipitation (IP) assays were performed in this thesis for the detection of protein-
protein interaction (Usp28-53bpl, HA-GFP, LEO1-RNAPII Ser2). In general, cells were
collected by trypsin-EDTA or direct scratch and washed once with PBS. Subsequently, cell
pellets were resuspended in 1 ml TNT-250 buffer with protease/phosphatase inhibitors and
lysed on ice for 10 min followed by the centrifugation at 4 °C for 10 min with a speed of

17000 G. 20 pl of supernatant was taken and boiled with 20 yl 4X Laemmli sample buffer at
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95 °C for 10 min as input. The rest of supernatant was aliquoted and incubated with 20 ul
agarose beads (50% slurry, prewashed by lysis buffer) together with 1 ug specific antibody or
IgG at 4 °C overnight with rotation. The mixture was washed three times with 1 ml lysis buffer
and pelleted by centrifugation at 4 °C for 2 min with a speed of 2500 G. All the supernatant
was discarded and the remaining beads were resuspended with 40 ul 4X Laemmli sample
buffer and boiled at 95 °C for 10 min as pulldown samples for the further western blots.

Optional 1: Cells could also be fixed by 0.2% PFA in PBS for 4 min and quenched by
200 mM Glycine for 1 min. For this alternation, a sonication is used instead of lysis on ice,
the parameters for sonication are as follows: 4 °C, 100% cycle, 30% amplitude, 45 sec on/15
sec off for 10 min.

Optional 2: The cell lysates could also be incubated overnight with specific antibodies
only and the beads could be added the second day and then incubated together for 2 h to
reduce the background.

3.2.6 LC-MS/MS analysis, In-Gel Digestion and NanoLC-MS/MS data analysis

This section was originally written by Prof. Andreas Schlosser and optimized by Elias Einig.
The samples were prepared by Ravi B Kollampaly. The assay was performed and the raw
data was analyzed by Prof. Andreas Schlosser. The figure was made by Prof. Nikita Popov
and Elias Einig.

For LC-MS/MS analysis, Usp28 and 53bpl immunoprecipitates were denatured by
incubation at 95 °C in Laemmli buffer. Proteins were separated on SDS-PAGE gels. Each gel
lane was cut into 15 slices. The excised gel bands were destained with 30% acetonitrile in
0.1 M NH4sHCOs3 (pH 8), shrunk with 100% acetonitrile, and dried in a vacuum concentrator
(Concentrator 5301, Eppendorf, Germany). Digests were performed with 0.1 pg trypsin per
gel band overnight at 37 °C in 0.1 M NH4HCO3; (pH 8). After removing the supernatant,
peptides were extracted from the gel slices with acetonitrile and 5% formic acid, and
supernatants of extracted peptides were pooled for each gel slice.

NanoLC-MS/MS analyses were performed on an Orbitrap Fusion (Thermo Scientific)
equipped with a PicoView lon Source (New Objective) and coupled to an EASY-nLC 1000
(Thermo Scientific). Peptides were loaded on capillary columns (PicoFrit, 30 cm x 150 um ID,
New Objective) self-packed with ReproSil-Pur 120 C18-AQ, 1.9 pum (Dr. Maisch) and
separated with a 30-minute linear gradient from 3% to 30% acetonitrile and 0.1% formic acid
and a flow rate of 500 nl/min.

Both MS and MS/MS scans were acquired in the Orbitrap analyzer with a resolution
of 60000 for MS scans and 15000 for MS/MS scans. HCD fragmentation with 35%
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normalized collision energy was applied. A Top Speed data-dependent MS/MS method with
a fixed cycle time of 3 sec was used. Dynamic exclusion was applied with a repeat count of 1
and an exclusion duration of 30 sec; singly charged precursors were excluded from
selection. Minimum signal threshold for precursor selection was set to 50000. Predictive
AGC was used with an AGC target value of 2e5 for MS scans and 5e4 for MS/MS scans.
EASY-IC was used for internal calibration.

Raw MS data files were analyzed with MaxQuant version 1.6.2.2 (227). Database
search was performed with Andromeda, which is integrated in the utilized version of
MaxQuant. The search was performed against the UniProt human database (September
2018, UPO000005640, 73099 entries). Additionally, a database containing common
contaminants was used. The search was performed with tryptic cleavage specificity with 3
allowed miscleavages. Protein identification was under control of the false-discovery rate
(FDR; <1% FDR on protein and PSM level). In addition to MaxQuant default settings, the
search was performed against following variable modifications: Protein N-terminal
acetylation, GIn to pyro-Glu formation (N-term. GIn), oxidation (Met), phosphorylation (Ser,
Thr, Tyr) and GlyGly (Lys). Carbamidomethyl (Cys) was set as fixed modification. Further
data analysis was performed using R scripts developed in-house. Missing LFQ intensities in
the control samples were imputed with values close to the baseline. Data imputation was
performed with values from a standard normal distribution with a mean of the 5% quantile of
the combined logl0-transformed LFQ intensities and a standard deviation of 0.1. For the
identification of significantly enriched proteins, boxplot outliers were identified in intensity bins
of at least 300 proteins. Log2 transformed protein ratios of sample versus control with values
outside a 1.5x (significance 1) or 3x (significance 2) interquartile range (IQR), respectively,
were considered as significantly enriched. The proteomic data are deposited at the PRIDE
database (submission #616633).

3.2.7 Cycloheximide chase assay

To check the stability of Myc in different cell lines, the cycloheximide chase assays were
performed in the thesis as it can inhibit the synthesis of proteins in eukaryotes. In brief,
cycloheximide was added into the tested cells with a final concentration of 100 pg/ml. Cells
were incubated with the cycloheximide for different durations and were collected at the same

time for the further western blots.
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3.2.8 DUB activity assay

To check the catalytic activities of Usp28 in different conformations or different cell lines or
under different situations, the DUB activity assays were performed in this thesis. In brief,
cells were collected from 6-cm dish with 80% confluent and lysed in 200 pl of lysis buffer (1%
TritonX-100 in PBS, 1 mM DTT, protease/phosphatase inhibitor, 1:1000) on ice for 5 min,
and centrifuged at 1000 G and 4 °C for 5 min. 70 pl of supernatant was incubated with either
0.25 ug concentrated probe (a mixture of Biotin-Ahx-Ub-VS and Biotin-Ahx-Ub-VME)
dissolved in 5 ul PBS or 5 ul PBS at room temperature for 5 min. The reaction was
terminated and proteins were denatured by addition of 25 ul 4x Laemmli sample buffers and

boiled at 95 °C for 10 min and analyzed by western blots with antibodies against Usp28.

3.2.9 Ubiquitin pulldown assay

The canonical ubiquitin pulldown assays were performed in this thesis to test the
deubiquitination activity of Usp28. Expression vectors for Myc-WT, His-Ub and Usp28
variants in pcDNA3 were transfected into HeLa WT/HeLa 53bplKO cells with PolyJet
transfection reagent. 12 hours after transfection, the cell culture medium was replaced. 48
hours after transfection cells were collected and lysed in 1 ml urea buffer at room
temperature for 10 min with rotation. Lysates were briefly sonified (100% cycle, 30%
amplitude, 30 sec) and cleared by centrifugation at 17000 G for 10 min at room temperature.
20 pl of supernatants was taken and boiled with 20 yl 4X Laemmli sample buffer at 95 °C for
10 min as input. The rest supernatant was incubated with 20 pl Ni-NTA beads (50% slurry,
prewashed by urea buffer) at room temperature overnight with rotation. Beads were
centrifuged and washed twice with urea buffer, denatured with 40 pl 4X Laemmli sample
buffer at 95 °C for 10 min and analyzed by western blots with antibodies against Myc.

3.2.10 Isolation of proteins on nascent DNA

To check the effect of etoposide for different cell lines on DNA replication, and to check the
proteins on these nascent DNA, the isolation of proteins on nascent DNA (iPOND) assays
were performed in this thesis. For HLF Usp28-WT and Usp28-M cells, in the etoposide
treatment group, cells were treated with etoposide (5 uM) for 20 min and then incubated with
etoposide and bio-dUTP and biotin-dCTP (0.5 pM each) in hypotonic buffer for 10 min and

followed by another 10 min with etoposide and biotin-dUTP/dCTP in culture medium to label
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the nascent DNA. And in the control group, cells were only incubated with biotin-dUTP/dCTP
in the hypotonic buffer and culture medium for 10 min each. Cells were fixed by 0.2% PFA in
PBS for 4 min and quenched by 200 mM Glycine for 1 min and then lysed in TNT-250 buffer
(with protease/phosphatase inhibitors 1:1000) and fragmented via sonication with the
following parameters: 100% cycle, 30% amplitude, 45 sec on/15 sec off for 10 min. Lysates
were cleared by a centrifugation at 17000 G for 10 min at 4 °C. 20 pl of supernatants was
taken and boiled with 20 pl 4X Laemmli sample buffer at 95 °C for 10 min as input. The rest
supernatant was incubated with 10 pl streptavidin magnetic beads (prewashed three times
with lysis buffer on the magnetic rack) at room temperature for 45 min with rotation.
Afterwards, beads were washed three times with TNT-300 buffer (with 0.5% SDS and
protease/phosphatase inhibitors 1:1000) and boiled with 40 pl 4X Laemmli sample buffer at
95 °C for 10 min and analyzed by western blots.

3.2.11 Crystal violet staining

Cells were washed with PBS and fixed by 1% PFA for 10 min at room temperature, and then
PFA was removed and 2 ml of crystal violet solution was added into each well (6-well plate)
and incubated at room temperature for 10 min. Afterwards, cells were washed three times

with 2 ml PBS each to remove the remaining crystal violet solution.

3.2.12 Immunofluorescence

Immunofluorescence (IF) assays were performed in this thesis to detect the distribution and
abundance of proteins. In brief, cells were seeded on 10-mm round glass slides in 6-well
plates, fixed with 1% PFA in PBS for 10 min at room temperature and washed three times
with PBS and kept in PBS at 4 °C form long-term storage. Cells were permeabilized/blocked
in 50 pl 1% BSA (in TBST with 0.2% TritonX-100) at room temperature for 20 min and
incubated in 40 ul 1% BSA (in TBST with 0.2% TritonX-100) with primary antibodies 1:100-
1:1000 at room temperature for 2 h. Subsequently, cells were incubated at room temperature
for 2 h in the dark with 40 pl 1:100 diluted secondary antibodies in the same buffer after three
times washing with PBS. Cells were washed three times with PBS again and mounted on
slides with 5 yl DAPI-containing mounting solution and sealed with nail polish for long-term

storage at 4 °C in the dark.
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3.2.13 Proximity Ligation Assay

Proximity Ligation Assays (PLA) were performed in this thesis to detect the interaction of two
proteins in situ. The Duolink® In Situ PLA® Probes/Duolink® In Situ Detection Reagents Red
and Green Kits/Duolink™ |n Situ Wash Buffers Fluorescence were used according to the
manufacturer's protocol. In brief, cells were seeded on 10-mm round glass slides in 6-well
plates, fixed with 1% PFA in PBS for 10 min at room temperature and washed three times
with PBS and kept in PBS at 4 °C form long-term storage. Cells were permeabilized with 100
Ml TBS with 0.3% TritonX-100 for 5 min at room temperature, and then blocked with 40 ul
PLA blocking buffer (2.5% BSA in TBST) for 30 min at room temperature after washing with
PBS. Subsequently, cells were incubated in a 40 ul PLA blocking buffer with 1:200 diluted
primary antibodies from different species against proteins of interest for 2 h at room
temperature.

After primary antibodies incubation, cells were washed three times with PBS and
incubated with 25 pl diluted PLA probe solution (two probes against different species were
diluted in PLA blocking buffer 1:10 and well mixed and sat for 20 min at room temperature
before using) in a humidified chamber at 37 °C for 1 h.

After probe incubation, cells were washed twice with 100 ul 1X Wash Buffer A for 5
min each on a shaker and then incubated with 25 ul 1X ligation solution (in ddH-O with ligase
1:40 diluted, ligase was added right before using) in a humidified chamber at 37 °C for 1 h.
After ligation, cells were washed twice with 100 uyl 1X Wash Buffer A for 2 min each on a
shaker and then incubated with 25 uyl 1X amplification solution (in ddH»,O with polymerase
1:80 diluted, polymerase was added right before using, prepared in the dark) in a humidified
chamber at 37 °C for 2 h in the dark.

Finally, cells were washed twice with 100 pl 1X Wash Buffer B for 10 min each and
with 100 pl ddH20 for 1 min on a shaker in the dark. The slides were then dried in the dark,
mounted with 5 pl DAPI-containing mounting solution and sealed with nail polish for long-
term storage at 4 °C in the dark.
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3.2.14 EdU incorporation assay

To detect the nascent DNA, EdU incorporation assays were performed in this thesis. Cells
were seeded on 10-mm round glass slides in 6-well plates and treated with EAU (25 uM) for
20 min before fixing with 1% PFA in PBS for 10 min at room temperature and permeabilized
with 0.3% Triton-X100 (in TBS) for 10 min. Click reaction was carried out by incubation with
25 pl click reaction solution (2 mM CuSQs4, 0.4 yM Sulfo-Cy3-azide, 100 mM Na Ascorbate,
in PBS) at room temperature for 30 min in the dark, then washed three times with PBS and
further mounted with 5 pl DAPI-containing mounting solution and sealed with nail polish for
long-term storage at 4 °C in the dark.

Optional: IF could also be done after EdU staining on the same cells to stain proteins.
However, those secondary antibodies which show a red staining (for example Alexa Fluor
555) should be excluded as EdU already gave a red color.

3.2.15 DNA fiber assay

To detect the speed of DNA replication fork, the fiber assays were performed in this thesis as
described previously (228). Briefly, cells were incubated each 20 min with 25 yM IdU in
culture medium and subsequently with 250 uM CIdU in culture medium at 37 °C with PBS
washing in between. Cells were resuspended in 100 pl PBS after harvesting and 2 ul mixture
was transferred on a coverslip and dried for 5 min (The rest cell suspension could be stored
at -20 °C for further research). 7 pl of fiber lysis solution was added and incubated for 2 min
at room temperature before the slides were air dried in an angle so that DNA was allowed to
spread over the slide. DNA was then fixed with pre-chilled methanol: acetic acid (2:1) for 10
min at room temperature and incubated with 2.5 M HCI for 100 min after ddH.O washing.
Subsequently, the slides were washed with PBS three times with 5 min each, and then
blocked in 2.5% BSA (in PBS) for 20 min at room temperature. Afterwards, the DNA fibers
were incubated with primary antibodies (anti-BrdU mouse 1:25 and antiBrdU rat 1:300, in
2.5% BSA in PBS) at room temperature for 2 h followed by the incubation with secondary
antibodies (anti-mouse Alexa 555 and anti-rat Alexa 488, both 1:200 in 2.5% BSA in PBS) at
room temperature for another 2 h with three times PBS washing in between (5 min each).
Finally, the slides were washed with PBS and dried and mounted with 15 pl DAPI-containing

mounting solution and sealed with nail polish for long-term storage at 4 °C in the dark.

57



Methods

3.2.16 Neutral comet assay

To test and visualize the DNA double strand breaks in different cell lines or under different

situations, neutral comet assays were performed in this thesis. The procedures are as follow:

Slides pre-coating: 1.5 ml of boiled 0.8% solution of Agarose Standard in PBS was added

on the Super Frost slide and cooled overnight to coat the agarose layer on the slide.

Cells preparation and Embedding: 150,000 of cells were collected and resuspended in
200 pl of 0.7% Low Melting Point (LMP) agarose solution in PBS. 65 ul of the mixture was
dropped and covered by a coverslip on the pre-coated slides, duplicates were made for each
sample. Slides were kept on ice for solidification and coverslips were removed and 75 pl of
0.7% LMP agarose solution in PBS was added on top with coverslip covered to form the
upper layer. Slides were kept on ice and coverslips were removed after solidification.

Lysis and electrophoresis: Slides were covered by 1.5 ml neutral comet lysis buffer and
lysed at 4 °C overnight in dark. Subsequently, slides were washed three times for 5 min with
TE buffer and then the electrophoresis was preceded in TAE buffer with 0.5 V/cm for 1 h.

Fixation and staining: After twice washing with PBS for 10 min each, cells were fixed with 1
ml absolute ethanol twice with 10 min each and then dried in the dark for 3 h at room
temperature. Afterwards, cells were stained by 50 ul ethidium bromide solution (2 pg/ml in

ddH,0) for microscopy.

3.2.17 Cut & Run

To study the interaction between DNA and proteins, the Cut & Run assays were performed in
this thesis as it costs less cells (no more than 1 million) and shorter experimental time. The

protocol was published previously (229) and the modified procedures are as follow:

Binding cells to beads: 1 million of 0.2% PFA fixed cells were washed once with 1 ml PBS
and twice with 1 ml C & R Wash buffer by centrifugation at room temperature and 600 G for
3 min. pellets were resuspended in 1 ml C & R Wash buffer and 20 pl was taken as input. 40
pl of concanavalin A-coated beads (prewashed twice and resuspended in C & R Binding
buffer) were added into each sample and the mixture was incubated at room temperature

with rotation for 10 min.
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Permeabilized cells and bind primary antibodies: Samples were washed once with 1 ml
C & R Wash buffer and then resuspended in 150 pl C & R Antibody buffer and 1 pug antibody
against protein of interest was added per sample and samples were incubated in a shaker at

4 °C and 800 rpm overnight.

Bind Protein-A/G-MNase fusion protein: Liquid was removed after centrifugation (4 °C,
600 G, 3 min) and washed twice with 1 ml C & R TritonX-Wash buffer. Subsequently, beads
were incubated with Protein-A/G-MNase in 150 yl C & R TritonX-Wash buffer (1:2000) in a
shaker at 4 °C and 800 rpm.

Chromatin digestion and release: Liquid was removed after centrifugation (4 °C, 600 G, 3
min) and washed twice with 1 ml C & R TritonX-Wash buffer and one more time with 1 ml C
& R Low-Salt Rinse buffer. Subsequently, beads were incubated in 200 ul C & R Incubation
buffer at 0 °C for 30 min. Afterwards, liquid was removed after centrifugation (4 °C, 600 G, 3
min) and beads were incubated in 200 ul C & R Stop buffer at 37 °C for 30 min to release
DNA fragments.

DNA precipitation: Supernatant was transferred into a fresh DNA low binding tube with 2 ul
10% SDS and 5 ul proteinase K. Samples were well mixed and then incubated at 55 °C
overnight. On the next day, 200 pl of phenol/chloroform/isoamyl alcohol was added and
vortexed for 1 min to extract DNA. The aqua phase (around 200 ul) was transferred to a new
DNA low binding tube after centrifugation (4 °C, 17000 G, 10 min) and well mixed with 500 pl
prechilled absolute ethanol and 1 ul GlycoBlue and incubated at -20 °C overnight.
Afterwards, the samples were centrifuged at 4 °C and 17000 G for 30 min and the blue DNA
pellet could be seen at the bottom of the tube. The pellets were further washed once with 1
ml prechilled 75% ethanol and then air dried until they were dissolved in the elution buffer.
These fragmented DNAs could be used for gPCR or prepared for the library for deep
sequencing after quantification. DNAs in the elution buffer could be kept at -20 °C for long-

term storage.

Input samples preparation: Input samples were sonicated in 200 pl TE buffer with 250 mM
NaCl and 0.5% SDS at 4 °C to obtain the fragmented DNA with the following parameters:
100% cycle, 30% amplitude, 45 sec on/15 sec off for 10 min. After sonication, 1 pl of RNase
A was added and the mixture was incubated at 50 °C for 2 h and then 2 pl of proteinase K in
200 pl TE buffer with 250 mM NaCl and 0.5% SDS was added into the samples and the
mixture was incubated at 50 °C for 1 h and then warmed to 65 °C overnight. Afterwards, they

were precipitated in phenol/chloroform/isoamyl alcohol in the same way as described above.
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3.2.18 Data analysis

Immunoblotting: free software FlJI/imaged version 1.53f (https://imagej.net/softwareffiji/)
was used to scan the grayscale of proteins of interest from the blotting films. The results
were further normalized to either loading control (Cycloheximide assay), total protein (DUB
activity assay) or reference protein (Immunoprecipitation, His-Ub assay) first and then

normalized to the control group for quantification.

Immunofluorescence: Images were analyzed automatically with the free software
FIJl/imageJd version 1.53f (https://imagej.net/softwareffiji/). In brief, images were segmented
based on nuclear areas in the DAPI channel and staining intensity (Immunofluorescence,
EdU incorporation assay) in other channels or the number of PLA foci (PLA assay) was
measured for each nucleus. For PLAS, several z-layers were combined to a single image by
maximum intensity projection prior to counting the number of PLA foci using the "Find

Maxima" command.

Neutral comet assay: Images were analyzed automatically with the free software
FlJl/imaged version 1.53f (https://imagej.net/softwareffiji/) with the free plugin ‘OpenComet’
(https://cometbio.org/)

DNA fiber assay: For quantification, DNA fiber lengths were measured by free software
FIJl/imageJd version 1.53f (https://imagej.net/software/fiji)and converted to fork velocity using

the following formula: 1 um = 2.59 kb.

Statistical analysis: Statistical analysis was done using GraphPad Prism 9 (GraphPad
Software Inc.). Two-tailed, unpaired t tests were used to compare two groups and ordinary
one-way ANOVA multiple comparisons were used to compare more than two groups. Non-
linear fit model-one phase decay was used for protein half-life determination. Linear
regression was used for correlation analysis. Sample sizes and P-values are shown in the
figure legends and significance was considered as *P < 0.05. **P < 0.01, ***P < 0.001, ****P

< 0.0001. ns denotes no significance (P > 0.05).

60



Methods

3.3 Molecular biology methods

3.3.1 RNA isolation and DNase | treatment

Cells were washed with PBS when they were still attached on the dish and TRI reagent (1 ml
for a 10-cm dish) was directly added into the dish. The dish was incubated on a shaker at
room temperature for a few minutes until cells were detached. Cell-containing TRI reagent
was transferred into a DNA low binding tube and mixed with 0.1 ml 1-bromo-3-
chloropropane. The liquid was well mixed via a vigorous vortex and then allowed to stand at
room temperature for 15 min followed by a centrifugation at 4 °C and 17000 G for 15 min.
The upper aqua phase was transferred into a fresh DNA low binding tube and 0.5 ml
of isopropanol was added and well mixed. The tube was allowed to stand at room
temperature for 15 min followed by a centrifugation at 4 °C and 17000 G for 15 min. An RNA
pellet should be visible at the bottom of the tube. The supernatant was carefully removed and
the pellet was washed twice with 1 ml of prechilled 75% ethanol and RNA pellet was then air
dried at room temperature for 5-10 min with the tube lid opened. Afterwards, the pellet was
dissolved in 20 pl of ultra-pure water and concentration was measured for DNase | treatment.
To remove the remaining DNA from the newly isolated RNA, 20 pg of RNA was
dissolved with 100 pl of ultra-pure water (include 10 pl of 10X DNase | Reaction Buffer and 1
pl of DNase 1) and incubated at 37 °C for 10 min. Afterwards, RNA was extracted by mixing
with 100 pl of phenol/chloroform/isoamyl alcohol and aqua phase was transferred and well
mixed with 10 ul of 3 M sodium acetate (pH 5.2) and 250 pl of prechilled absolute ethanol
and incubated at -20 °C for 2 h and then washed by prechilled 70% ethanol. The pellet was
air dried at room temperature for 5-10 min with the tube lid opened. Afterwards, the pellet
was dissolved in 10 ul of ultra-pure water and concentration was measured for cDNA

synthesis and can be stored at -80 °C.

3.3.2 cDNA synthesis

Promega reverse transcriptase m-MLV and the corresponding kit was used for cDNA
synthesis from isolated RNA. In brief, 2 pg of DNase | treated RNA was well mixed with 2 pl
of random primer (500 pM). Ultra-pure water was added until 10 pl and the mixture was
incubated at 70 °C for 5 min to denature and to anneal RNA and then kept the mixture on

ice.
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To this 10 pl of RNA-Primer mixture, the following reagents were added and well
mixed: 25.5 pl of ultra-pure water, 10 pl of 5X m-MLV buffer, 1.25 pl of dNTPs (10 mM), 1.25
ul of RiboLock inhibitor and 2 pl of m-MLV reverse transcriptase. The mixture was heated at
25 °C for 10 min and then warmed to 37 °C for 1 h and then warmed to 70 °C for 15 min and
finally kept on ice. Synthesized cDNA can be stored at -20 °C.

3.3.3 Polymerase Chain Reaction

Routine polymerase chain reaction: To obtain and amplify target DNA fragments from
cDNA or plasmid DNA, polymerase chain reaction (PCR) was performed in this thesis. In
brief, 2X NEBNext Ultra Il Q5 Master Mix was incubated with template DNA (cDNA or
plasmid DNA) and primers in Bio-Rad T100TM Thermal Cycler with the following program:

Step Temperature Duration Cycle
Initial Denaturation 98 °C 30 sec 1
Denaturation 98 °C 5-10 sec
Annealing 50-72 °C 10-30 sec 30-35
Extention 72 °C 20-30 sec/kb
Final extention 72 °C 2-10 min 1

Index Polymerase chain reaction: For DNAs subjected for deep sequencing, index PCR
was performed to label them with specific index. In brief, 2X NEBNext Ultra Il Q5 Master Mix
(for pure DNA) or 2X KAPA HiFi HotStart ReadyMix (for DNA binds on the beads) was mixed

with i5/i7 index primers and the DNA for labeling, and the following program was applied:

NEBNext Ultra Il Q5 Master Mix or KAPA HiFi HotStart ReadyMix
Step Temperature | Duration Cycle
Initial Denaturation 95 °C 3 min 1
Denaturation 98 °C 20 sec
Annealing 65 °C 15sec |20-25
Extention 72 °C 20 sec
Final extention 72 °C 7 min 1
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Quantitative real-time PCR: To test the mRNA level or to check the abundance of the
specific DNA fragments Cut & Run, quantitative real-time PCR (gPCR) was performed in this
thesis. In brief, template DNA (cDNA synthesized from RNA or DNA from Cut & Run, 1:5-
1:10 diluted with dd ultra-pure water) was mixed with 2X SYBR® Green JumpStart™ Taq
ReadyMix™ and primer pairs and performed in the Bio-Rad CFX Connect Real-Time system

with the following program:

Step Temperature Duration Cycle

Initial denaturation 94 °C 5 min 1

Denaturation 94 °C 15 sec
Annealing .

1 min

Extension 60 °C 45

Fluorescence reading Not applicable
Final extension 72 °C 10 min 1
Melting curve and fluorescence 60-95 °C, with 0.5 °C 1 min 1

For quantification, the Livak delta/delta CT method was applied and target gene
MRNA level or target DNA abundance was normalized with beta-Actin or with the input

group.

3.3.4 Agarose gel electrophoresis, DNA extraction and purification

To obtain the desired DNA with specific size, agarose gel electrophoresis was performed to
separate different DNAs and Monarch® DNA Gel Extraction Kit was used to extract and

purify target DNA in this thesis. The procedures are as follow:

Agarose gel electrophoresis: 0.8-3% Seakem® agarose was boiled in 1X TAE buffer and 8
pl of ethidium bromide (10 mg/ml) was added before pouring to the gel chamber with comb
assembled. The agarose solution was kept at room temperature until completely
polymerized. Afterwards, DNA samples (PCR products/restriction enzyme digestion
mixture/index PCR product...) were mixed with 6X DNA loading dye and loaded into the gel
with GeneRuler 1kb DNA Ladder. The electrophoresis was performed under 110 V for 35

min and DNAs were visualized under a UV transilluminator.
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DNA extraction and purification: target DNA-containing agarose gel was cut under UV and
incubated with 4X mass volume of dissolving buffer (for example, 100 pg of agarose gel with
400 pul of dissolving buffer) at 50 °C with interval vortexing until completely dissolved.
Subsequently, sample solution was loaded into the column which preloaded into the
collection tube. Samples were centrifuged at 4 °C and 17000 G for 1 min to remove the
dissolving buffer. After all samples were loaded and centrifuged, 200 ul of washing buffer
(diluted with 4 volumes of absolute ethanol) was loaded into the column and centrifuged at 4
°C and 17000 G for 1 min for washing. After one more washing step, the column was
carefully removed into a fresh DNA low binding tube and 20 pl of elution buffer was added to
the center of the matrix. Column was incubated at room temperature with the elution buffer
for 1 min and then centrifuged at 4 °C and 17000 G for 1 min to elute target DNA (elution
buffer containing target DNA may reload into the column and centrifuge one more time to
increase the yield). DNA can be stored at -20 °C in the elution buffer for further study.

3.3.5 Nucleic acid quantification

To measure the concentration of nucleic acid, picogreen measurement and nanodrop

measurement were performed in this thesis.

Picogreen: Double strand DNA (Cut & Run, DNA library...) concentration was measured
with Quant-iT™ PicoGreen™ dsDNA reagent. In brief, 1 ul of DNA sample was diluted in 99
ul TE buffer in the well of a black 96-well plate, 100 ul of TE buffer (with 0.5% Quant-iT™
PicoGreen™ dsDNA reagent) was added and incubated at room temperature for 3 min follow
by the detection of the fluorescence (Excitation: 480 nm, Emission: 520 nm) with a TECAN
infinite M200 PRO Reader. The concentration of the measured sample was calculated with

the standard formula.

Nanodrop: Routine DNA and RNA samples were measured with nanodrop. In brief, 1 pl of
the nucleic acid sample was loaded on the nanodrop to measure the absorbance at 260 nm.
The ratio of the absorbance at 260 and 280 nm should be between 1.8-2.

3.3.6 Target plasmid generation

Several novel plasmids were generated in this thesis to establish new cell lines and here are

the procedures how to generate them:
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Insert DNA preparation:

For shRNAs against h53bp1, 11.25 ul of each oligo (forward and reverse, both 0.1 nM/ul)
were mixed with 2.5 ul of 10X annealing buffer and warmed up to 95 °C. Subsequently,
heating was stopped and the sample was allowed to cool down naturally until room
temperature on a rack (around 2-3 h) and then diluted in 0.5X annealing buffer (1:400) and
stored at -20 °C.

For GFP-Usp28 overexpression, open reading frames (ORFs) were amplified from
sfGFP plasmids and Usp28-WT plasmids via the routine PCR described above with the
primers which have an overlap at the 3’ end of GFP and the 5 end of Usp28-WT. After
purification, these two parts were fused via another PCR with primers targeting the 5’ end of
GFP and 3 end of Usp28-WT. Product was verified and purified by agarose gel
electrophoresis.

Backbone preparation:
For shRNAs, the pLKOLl.puro vector was used as the backbone. In short, plasmids were
incubated with restriction enzymes EcoRI and Agel under corresponding buffer at 37 °C
overnight and purified by agarose gel electrophoresis (a 1.9 kb stuffer should be seen after
digestion and should be removed).

For overexpression, the pRRL-hygro vector was used as the backbone. In short,
plasmids were incubated with restriction enzymes Agel and Spel under corresponding buffer

at 37 °C overnight and purified by agarose gel electrophoresis.

Assembly:
For shRNAs, T4 DNA ligase was used for the ligation and the recipe is as follow:

Diluted oligo (or 0.5X annealing buffer as a negative 1ul
Digested pLKO1.puro 1 ul (10-20 ng)

10X ligase buffer 1ul

T4 DNA ligase 1ul

Distilled water 6 ul

Incubated at room temperature for 1-3 h and the reaction products can be stored at -
20 °C.
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For overexpression, NEBuilder HiFi DNA Assembly Master Mix was used and the

recipe is as follow:

Insert DNA (or equal water as negative control) 1 ul (0.134 pM)
Digested pRRL-hygro 0.5 ul (0.067 pM)
NEBuilder HiFi DNA Assembly Master Mix 1.5ul

Incubated at 50 °C for 15 min and the reaction products can be stored at -20 °C.

3.3.7 Transformation, verification and amplification

Plasmids with insert DNA assembled were further transformed into NEB® 10-beta
Competent E. coli (High Efficiency) bacteria with heat shock method. In brief, 1 ul of plasmids
DNA (after T4 ligation or HiFi assembly) was well mixed with 5 ul of fresh thawed 10-beta
competent E. coli cells by flicking. The mixture was incubated on ice for 30 min and then heat
shock at 42 °C for exactly 30 sec followed by another 5 min incubation on ice. Subsequently,

150 ul of SOC medium was added and mixture was incubated at 37 °C for 1 h before

spreading over prewarmed LB agar plates with 50 pg/ml Ampicillin. The agar plates were
incubated upside down in a 37 °C incubator overnight.

Single colonies were picked and inoculated into 2 ml of SOC medium and plasmids
were isolated with the GenElute HP Plasmid Miniprep Kit. Afterwards, plasmids were
digested with restriction enzymes (Xhol for pLKO and EcoRI for pRRL) overnight and
checked via agarose gel electrophoresis. Positive candidates were further sent for
sequencing with specific primers for confirmation.

After sequencing, plasmids with correct insert DNA were transformed again into 10-
beta competent cells and amplified into 1 | of LB medium with 50 pg/ml Ampicillin for
amplification and plasmids were isolated with the GenElute HP Plasmid Midiprep Kit. Isolated
plasmids can be stored at -20 °C for long-term storage after concentration measurement.
Transformed plasmids in E. coli cells can also be stored at -80 °C in the mixture of
SOC/glycine (50%/50% v/v).
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3.4 Next generation sequencing

3.4.1 RNA sequencing

RNA sequencing was performed in this thesis to check the mRNA level of Myc target genes
in different cell lines. In brief, total RNA was isolated as described above, then NEBNext
Poly(A) mRNA Magnetic Isolation Module was used to isolate mMRNA from 1 ug of total RNA
according to the manufacturer's protocol. Afterwards, NEBNext® Ultra™ RNA Library Prep
Kit for lllumina® was used for cDNA synthesis and Highprep PCR magnetic beads (Magbio)
were used for cDNA purification.

Subsequently, NEBNext Ultra Il DNA Library Prep Kit for lllumina and NEBNext
Multiplex Oligos for lllumina (Index Primer Set 1 & 2) were used for the library preparation
according to the manufacturer's protocol.

After index PCR, products were separated via the agarose gel electrophoresis.

3.4.2 RNA sequencing data analysis

Libraries were sequenced on the lllumina Novaseq 6000 instrument. Mapping of fastq files
was performed with STAR (230) and differentially expressed genes were identified using
EdgeR (231).

The RNA sequencing data discussed in this thesis have been deposited in NCBI's
Gene Expression Omnibus and are accessible through GEO Series accession number
GSE213892 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE213892).
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4. Results

Part of this chapter is adapted from the manuscript ‘Jin, C., Einig, E., Xu, W., Kollampally, R.B.,
Schlosser, A., Flentje, M. and Popov, N. (under revision) The dimeric deubiquitinase Usp28 integrates
53bp1 and Myc functions to limit DNA damage.’ (1).

4.1 Dimerization of Usp28 controls Myc turnover

Deubiquitinase Usp28 regulates Myc stability and transcriptional function

The deubiquitinase Usp28 was identified as a key factor in regulation of the ubiquitination of
Myc based on a retroviral short hairpin RNA (shRNA) library screen performed on U20S
osteosarcoma cells by our group (149), which means Usp28 can deubiquitinate Myc and
thus stabilize Myc from degradation.

To check if Usp28 also can deubiquitinate and stabilize Myc in hepatocellular
carcinoma (HCC) cells, we generated the Usp28 knockout HLF cell lines using CRISPR-
Cas9 gene editing

Indeed, Myc protein levels were downregulated with the deletion of Usp28 in tested
clones, while the deletion of a related DUB Usp25 did not affect Myc levels (Fig. 1A).
Furthermore, the measurement of the Myc protein stability by the canonical cycloheximide
assay showed a declined half-life of Myc without Usp28 (Fig. 1B). Taken together, Usp28
can regulate Myc stability in liver cancer cell line HLF and the loss of Usp28 destabilizes Myc.

A sgRNA - Usp25 Usp28 25/28 CHX,min 0 15 30 45 60 120 0 15 30 45 60 120
Usp28 DTSN S s Usp28 ™ s s m s e
Usp25 - - Myc
i B-aCtin S—————— - ——— -
GAPDH Usp28-Citrl Usp28-KO

Figure 1. Usp28 stabilizes Myc in HLF cells

(A) Immunobilotting analysis of protein levels of Usp28, Usp25 and Myc in different clones of HLF cells with
sgRNA against Usp28 and/or Usp25. The faint band that detected by the antibody against Usp28 in the Usp28-
KO clones, is likely because of cross reactivity of the antibody with the highly homologous Usp25 protein, as the
band is disappeared in the cells with sgRNA against both Usp28 and Usp25. (B) Immunoblotting analysis of
protein levels of Myc in HLF Usp28-Ctrl and Usp28-KO cells, indicated time points show the durations of
cycloheximide (100 pg/ml) treatment. Panels are adapted from the manuscript ‘Jin, C., Einig, E., Xu, W,
Kollampally, R.B., Schlosser, A., Flentje, M. and Popov, N. (under revision) The dimeric deubiquitinase Usp28
integrates 53bp1 and Myc functions to limit DNA damage.’ (1).
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The transcriptional function of Myc is regulated by ubiquitination, for instance, the
complex of Myc and the elongation factor Paflc can be disrupted by ubiquitination of Myc
(118). Loss of Usp28 facilitates Myc ubiquitination (149), suggesting a weaken Myc-Paflc
interaction and reinforced Myc target genes expression in cells with Usp28 deletion. To test
this idea, RNA-seq analysis was performed in HLF Usp28-WT and Usp28-KO cells. As the
result showed, the knockout of Usp28 deregulated Myc-driven transcription — known Myc
bound and -regulated genes were the top enriched groups among all 4205 deregulated
genes, (Fig. 2A, B). This was also accompanied by the reduced interaction between Myc and
Paflc subunits Cdc73, Ctr9 and Pafl (Fig. 2C), in line with previous observations (118).
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Figure 2. Usp28 regulates Myc transcriptional function via Paflc

(A) RNA-seq analysis of gene expression in HLF Usp28-KO cells compared to HLF Control (Usp28-Citrl) cells.
Highlighted are the top enriched sets for the Encode TF ChIP and MsigDB datasets, based on the analysis by the
Enrichr portal (232). (B) Top five gene sets for the indicated databases, enriched within the Usp28-deregulated
genes based on the analysis of RNA-seq data in HLF Usp28-KO and HLF Usp28-Ctrl cells. Analysis by the
Enrichr portal (232). (C) PLA assays with antibodies against Myc and Paflc subunits (Cdc73/Ctr9/Pafl) or non-
specific 1IgG control antibody (IgG) in HLF Usp28-Ctrl/KO cells with representative images. At least 71 cells were
quantified. The data were analyzed with two-tailed, unpaired t test for each pair, ***p < 0.0001. Scale bar = 10
um. Fig.2A was made by Prof. Nikita Popov and Elias Einig. Fig. 2B was processed by Prof. Nikita Popov. Panels
and figure legends are adapted from the manuscript ‘Jin, C., Einig, E., Xu, W., Kollampally, R.B., Schlosser, A.,
Flentje, M. and Popov, N. (under revision) The dimeric deubiquitinase Usp28 integrates 53bp1 and Myc functions

to limit DNA damage.’ (1).
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Dimerization of Usp28 attenuates Myc ubiquitination

In the previous research, our collaborators and us have proved the Usp28 forms stable
homodimers as its active state in vitro and in cells, and the key amino acid for the
dimerization is the leucine which is located at the 545th in the dimerization interface. With a
negative charged amino acid substituted, for example the glutamic acid, the dimerization is
disrupted (196,197).

To study how Myc function is regulated by Usp28 dimerization, we generated the
reconstituted cell lines which only express either the HA-tagged wildtype Usp28 (Usp28-WT)
or the HA-tagged monomeric Usp28 (Usp28-M) alleles using lentiviral transduction based on
the Usp28-KO HLF cells. An empty vector control cell line is also generated to avoid the
potential transfection or infection or selection effects.

All three cell lines were first verified by immunoblotting in the Native PAGE under the
nature condition to check the oligomerization states. As showed in the figure below, the
dimer cells have a higher band against Usp28 antibodies than the monomer cells, which is
due to the bigger molecular weight from the dimerization. In contrast, the empty vector cells,
as a Usp28 knockout control, have no signal with the anti-Usp28 immunoblotting (Fig. 3A).
We further examined whether the two Usp28 variants had similar intracellular distribution and
were able to interact with endogenous Myc. As the immunofluorescence staining showed,
both Usp28 variants localized to the nucleus (Fig. 3B), and both were able to interacte with
endogenous Myc, as determined by PLA assays with antibodies against Usp28 and Myc (Fig.
30).

Interestingly, Myc is found more stable in the Usp28-M cells than in the Usp28-WT
cells as checked by cycloheximide assay (Fig. 3D, E), similar result was also found in mouse

liver cancer cells (Fig. 3F).
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Figure 3. Reconstitution of Usp28-M stabilizes Myc in both HLF and p19”Nras cells

(A) Immunoblotting analysis of Usp28-WT and Usp28-M expression in corresponding reconstituted HLF cells
lines via Native PAGE. (B) Immunofluorescence analysis presenting nuclear localization of wildtype (WT) and
monomeric (M) Usp28 in HLF cells. Scale bar = 10 um. (C) PLA assays with antibodies against Myc and Usp28 in
HLF Usp28-KO cells expressing Usp28-WT/Mono or a control vector with representative images. At least 30 cells
were quantified. The data were analyzed with ordinary one-way ANOVA followed by Tukey's multiple
comparisons test, *p < 0.05, ***p < 0.001. Scale bar = 10 ym. (D) Immunoblotting analysis of Usp28-KO HLF
cells, expressing Usp28-WT or Usp28-M, indicated time points show the durations of cycloheximide (100 pg/ml)
treatment. Myc protein half-life was determined by a non-linear fit model. Right panel shows a mean of three
biological replicates. Error bars denote S.D. (E) The half-life of Myc in HLF Usp28-Ctrl, Usp28-KO or Usp28-KO
cells, reconstituted with Usp28-WT or Usp28-M variants. The analysis is based on the data showed in panel (D),
Fig. 1B and replicate experiments. (F) Immunoblotting analysis of p19”/Nras cells, expressing Usp28-WT or
Usp28-M, treated with cycloheximide (100 pg/ml) for the indicated time points. Original data of Fig.3F was
provided by Ravi B Kollampaly. Part of the panels and figure legends are adapted from the manuscript ‘Jin, C.,
Einig, E., Xu, W., Kollampally, R.B., Schlosser, A., Flentje, M. and Popov, N. (under revision) The dimeric
deubiquitinase Usp28 integrates 53bp1 and Myc functions to limit DNA damage.’ (1).

Since Myc is a substrate of Usp28 in terms of deubiquitination, this result indicated
that dimerization can attenuate the deubiquitination activity of Usp28. To test this idea, we
first did a cell based deubiquitination activity assay with DUB-reactive probes Ub-VME and
Ub-VS (233,234). In short, the whole cell lysates of cells expressing Usp28-WT and Usp28-
M were incubated with the Ub-VME and Ub-VS probes, which can be bound to the cystine in

the catalytic domain of Usp28 covalently, mimics the binding between Usp28 and its
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substrates. This covalently binding can be visualized as a higher band in immunoblotting. As
it turned out, in the DMSO groups, we can only see a single band which is the original Usp28
itself. Strikingly, in the tested groups, Usp28 revealed a more complete conversion into the
Ub-modified form for the Usp28-M than the Usp28-WT, indicates the deubiquitination activity
of Usp28 is higher in Usp28-M cells than Usp28-WT cells (Fig. 4A).

Same results were also found via the ubiquitin pulldown assays from HeLa Usp28-KO
cells transfected with vectors expressing Myc, His-tagged ubiquitin and different Usp28
variants. Immunoblotting showed that Usp28-M more potently promoted deubiquitination of
Myc compared to wildtype Usp28 (Fig. 4B).

Since Usp28 is able to deubiquitinate degradative K48- and K11-linked ubiquitin
chains (234,235), we compared the activity of Usp28 using pulldown assays with His-Ub
variants bearing K48 or K11 as a sole internal ubiquitin acceptor. Interestingly, Usp28-M
deubiquitinates Myc with K11-linked chains more potently than Usp28-WT, while Myc
modified with K48-linked chains were deubiquitinated similarly by both variants (Fig. 4C),

suggesting Usp28 dimerization primarily impairs the uncoupling of K11-linked chains on Myc.
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Fig 4. Usp28-M shows higher deubiquitination activity towards Myc in HLF cells

(A) DUB activity assays in whole cell lysates of HLF cells expressing Usp28-WT or Usp28-M. Right panel shows
the average of three independent experiments. The data were analyzed with two-tailed, unpaired t test, ****p <
0.0001. (B) Ubiquitin pulldown assays with HeLa Usp28-KO cells expressing Myc, wildtype His-Ub and Usp28-
WT/M. Right panel shows the average of three independent experiments. The data were analyzed with ordinary
one-way ANOVA followed by Tukey’'s multiple comparisons test, *p < 0.05, ***p < 0.001, ****p < 0.0001. (C)
Ubiquitin pulldown assays with HeLa Usp28-KO cells expressing Myc, K48-only or K11-only His-Ub and Usp28-
WT/M. Panels and figure legends are adapted from the manuscript ‘Jin, C., Einig, E., Xu, W., Kollampally, R.B.,
Schlosser, A., Flentje, M. and Popov, N. (under revision) The dimeric deubiquitinase Usp28 integrates 53bpl and
Myc functions to limit DNA damage.’ (1).
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4.2 Usp28 dimerization suppresses DNA replication

Dimerization of Usp28 weakens Myc-Paflc interaction with non-transcriptional effect

In line with effects on Myc ubiquitination, PLA assays showed that the interaction between
Myc and Paflc was reinforced in cells expressing Usp28-M compared to Usp28-WT (Fig. 5A,
B). Cut&Run assays with antibodies against Leol, a subunit of Paflc, showed a significantly
increased recruitment to several Myc target promoters in cells expressing Usp28-M
compared to Usp28-WT (Fig. 5C). However, transcriptome profiling showed that expression
of Usp28-WT and Usp28-M in Usp28-KO cells have almost no difference in Myc target genes
expression regulation (Fig. 5D), suggesting that ectopic stabilization of Myc by Usp28-M

primarily has non-transcriptional functions.
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Fig 5. Usp28-M promotes Myc-Paflc binding with non-transcriptional function
(A) and (B) PLA assays with antibodies against Myc, Cdc73/Ctr9/Pafl or IgG in HLF Usp28-KO cells expressing
Usp28-WT/M or a control vector with representative images. At least 67 cells were quantified. The data were
analyzed with ordinary one-way ANOVA followed by Tukey’s multiple comparisons test, **p < 0.01, ****p < 0.0001.
Scale bar = 10 ym. (C) Cut&Run assay followed by qPCR analysis showing Paflc subunit Leol abundance on
Myc target promoters in HLF Usp28-KO cells expressing Usp28-WT or Usp28-M. The data were analyzed from
three technical replicates with two-tailed, unpaired t test for each pair, *p < 0.05, **p < 0.01, ***p < 0.001. (D)
Regulation (log2FC) of a subset of Myc target genes (MsigDB Hallmark set Myc targets V1) in HLF Usp28-KO
cells expressing either Usp28-WT or Usp28-M. The pearson correlation coefficient r equals 0.95. Fig. 5D was
made by Elias Einig. Panels and figure legends are adapted from the manuscript ‘Jin, C., Einig, E., Xu, W.,
Kollampally, R.B., Schlosser, A., Flentje, M. and Popov, N. (under revision) The dimeric deubiquitinase Usp28
integrates 53bp1 and Myc functions to limit DNA damage.’ (1).
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Dimerization of Usp28 restrains DNA synthesis

Both Myc and Paflc have transcription-independent functions in DNA replication

(109,110,119). Paflc facilitates resolution of transcription-replication conflicts (TRCs) -

collisions between RNAPII and replisome and promotes DNA replication under stress (119).
To check TRCs, we performed PLA assays with antibodies against PCNA and pS5-

RNAPII (236). Results showed that the TRCs are significantly reduced in cells expressing

Usp28-M compared to Usp28-WT (Fig. 6), in line with reinforced recruitment of Paflc.
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Fig 6. Usp28-M resolve TRCs in HLF cells

PLA assays with antibodies against pS5-RNAPII and PCNA or a control IgG in HLF Usp28-KO cells expressing
Usp28-WT/M. At least 95 cells were quantified. The data were analyzed with two-tailed, unpaired t test, ****p <
0.0001. Panel and figure legends are adapted from the manuscript ‘Jin, C., Einig, E., Xu, W., Kollampally, R.B.,
Schlosser, A., Flentje, M. and Popov, N. (under revision) The dimeric deubiquitinase Usp28 integrates 53bp1 and

Myc functions to limit DNA damage.’ (1).

To check if the reduced TRCs have an effect on DNA replication, we performed EdU
incorporation assays in HLF cells with Usp28-WT or Usp28-M expressing. Indeed, with the
resolution of TRCs, Usp28-M cells had a strongly increased DNA synthesis rate (Fig. 7A).
unexpectedly, DNA fiber assays showed the replication fork progression rate in Usp28-M
cells is reduced (Fig. 7B), indicating the increased DNA synthesis is due to the acceleration
of replication origins firing.

To check the freshly replicated DNA, we performed nascent chromatin capture
assays (237). In short, Usp28-WT and Usp28-M cells were treated with biotin-linked
dUTP/dCTP and immunoprecipitation with streptavidin beads were done in these cells to
pulldown the newly synthesized DNA which contains biotin. The subsequent immunoblotting
showed an increased enrichment of both RNAPII and Ctr9 on nascent DNA obtained from
Usp28-M cells (Fig. 7C), indicating that monomeric Usp28 enhances DNA synthesis near the
RNAPII/Paflc-bound sites. Accordingly, Ctr9 knockdown in Usp28-M cells prevented the
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increasing of EdU incorporation (Fig. 7A, D), showing that Usp28 dimerization regulates DNA

synthesis via Paflc recruitment.
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Figure 7. Usp28-M accelerates DNA replication via Paflc recruitment

(A) EdU incorporation assays in HLF Usp28-WT or Usp28-M cells with shCtrl/shCtr9 with representative images.
At least 72 cells were quantified. The data were analyzed with ordinary one-way ANOVA followed by Tukey's
multiple comparisons test, ****p < 0.0001, ns p > 0.05. Scale bar = 10 ym. (B) DNA fiber assays in HLF Usp28-
WT or Usp28-M cells with representative images. At least 70 fibers were quantified. The data were analyzed with
two-tailed, unpaired t test, ****p < 0.0001. Scale bar = 5 ym. (C) Immunoblotting analysis of protein levels of
RNAPII and Ctr9 on nascent chromatin captured from HLF Usp28-WT or Usp28-M cells. (D) Immunoblotting
analysis verifying Ctr9 knockdown in HLF Usp28-WT or Usp28-M cells with shCtrl/shCtr9. Part of panels and
figure legends are adapted from the manuscript ‘Jin, C., Einig, E., Xu, W., Kollampally, R.B., Schlosser, A., Flentje,
M. and Popov, N. (under revision) The dimeric deubiquitinase Usp28 integrates 53bpl and Myc functions to limit
DNA damage.’ (1).
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4.3 Monomeric Usp28 induces replication-dependent DNA

damage

As deregulated DNA synthesis can lead to genomic instability (238,239) and Usp28-M can
stimulate DNA replication, we compared the levels of pH2AX, a marker of DNA damage, in
cells expressing Usp28-WT and Usp28-M using immunoblotting and immunofluorescence
assays. Expression of Usp28-M significantly upregulated pH2AX levels compared to Usp28-
WT, in both assays (Fig. 8A, B, C, D). Since the stimulation of DNA synthesis by Usp28-M
was found involved with Paflc recruitment, we further checked how Paflc regulates DNA
damage in Usp28-M and Usp28-WT cells. As showed below, with the depletion of Paflc
subunits Ctr9 and Cdc73, pH2AX levels were significantly decreased in Usp28-M cells only
(Fig. 8A, B, C, D), similar with the effects on DNA replication (Fig. 7A).
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Figure 8. Paflc depletion reduces DNA damage in HLF Usp28-M cells

(A) Immunoblotting analysis of protein levels of pH2AX in HLF Usp28-WT or Usp28-M cells with shCtrl/shCtr9. (B)
Immunofluorescence analysis of intensity of pH2AX in HLF Usp28-WT or Usp28-M cells with shCtrl/shCtr9 with
representative images. At least 122 cells were quantified. The data were analyzed with ordinary one-way ANOVA
followed by Tukey's multiple comparisons test, ****p < 0.0001, ns p > 0.05. Scale bar = 10 ym. (C)
Immunoblotting analysis of protein levels of pH2AX in HLF Usp28-WT or Usp28-M cells with shCtrl/shCdc73. (D)
Immunofluorescence analysis of intensity of pH2AX in HLF Usp28-WT or Usp28-M cells with shCtrl/shCdc73. At
least 104 cells were quantified. The data were analyzed with ordinary one-way ANOVA, Tukey’s multiple
comparisons test, *p < 0.05, ***p < 0.0001. Panels and figure legends are adapted from the manuscript ‘Jin, C.,
Einig, E., Xu, W., Kollampally, R.B., Schlosser, A., Flentje, M. and Popov, N. (under revision) The dimeric
deubiquitinase Usp28 integrates 53bp1 and Myc functions to limit DNA damage.’ (1).
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Considering the immunochemical staining of pH2AX represents the biological
response to DNA damage, we further performed the neutral comet assays (240), which
directly detects DNA double strand breaks (241). Consistent with pH2AX levels measured
above, DNA DSBs were strongly increased in cells expressing Usp28-M compared to Usp28-
WT while the depletion of Paflc reverted this effect (Fig. 9A), suggesting that Paflc
recruitment contributes to the DNA DSBs in Usp28-M cells. Next, to check if Usp28-M
induces DNA damage by deregulating DNA replication, we evaluated DNA breakage and
pH2AX levels in Usp28-WT and Usp28-M cells treated with a high concentration (2 mM) of
thymidine, which blocks DNA synthesis (242). Indeed, thymidine decreased DNA DSBs in
both cell lines and reverted the increase in Usp28-M cells (Fig. 9B, C). Taken together, we
concluded that monomeric Usp28 promotes TRCs resolution in a Paflc-dependent manner
and induces aberrant DNA synthesis leading to DNA damage.
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Figure 9. Paflc depletion reverts Usp28-M induced replication-dependent DNA damage
(A) Neutral comet assays in Usp28-WT or Usp28-M cells with shCtrl/shCtr9/shCdc73 with representative images.
At least 18 cells were quantified. The data were analyzed with ordinary one-way ANOVA followed by Tukey’s
multiple comparisons test, **p < 0.01, ****p < 0.0001, ns p > 0.05. Scale bar = 10 ym. (B) Immunofluorescence
analysis with antibodies against pH2AX in Usp28-WT or Usp28-M cells treated with thymidine (2 mM) or vehicle
control for 2 h with representative images. At least 47 cells were quantified. The data were analyzed with ordinary
one-way ANOVA followed by Sidak's multiple comparisons test of selected pairs, ****p < 0.0001. Scale bar = 10
um. (C) Neutral comet assays in Usp28-WT or Usp28-M cells treated with thymidine (2 mM) or vehicle control for
2 h. At least 27 cells were quantified. The data were analyzed with ordinary one-way ANOVA followed by Sidak's
multiple comparisons test of selected pairs, *p < 0.05, **p < 0.01. Panels and figure legends are adapted from the
manuscript ‘Jin, C., Einig, E., Xu, W., Kollampally, R.B., Schlosser, A., Flentje, M. and Popov, N. (under revision)
The dimeric deubiquitinase Usp28 integrates 53bp1 and Myc functions to limit DNA damage.’ (1).
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4.4 DNA damage disrupts Usp28 dimerization

Usp28 is activated upon DNA damage

Since the dimerization of Usp28 regulates DNA synthesis and mediates DNA replication-
induced DNA damage, we would like to know the mechanisms that regulate Usp28
dimerization. Usp28 is known to be activated by DDR signaling while the mechanisms
remain unknown (153,213,243). To test if Usp28 can also be activated by DDR in HLF cells,
we treated them with etoposide, the topoisomerase Il inhibitor, to induce DNA damage. Myc
protein was found accumulated (Fig. 10A), in line with the previous research (244), while the
MRNA level of Myc kept constant, excluding the transcriptional regulation (Fig. 10B).
Interestingly, protein levels of Myc did not increase in cells with Usp28 knockout, indicating
that the accumulation of Myc in response to etoposide induced DNA damage is Usp28-
dependent (Fig. 10A).
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Figure 10. Myc is accumulated upon DNA damage in a Usp28-dependent manner

(A) Immunoblotting analysis of Myc protein levels in HLF Usp28-Ctrl and Usp28-KO cells with etoposide (5 uM)
treatment for the indicated time points. (B) qPCR analysis of the Myc mRNA levels in HLF Usp28-WT cells with or
without etoposide treatment (5 pyM, 30 min). The data were analyzed from three technical replicates with two-
tailed, unpaired t test, ns p > 0.05. Panels and figure legends are adapted from the manuscript ‘Jin, C., Einig, E.,
Xu, W., Kollampally, R.B., Schlosser, A., Flentje, M. and Popov, N. (under revision) The dimeric deubiquitinase

Usp28 integrates 53bpl and Myc functions to limit DNA damage.’ (1).

Less Myc ubiquitination was found with etoposide treatment from ubiquitin pulldown
assays compared to DMSO-treated cells (Fig. 11A). besides, deubiquitination activity assays
with Ub-VME/VS probes showed an enhanced Usp28 activity with etoposide treatment (Fig.
11B). Furthermore, etoposide did not accumulate Myc protein levels in Usp28-M cells, which
had higher basal Myc levels (Fig. 11C, D), indicating that the accumulation of Myc in
response to etoposide involves formation of Usp28 monomers, which underlies the activation
of Usp28 upon DDR.
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Figure 11. Usp28 deubiquitination activity is enhanced upon DNA damage

(A) Ubiquitin pulldown assay in HelLa cells transfected with Myc and WT or K11-only His-Ub before and after
etoposide (5 uM, 30 min) treatment. (B) DUB activity assay in HLF Usp28-WT cells with or without etoposide (5
uM, 30 min) treatment. Right panel shows a mean of four biological replicates. The data were analyzed with two-
tailed, unpaired t test, **p < 0.01. (C) Immunoblotting analysis of protein levels of Myc in HLF Usp28-WT and
Usp28-M cells with etoposide (5 pM) for the indicated time points. Right panel shows a mean of three biological
replicates. Linear regression analysis shows that the slopes of the regression lines differ significantly (p = 0.0032).
Error bar denotes S.D. (D) Immunoblotting analysis of protein levels of Myc in p197Nras Usp28-WT and Usp28-M
cells with etoposide (5 uM) for the indicated time points. Original data of Fig. 11D was provided by Ravi B
Kollampaly. Panels and figure legends are adapted from the manuscript ‘Jin, C., Einig, E., Xu, W., Kollampally,
R.B., Schlosser, A., Flentje, M. and Popov, N. (under revision) The dimeric deubiquitinase Usp28 integrates
53bp1 and Myc functions to limit DNA damage.’ (1).

Usp28 dimers are disrupted upon DNA damage

To confirm whether the formation of Usp28 monomers can underlie Usp28 activation during
DDR, cells stably expressing HA- and GFP-tagged Usp28 proteins (Fig. 12A) were
generated based on p197Nras cells to study the dimerization status of Usp28 before and
after etoposide treatment.

PLA assays with antibodies against HA and GFP showed a strong signal in
unstressed cells, which was dramatically decreased after etoposide treatment (Fig. 12B),
indicating that Usp28 dimerization is blocked by DNA damage. Immunoprecipitation assays
in p19”Nras cells stably expressing HA- and GFP-tagged Usp28 alleles and in HeLa cells
transiently transfected with HA- and FLAG-tagged Usp28 also showed similar results (Fig.
12C, D).
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Figure 12. DNA damage induces monomeric Usp28 formation

(A) Immunoblotting analysis verifying the expression of GFP- and HA-tagged Usp28 proteins in p197Nras cells.
(B) PLA assays with antibodies against GFP and HA-tag in p19/Nras cells expressing GFP- and HA-tagged
Usp28 with or without etoposide (5 uM, 30 min) treatment with representative images. At least 26 cells were
quantified. The data were analyzed with ordinary one-way ANOVA, Tukey’s multiple comparisons test, ****p <
0.0001. Scale bar = 10 ym. (C) Immunoprecipitation analysis with antibodies against GFP in p19*Nras cells
expressing HA- and GFP-tagged Usp28, treated with DMSO or etoposide (5 pyM, 30 min). Right panel shows a
mean of three biological replicates. The data were analyzed with two-tailed, unpaired t test, **p < 0.01. (D)
Immunoprecipitation analysis with antibodies against FLAG from HelLa cells transient transfected with HA- and
FLAG-tagged Usp28 before and after etoposide treatment (5 uM) for the indicated time points. Panels and figure
legends are adapted from the manuscript ‘Jin, C., Einig, E., Xu, W., Kollampally, R.B., Schlosser, A., Flentje, M.
and Popov, N. (under revision) The dimeric deubiquitinase Usp28 integrates 53bpl and Myc functions to limit
DNA damage.’ (1).

Taken together, these data indicate Usp28 is activated during DNA damage response

due to the formation of monomeric Usp28 which has a higher catalytic activity.
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4.5 53bpl controls Usp28 dimerization and catalytic

activity

53bp1lis a binding partner of Usp28 but only binds to Usp28 dimer

One major Usp28 binding partner is 53bpl - a DDR mediator protein that can promote
localization of Usp28 to DNA lesions. In turn, Usp28 can stabilize 53bpl upon DNA damage
(213,214). To check the binding between Usp28 and 53bpl in our research model, mass
spectrometry analysis was performed after immunoprecipitation with antibodies against
Usp28 or 53bpl in HelLa cells (Fig. 13A). Immunoprecipitation assays with the same
antibodies were also done in HLF cells (Fig. 13B, C). Both results showed that Usp28 and
53bpl can efficiently interact in unstressed cells, suggesting a role for Usp28-53bp1l during
unperturbed cell cycle (213,245).
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Figure 13. 53bp1 interacts with Usp28

(A) LC-MS/MS analysis of immunoprecipitations with antibodies against Usp28 and 53bpl from Hela cells
showing reciprocal identification of Usp28 and 53bp1 interaction. Dark grey dots denote significant interactors of
Usp28 or 53bpl. (B) Immunoprecipitation analysis with antibodies against Usp28 or control IgG from HLF cells.
(C) Immunoprecipitation analysis with antibodies against 53bp1 or control IgG from HLF cells. Original samples of
Fig. 13A were prepared by Ravi B Kollampaly. The assay was performed and the raw data was analyzed by Prof.
Andreas Schlosser. The figure was made by Prof. Nikita Popov and Elias Einig. Panels and figure legends are
adapted from the manuscript ‘Jin, C., Einig, E., Xu, W., Kollampally, R.B., Schlosser, A., Flentje, M. and Popov, N.
(under revision) The dimeric deubiquitinase Usp28 integrates 53bp1 and Myc functions to limit DNA damage.’ (1).

Unexpectedly, immunoprecipitation showed that 53bp1l selectively binds wildtype but
not monomeric Usp28 both in HLF and in p19”Nras cell lines (Fig. 14A, B), PLA assays also
showed the same result (Fig. 14C). Furthermore, etoposide treatment diminished the binding
between 53bpl and Usp28 (Fig. 14C), accompanied with the formation of Usp28 monomers
(Fig. 12B, C, D), indicating that 53bp1 stabilizes dimeric Usp28 and the dissociation of Usp28
from 53bpl upon DNA damage leads to the formation of Usp28 monomers and thus

activates Usp28 catalytic function.
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Figure 14. 53bp1 and Usp28-WT specific binding is disrupted by DNA damage

(A) Immunoprecipitation analysis with antibodies against 53bp1 or control IgG from HLF Usp28-KOWT/M cells. (B)
Immunoprecipitation analysis with antibodies against 53bp1 or control IgG from p197Nras Usp28-WT/M cells. (C)
PLA assays with antibodies against 53bpl and HA-tag in HLF Usp28-KO/WT/M cells treated with DMSO or
etoposide (5 pM, 30 min). At least 71 cells were quantified. The data were analyzed with ordinary one-way
ANOVA followed by Tukey’s multiple comparisons test, ****p < 0.0001. Original data of Fig. 14B was provided by
Ravi B Kollampaly. Panels and figure legends are adapted from the manuscript ‘Jin, C., Einig, E., Xu, W.,
Kollampally, R.B., Schlosser, A., Flentje, M. and Popov, N. (under revision) The dimeric deubiquitinase Usp28

integrates 53bp1 and Myc functions to limit DNA damage.’ (1).

Depletion of 53bp1l activates Usp28

To test if 53bpl is a key factor in regulating Usp28 dimerization in response to DNA damage,
we generated 53bpl depleted cells in the HLF cells and p19”/Nras cells with different
shRNAs against 53bpl (Fig. 15A, B). As expected, Usp28 dimerization was significantly
diminished with the depletion of 53bp1 (Fig. 15C), phenocopying the effect of etoposide (Fig.
12B, C, D).
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Figure 15. 53bp1 depletion diminishes Usp28 dimerization

(A) Immunoblotting analysis verifying the depletion of 53bp1l in HLF cells with different shRNAs against 53bp1. (B)
Immunoblotting analysis verifying the depletion of 53bp1 in p19*Nras cells with HA- and/or GFP-tagged Usp28.
(C) PLA assays with antibodies against GFP and HA-tag in p197/Nras cells with shCtrl/sh53bp1 treated with
DMSO or etoposide (5 uM, 30 min). At least 42 cells were quantified. The data were analyzed with ordinary one-
way ANOVA followed by Tukey’s multiple comparisons test, ****p < 0.0001. Panels and figure legends are
adapted from the manuscript ‘Jin, C., Einig, E., Xu, W., Kollampally, R.B., Schlosser, A., Flentje, M. and Popov, N.
(under revision) The dimeric deubiquitinase Usp28 integrates 53bp1 and Myc functions to limit DNA damage.’ (1).
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Since Usp28 monomers are more active towards Myc deubiquitination, we compared
Usp28 catalytic activity in shCtrl and sh53bp1l cells. Deubiquitination activity assays with the
Ub-VME/Ub-VS probes showed that depletion of 53bpl stimulated Usp28 deubiquitinase
activity (Fig. 16A). Furthermore, ubiquitin pulldown assays revealed less Myc ubiquitination in
53bp1l-deficient cells (Fig. 16B). In accord, depletion of 53bpl increased steady state Myc
levels and enhanced Myc protein stability while Myc mRNA was reduced (Fig. 16C, D, E).
We concluded that depletion of 53bpl promotes formation of Usp28 monomers and
stabilizes Myc.
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Figure 16. 53bp1 depletion stabilizes Myc via Usp28 activation
(A) DUB activity assay in HLF sh53bp1 cells. Right panel shows a mean of three biological replicates. The data

were analyzed with ordinary one-way ANOVA followed by Tukey’s multiple comparisons test, **p < 0.01, ****p <
0.0001. (B) Ubiquitin pulldown assay in HelLa cells transfected with Myc, wildtype His-Ub showing the
deubiquitination activity of Usp28 with or without 53bp1 knockout. (C) Immunoblotting analysis with antibodies
against 53bpl and Myc showing Myc protein levels in HLF shCtrl/sh53bpl cells. The indicated time points
indicate the durations of cycloheximide (100 pg/ml) treatment. Right panel shows a mean of three biological
replicates. Error bar denotes S.D. (D) Immunoblotting analysis with antibodies against 53bp1l and Myc showing
53bpl and Myc protein levels in HLF cells with different ShRNAs. (E) gPCR showing the mRNA levels of Myc in
HLF shCtrl/sh53bp1 cells. The data were analyzed from three technical replicates with two-tailed, unpaired t test,
**p < 0.01. Panels and figure legends are adapted from the manuscript ‘Jin, C., Einig, E., Xu, W., Kollampally,
R.B., Schlosser, A., Flentje, M. and Popov, N. (under revision) The dimeric deubiquitinase Usp28 integrates
53bp1 and Myc functions to limit DNA damage.’ (1).

83



Results

4.6 Depletion of 53bpl diminishes TRCs and induces

replication-associated DNA damage

Depletion of 53bpl1 enhanced the recruitment of Paflc to Myc and RNAPII
Opposite to the effects of Usp28 knockout, 53bpl depletion stimulated Myc-Paflc binding in
HLF cells (Fig. 17A, B); importantly, this effect was disappeared in sh53bplcells with Usp28
deletion, indicating that activation of Usp28 in the absence of 53bpl underlies enhanced
Myc-Paflc interaction.

PLA assay with antibodies against pS5-RNAPII and Pafl also showed an enhanced
pS5-RNAPII-Pafl binding (Fig. 17C), indicating 53bpl restrains the recruitment of Pafl at

transcriptionally active chromatin.
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Figure 17. 53bp1 knockdown promotes Paflc binding with Myc and pS5-RNAPII

(A) PLA assays with antibodies against Myc and Paflc subunits (Cdc73/Ctr9/Pafl) or IgG in HLF cells with
shCtrl/sh53bpl. At least 130 cells were quantified. The data were analyzed with two-tailed, unpaired t test for
each pair, ***p < 0.0001. (B) PLA assays with antibodies against Myc and Cdc73 or IgG in HLF Usp28-Ctrl/KO
cells with shCtrl/sh53bpl1. At least 70 cells were quantified. The data were analyzed with ordinary one-way
ANOVA, Sidak's multiple comparisons test of selected pairs, ****p < 0.0001, ns p > 0.05. (C) PLA assays with
antibodies against pS5-RNAPII and Pafl or IgG in HLF shCtrl/sh53bpl cells. At least 55 cells were quantified.
The data were analyzed with two-tailed, unpaired t test, ****p < 0.0001. Panels and figure legends are adapted
from the manuscript ‘Jin, C., Einig, E., Xu, W., Kollampally, R.B., Schlosser, A., Flentje, M. and Popov, N. (under
revision) The dimeric deubiquitinase Usp28 integrates 53bp1 and Myc functions to limit DNA damage.’ (1).

Depletion of 53bp1 reduces TRCs and stimulates DNA replication

Consistent with the recruitment of Paflc in 53bpl depletion cells, PLA assays with antibodies
against pS5-RNAPII and PCNA showed a strong reduction in the number of proximity pairs
compared to the control cells (Fig. 18A), indicating the rapid resolution of TRCs without
53bp1.
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Accompanied with the resolution of TRCs in sh53bpl cells, DNA replication was
detected significantly stimulated compared to shCtrl cells by EdU incorporation assays (Fig.
18B). However, DNA fiber assays showed a reduced progression rate of DNA replication
forks (Fig. 18C), indicating that loss of 53bpl stimulates replication origins firing, mimicking
the phenotype of Usp28-M cells (Fig. 7A, B).
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Figure 18. 53bp1 knockdown reduces TRCs and promotes DNA synthesis

(A) PLA assays with antibodies against pS5-RNAPII and PCNA or I1gG in HLF shCtrl/sh53bp1 cells. At least 101
cells were quantified. The data were analyzed with two-tailed, unpaired t test, ***p < 0.0001. (B) EdU
incorporation assays in HLF shCtrl/sh53bp1l cells with representative images. At least 69 cells were quantified.
The data were analyzed with ordinary one-way ANOVA, Tukey’s multiple comparisons test, ****p < 0.0001. Scale
bar = 10 um. (C) DNA fiber assays in HLF shCtrl/sh53bp1l cells with representative images. At least 94 fibers
were quantified. The data were analyzed with two-tailed, unpaired t test, **** p < 0.0001. Scale bar = 5 pm. Part of
the panels and figure legends are adapted from the manuscript ‘Jin, C., Einig, E., Xu, W., Kollampally, R.B.,
Schlosser, A., Flentje, M. and Popov, N. (under revision) The dimeric deubiquitinase Usp28 integrates 53bp1 and

Myc functions to limit DNA damage.’ (1).
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Depletion of 53bpl induces replication-associated DNA damage

As discussed above, deregulated DNA replication is associated with replicative stress and
genomic instability (238,239), loss of 53bpl may lead to replication-associated DNA damage.
In line with this idea, immunofluorescence analysis with antibodies against pH2AX showed
increased pH2AX levels in sh53bpl cells (Fig. 19A), which was further reverted by DNA
replication inhibition under thymidine treatment (Fig. 19A), indicative of increased replication-
dependent DNA damage. Similarly, neutral comet assays revealed an accumulation of DNA
DSBs in sh53bpl cells (Fig. 19B), which was also rescued by the incubation with thymidine
(Fig. 19B).
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Figure 19. 53bp1 knockdown raises replication-associated DNA damage

(A) Immunofluorescence analysis with antibodies against pH2AX in HLF shCtrl/sh53bpl cells with or without
thymidine treatment (2 mM, 2 h) with representative images. At least 60 cells were quantified. The data were
analyzed with ordinary one-way ANOVA, Tukey’s multiple comparisons test, ****p < 0.0001. Scale bar = 10 ym.
(B) Neutral comet assays showing the DSBs in HLF shCitrl/sh53bp1l cells with or without thymidine treatment (2
mM, 2 h) with representative images. At least 34 cells were quantified. The data were analyzed with ordinary one-
way ANOVA followed by Tukey’s multiple comparisons test, ****p < 0.0001. Scale bar = 10 pm. Panels and figure
legends are adapted from the manuscript ‘Jin, C., Einig, E., Xu, W., Kollampally, R.B., Schlosser, A., Flentje, M.
and Popov, N. (under revision) The dimeric deubiquitinase Usp28 integrates 53bpl and Myc functions to limit
DNA damage.’ (1).
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4.7 Etoposide triggers atransient replicative response

DNA replication is stimulated at an early stage of DDR

In line with impaired formation of 53bpl-Usp28 complexes and Usp28 dimers, etoposide
enhanced Paflc recruitment to Myc in shCtrl cells but not in sh53bpl1 or Usp28-KO cells (Fig.
20A). Furthermore, etoposide decreased TRCs in shCtrl cells but not in sh53bp1l cells (Fig.
20B), indicating that etoposide reduces TRCs by disrupting 53bp1-Usp28 complexes.
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Figure 20. DNA damage promotes Myc-Paflc binding and TRCs resolutions

(A) PLA assays with antibodies against Myc and Cdc73 or IgG in HLF shCtrl/sh53bp1 or Usp28-KO cells with or
without etoposide treatment (5 pM, 30 min). At least 41 cells were quantified. The data were analyzed with
ordinary one-way ANOVA followed by Sidak's multiple comparisons test of selected pairs, ****p < 0.0001, ns p >
0.05. (B) PLA assays with antibodies against pS5-RNAPII and PCNA in HLF shCtrl/sh53bp1 cells with or without
etoposide treatment (5 uM, 30 min). At least 44 cells were quantified. The data were analyzed with ordinary one-
way ANOVA followed by Tukey’s multiple comparisons test, ****p < 0.0001, ns p > 0.05. Panels and figure
legends are adapted from the manuscript ‘Jin, C., Einig, E., Xu, W., Kollampally, R.B., Schlosser, A., Flentje, M.
and Popov, N. (under revision) The dimeric deubiquitinase Usp28 integrates 53bpl and Myc functions to limit
DNA damage.’ (1).

Since the reduced TRCs in Usp28-M and sh53bpl cells is accompanied by
stimulated DNA replication, we checked EdU incorporation in HLF cells at different
timepoints after a short (30 min) treatment of etoposide. DNA synthesis was reduced at 16 h
after etoposide incubation (Fig. 21A), likely due to the cell cycle arrest-induced by DNA
damage. Strikingly, right after etoposide treatment, EdU incorporation signal was significantly
increased compared to unstressed cells (Fig. 21A), suggesting etoposide-induced DNA
synthesis stimulation is a transient response at an early stage of DDR. DNA fiber assays
showed that replication fork progression was slowed by etoposide (Fig. 21B). However, the

fraction of new origin fibers (228), strongly increased upon treatment (Fig. 21C), indicating
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that etoposide-induced EdU incorporation is due to ectopic origin firing. Etoposide did not
stimulate DNA synthesis in sh53bpl or Usp28-M cells, which had an elevated basal rate of
EdU incorporation (Fig. 21D, E). Besides, knockout of 53bpl also abolished etoposide-
induced DNA synthesis in HelLa cells (Fig. 21F), suggesting that genotoxic stress can induce

DNA synthesis in a 53bpl-dependent manner in different cellular contexts.
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Figure 21. DNA synthesis is transient accelerated in a 53bp1-dependent manner

(A) EdU incorporation assays in HLF cells with DMSO or etoposide treatment (5 pM, 30 min) with or without
release (16 h) with representative images. At least 69 cells were quantified. The data were analyzed with ordinary
one-way ANOVA followed by Tukey’s multiple comparisons test, ****p < 0.0001. Scale bar = 10 ym. (B) DNA fiber
assays in HLF cells with or without etoposide treatment (5 uM, 30 min). At least 263 fibers were quantified. The
data were analyzed with two-tailed, unpaired t test, ****p < 0.0001. Scale bar = 5 ym. (C) Quantification of new
origins fraction from data showed in panel (B). The data were analyzed with two-tailed, unpaired t test, **p < 0.01.
Scale bar =5 ym. (D) EdU incorporation assays in HLF shCtrl/sh53bp1 cells with or without etoposide treatment
(5uM, 30 min). At least 82 cells were quantified. The data were analyzed with ordinary one-way ANOVA, Sidak's
multiple comparisons test, **p < 0.01, ns p > 0.05. (E) EdU incorporation assays in HLF Usp28-WT or Usp28-M
cells with or without etoposide treatment (5 uM, 30 min). At least 43 cells were quantified. The data were analyzed
with ordinary one-way ANOVA, Sidak's multiple comparisons test ***p < 0.001, ns p > 0.05. (F) EdU incorporation
assays in HeLa WT or 53bp1KO cells with or without etoposide treatment (5 yM, 30 min). At least 59 cells were
quantified. The data were analyzed with ordinary one-way ANOVA, Tukey’s multiple comparisons test, *p < 0.05,
***n < 0.001, ns p > 0.05. Panels and figure legends are adapted from the manuscript ‘Jin, C., Einig, E., Xu, W.,
Kollampally, R.B., Schlosser, A., Flentje, M. and Popov, N. (under revision) The dimeric deubiquitinase Usp28
integrates 53bp1 and Myc functions to limit DNA damage.’ (1).
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Etoposide promotes DNA replication via Paflc recruitment on Myc

To confirm if etoposide promotes DNA replication by Paflc recruitment on Myc, we
performed EdU incorporation assays in HLF Usp28-WT and Usp28-M cell with
shCtrl/shCtr9/shCdc73 with or without etoposide treatment. As quantification showed, with
the depletion of Paflc subunits Ctr9 and Cdc73, the etoposide-induced DNA synthesis was
eliminated (Fig. 22A, B). Furthermore, incubation with compound 10074-G5 (246), a known
Myc inhibitor, can also partially down regulate the DNA synthesis stimulated by etoposide
(Fig. 22C). In addition, depletion of Myc with different ShRNAs in HCT116 cells also showed
the similar result (Fig. 22D). Consistently, RNAPII and Ctr9 were found accumulated on
newly synthesized DNA upon etoposide treatment in Usp28-WT cells from nascent
chromatin capture assays (Fig. 22E). Based on these results, we concluded that Paflc
recruitment by Myc is important for etoposide-induced stimulation of DNA replication.
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Figure 22. Suppression of Paflc/Myc rescues DNA damage induced DNA synthesis

(A) and (B) EdU incorporation assays in HLF shCtrl/shCtr9/shCdc73 cells with or without etoposide treatment (5
UM, 30 min). At least 164 and 102 cells were quantified. The data were analyzed with ordinary one-way ANOVA,
Tukey’s multiple comparisons test, ****p < 0.001, ns p > 0.05. (C) EdU incorporation assays in HLF cells treated
with 10074-G5 (10 uM, 2 h) and etoposide (5 uM, 30 min) alone or combined. At least 43 cells were quantified.
The data were analyzed with ordinary one-way ANOVA, Tukey’s multiple comparisons test, **p < 0.01, ****p <
0.0001. (D) EdU incorporation assays in HCT116 shCtrl/shMyc cells with or without etoposide treatment (5 uM,
30 min). At least 50 cells were quantified. The data were analyzed with ordinary one-way ANOVA, Tukey’s
multiple comparisons test, ns p > 0.05. (E) Immunoblotting analysis with antibodies against RNAPII and Ctr9
showing protein levels of RNAPII and Ctr9 on nascent chromatin captured from HLF Usp28-WT/M cells with or
without etoposide treatment (5 M, 30 min). Panels and figure legends are adapted from the manuscript ‘Jin, C.,
Einig, E., Xu, W., Kollampally, R.B., Schlosser, A., Flentje, M. and Popov, N. (under revision) The dimeric
deubiquitinase Usp28 integrates 53bp1 and Myc functions to limit DNA damage.’ (1).
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We then tested the effect of other genotoxins on DNA replication. Treatment of HLF
cells with either topotecan or zeocin, which induce single and double strand breaks,
respectively, significantly stimulated EdU incorporation (Fig. 23), indicating that stimulation of

DNA replication is a common early response to genotoxic stress.
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Figure 23. DNA replication stimulation is a common response to genotoxic stress

EdU incorporation assays in HLF cells with or without topotecan (1 uM, 30 min) or zeocin treatment (100 ug/ml,
30 min). At least 81 cells were quantified. The data were analyzed with ordinary one-way ANOVA, Sidak's
multiple comparisons test, ****p < 0.0001. Scale bar = 10 ym. Panels and figure legends are adapted from the
manuscript ‘Jin, C., Einig, E., Xu, W., Kollampally, R.B., Schlosser, A., Flentje, M. and Popov, N. (under revision)
The dimeric deubiquitinase Usp28 integrates 53bp1 and Myc functions to limit DNA damage.’ (1).

4.8 Etoposide-induced DNA synthesis propagates DNA

damage

Stimulation of DNA synthesis upon etoposide treatment may lead to accumulation of DNA
damage, as observed in sh53bpl and Usp28-M cells (Fig. 8, 19). To test this hypothesis, we
treated cells with etoposide alone or in combination with DNA synthesis inhibitor thymidine
and checked DNA damage levels. Immunofluorescence analysis showed that co-treatment
with thymidine decreased etoposide-induced increase in pH2AX levels (Fig. 24A). Neutral
comet assays revealed a strongly DNA breakage reduction in cells co-treated with thymidine
(Fig. 24B), indicating that aberrant stimulation of DNA synthesis by etoposide propagates
DNA damage. Thymidine also strongly decreased etoposide-induced cytotoxicity and
promoted long term survival of HLF and HelLa cells (Fig. 24C), suggesting that the early

replicative response to genotoxic stress exacerbates DNA breakage and impairs cell viability.

90



Results

A B
DMSO 3 Ctrl Eto
=
» 250 10 *
= 3 =
8 3 200 3 o 8-
[}
£ 150 E 6
= E 4|
% 100 E 4
5 - kS
E- E 50 £ 2
I Sek® e
'\‘(\* ,\\6
C
HelLa
o HLF o
2 8 0 2 8 h S 0.8 S 05—
a 2
=N S tT S 0.4+ .
Eto 4 ( ) ; ) i 0.6 O -
; 2 203
g04q7 = o2 -
900000 . .
2 0.2 2 0.1 o
5] 2
Hela £ 00— £ 0.0+
> > O
° Q/ Q;\&@ ° ’15‘0\\ :v\\(‘}
o' o' &8 &
DN DM

Figure 24. Etoposide-induced DNA synthesis propagates DNA damage

(A) Immunofluorescence analysis with antibodies against pH2AX showing pH2AX intensity in HLF cells with
etoposide (5 pM, 30 min) and thymidine (2 mM, 2 h) alone or combined treatment with representative images. At
least 77 cells were quantified; the data were analyzed with ordinary one-way ANOVA, Tukey’'s multiple
comparisons test, ****p < 0.0001. Scale bar = 10 uym. (B) Neutral comet assays showing the DSBs in HLF cells
with etoposide (5 pM, 30 min) and thymidine (2 mM, 2 h) alone or combined treatment with representative images.
At least 33 cells were quantified. The data were analyzed with ordinary one-way ANOVA, Tukey’s multiple
comparisons test, **p < 0.01. Scale bar = 10 ym. (C) Crystal violet staining showing etoposide (5 uM) treated HLF
and Hela cells with indicated time points with or without thymidine (2 mM, 1 h prior etoposide treatment). Right
panel shows a mean of three biological replicates. The data were analyzed with ordinary one-way ANOVA,
Tukey’s multiple comparisons test, *p < 0.05, **p < 0.01, ns p > 0.05. Error bar denotes S.D. The Hela data in Fig.
24C was provided by Prof. Nikita Popov. Panels and figure legends are adapted from the manuscript ‘Jin, C.,
Einig, E., Xu, W., Kollampally, R.B., Schlosser, A., Flentje, M. and Popov, N. (under revision) The dimeric
deubiquitinase Usp28 integrates 53bp1 and Myc functions to limit DNA damage.’ (1).
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5. Discussion

Part of this chapter is adapted from the manuscript ‘Jin, C., Einig, E., Xu, W., Kollampally, R.B.,
Schlosser, A., Flentje, M. and Popov, N. (under revision) The dimeric deubiquitinase Usp28 integrates
53bp1 and Myc functions to limit DNA damage.’ (1).
The transcription factor Myc is well known for its role in tumorigenesis, in fact, it is
deregulated in almost all human cancers. Many studies have been done to confirm Myc is
essential for tumor progression and thus inactivation of Myc exhibits the potentiality as a
promising anti-cancer strategy. The Usp28 has identified as a deubiquitinase targets the
oncogenic transcription factor Myc and thereby has a prominent function in RNA Polymerase
lI-driven transcription, cell proliferation and tumorigenesis. Recent studies suggest Usp28
forms dimer physiologically while the biological function of Usp28 dimerization remains
unknown. In this thesis, we explored the role of dimerization in biological functions of Usp28.
We provide evidence that Usp28 dimerization attenuates deubiquitination of Myc and limits
recruitment of the elongation factor Paflc but with a non-transcriptional effect. Furthermore,
Usp28 dimers are disassembled upon genotoxic stress into monomeric Usp28, in a 53bpl
dependent manner, leading to the transient stimulation of unscheduled DNA replication,
accompanied with the replication-associated DNA damage.

Our findings provide a basis for further analysis of replicative responses to genotoxins

and can be instructive for the development of combinatorial antineoplastic therapies.

5.1 Myec is stabilized by monomeric Usp28 but its

transcriptional function remains unchanged

The deubiquitinase Usp28 is confirmed to exist predominantly as dimers in cells and in vitro
from recent study (197), however, our DUB activity assays and ubiquitin pulldown assays
showed that the monomeric Usp28 has a higher deubiquitination activity towards its
oncogenic substrate Myc for stabilization (Fig. 3D; Fig. 4A, B), raising the question that why
the Usp28 monomers are more catalytically active?

One possibility might come from the oligomerization, a common property of proteins
and it happens ubiquitously in all biological systems. As a matter of fact, it is believed that
more than 35% of all proteins are oligomeric, ranging from dimer to higher order structure
(247-249). Oligomerization can play a versatile role in regulating the function of proteins, for
example the catalytic activity of an enzyme or the binding affinity and specificity of a

transcription factor (250).
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In the case of Usp28, obviously, dimerization will strongly reduce Usp28 in molecular
concentration, which further undermines the deubiquitination function of Usp28 on its target
substrates. In addition, dimerization may also sterically block the catalytic domain of Usp28
to impair the binding between Usp28 and the substrates, since the catalytic domain of Usp28
may be covered by another Usp28 and therefore has less chances to bind with its substrates.

However, the evidence from the structural and biochemical study (197) showed that
the speculations mentioned above may not be the only explanation for the higher activity of
monomeric Usp28. First of all, although dimerization of Usp28 can decrease the
concentration of Usp28, crystal structure of Usp28 demonstrated the two catalytic domains
from the same Usp28 dimer are separated with a 56 A distance (measured between catalytic
center Cysl171 residues) spatially. Besides, co-crystallization of Usp28 dimer and ubiquitin
probes revealed that both two catalytic domains are able to be modified by ubiquitin probes,
ruling out the possibility of steric restriction of substrate binding due to dimerization.
furthermore, co-expression of Usp28 and its substrate LSD1, revealed that both dimeric and
monomeric Usp28 are able to stabilize LSD1 to the same extend.

Another explanation for higher catalytic activity of monomeric Usp28 may be the
substrate specificity.

Usp28 interacts with Myc and other oncogenic transcription factors, such as Jun and
Notch, via the common ubiquitin ligase SCF(Fbw7) that recognizes specific phosphodegrons
(251). Recent studies also showed that Usp28 can bind substrates directly or via other
adaptor proteins (153). For example, Usp28 can directly bind to Myc in the absence of Fbw7
because it can recognize the same motif on Myc which also recognized by Fbw7, but
unphosphorylated (151).

The single ubiquitin modification on the substrates can be further extended via the
self-ubiquitination on its lysine residues, to form chains. Depend on the specific ubiquitination
site, different ubiquitin chains are generated responsible for different biological functions. In
general, K48-linked chains are able to lead the substrates proteasomal degradation; K11-
linked chains are known to play a role in DDR (252), moreover, these atypical chains are
also reported to regulate cell division and as well as proteasomal degradation (170,253).

While Fbw7 primarily assembles K48-linked ubiquitin chains, other Myc ubiquitin
ligases can conjugate different types of chains, including K63 and K11 (251,254-259). In light
of that Usp28 has the capacity to disassemble both degradative K11- and K48-linked
polyubiquitin chains, in this thesis, we tested the deubiquitination activity of both dimeric
Usp28 and monomeric Usp28 against Myc via the ubiquitin pulldown assay co-transfected
with K11- or K48-linked ubiquitin, and surprisingly, we found that monomeric Usp28 is
selectively active towards K11-linked chains (Fig. 4C), suggesting that such chains contribute

to constitutive Myc turnover during unperturbed cell cycle.
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K11 chains are predominantly assembled by the anaphase-promoting complex Apc/c,
but also by other ligases that target Myc including Huwel, RNF4, RNF8 and beta-TrCP
(254,257,258,260-262). Usp28 monomers may antagonize ubiquitination of Myc by these
enzymes, analogously to the mechanism described for Apc/c-mediated turnover of Claspin
(263).

Besides regulating the stability of Myc via proteasomal degradation, ubiquitination is
essential for the transcriptional function of Myc (146,256,264). For example, the Skp2
mediated ubiquitination of Myc is important for Myc transcriptional activity and
transformation. In contrast, inhibition of this transcriptional domain ubiquitination by the
competitive interaction with tumor suppressor ARF not only leads to the suppression of Myc’s
canonical transcriptional function but also induces the expression of the noncanonical target
gene of Myc which further induces apoptosis in a p53-independent manner (265).

In particular, ubiquitination of Myc promotes histone acetylation, recruitment of
elongation factors pTEFb and Paflc, and the transfer of Paflc from Myc onto RNAPII (118).
Paflc is a multivalent complex controlling transcriptional pausing, processive elongation,
RNA maturation and nuclear export (266,267), this indicates that Usp28 may play an
important role in Myc-dependent transcription.

Indeed, our RNA-seq analysis of HLF Usp28-WT and Usp28-KO cells showed a
strong enrichment of Myc-regulated genes demonstrating that Usp28 regulates Myc-
dependent transcription (Fig. 2A, B). Meanwhile the PLA assay also showed a strong
reduction of Myc binding with Paflc in the absence of Usp28 (Fig. 2C).

Since Usp28 is verified a key factor in Myc-dependent transcription regulation, and
monomeric Usp28 revealed a stimulation of Myc-Paflc binding in HLF cells, we would like to
check how Usp2 dimerization regulates Myc-dependent transcription. Unexpectedly, RNA-
seq analysis showed both two Usp28 variants regulated the expression of Myc target genes
almost equally, indicating that ectopic stabilization of Myc by Usp28-M primarily does not
have a transcriptional effect.

One potential explanation is, the regulation of ubiquitin on Myc-driven transcription
depends only on if Myc is ubiquitinated, but not on to what extend Myc is ubiquitinated. This
explains why monomeric Usp28 can only stabilize Myc without simultaneously regulating
Myc-dependent transcription.

Furthermore, another speculation might be, the regulation of ubiquitin on Myc-driven
transcription is ubiquitin chain type dependent.

As discussed above, different ubiquitin chains responsible for different biological
functions, and our ubiquitin pulldown assay showed that Usp28-M is selectively active
towards K11-linked chains but has a similar activity as Usp-WT in K48-linked chains

deubiquitinating (Fig. 4B, C). Previous studies demonstrated that ubiquitination regulates
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Myc transcriptional effects by utilizing K-less Myc, a variant in which all potential
ubiquitinated lysine sites are mutated, without examining the effects of different types of
ubiquitin chains on Myc mediated transcription (118).

Huwel facilitates Paflc transfer to RNAPII from Myc to regulate Myc-dependent
transcription, probably via the ubiquitination of Myc, as the blockade of Huwel suppressed
Myc mediated transcription, phenocopying the effect with K-less Myc (117). As an E3 ligase,
Huwel is able to modify its substrates with K6-, K11-, K48- and K63-linked polyubiquitin
chains (268), validation studies showed Huwel primarily generates K48-linked polyubiquitin
chains in N-Myc, the isoform of c-Myc, in glioblastoma multiforme (GBM) cells (269).

Based on the evidence presented above, we can speculate that the regulation of
Huwel on Myc-dependent transcription in HLF cells is K48-linked polyubiquitin chain
dependent, while the ectopic stabilization of Myc by monomeric Usp28 majorly depend on its
deubiquitination on K11-linked polyubiquitin chains.

And for the reinforced Myc-Paflc binding, since PLA can only show the proximity
between Myc and Paflc in the nucleus, it cannot exclude the possibility that the enhanced
binding does not happen on active Myc promoters so that the enhanced Paflc recruitment
on Myc does not regulate Myc mediated transcription.

However, then comes the new concern as the gqPCR analysis after Cut&Run assay
with Paflc subunit Leol antibody does show an upregulated Leol abundance on Myc target
promoters, at least on the tested 5 genes, in Usp28-M expressing HLF cells, and this hints us
that monomeric Usp28 promotes Paflc binding on Myc might have extra effects independent

of transcription.
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5.2 Monomeric Usp28 recruits Paflc on Myc to reduce

TRCs and to accelerate DNA replication

The Paflc protein complex exhibits versatility as it regulates all steps of the RNAPII
transcription cycle, including transcription initiation, elongation, termination, and RNA 3’-end
formation (267).

Nonetheless, our research findings demonstrated that the increased recruitment of
Paflc on Myc by monomeric Usp28 does not significantly impact the expression of Myc
target genes. This suggests that the recruitment of Paflc on Myc serves a non-transcriptional
function in HLF cells expressing Usp28-M.

Both Myc and Paflc have been implicated in transcription-independent functions
related to DNA replication (109,110,119). Studies showed that Myc facilitates the resolution
of R-loops and restricts collisions between RNAPII and the replisome, thereby reducing
TRCs. This is achieved through the recruitment of Brcal and the exosome complex, which
contribute to the maintenance of genomic stability (115,116).

In addition, Myc is known for its ability to regulate the activity of DNA replication
origins. Myc can bind directly to or in close proximity to DNA replication origins, and the
absence of Myc leads to compromised origin activity, likely attributed to Myc's regulatory role
during the origin selection step following the assembly of the pre-replicative complex.
Moreover, this impairment can be rescued by the overexpression of full-length Myc,
suggesting that the ectopic stabilization of Myc by monomeric Usp28 may impact (upregulate)
(109).

Furthermore, the recruitment of Paflc by Myc plays a crucial role in the resolution of
TRCs. Additionally, this Paflc recruitment has been found to facilitate DNA repair (117-
119,270,271) at transcription start sites via the ubiquitination of histone H2B (120), which
conversely stabilizes replication forks and promotes HR. Besides, Paflc also exhibits the
ability to stimulate DNA replication under stress (119).

However, contrasting findings suggest that Paflc can have an opposing effect. These
studies found that Paflc is associated with the accumulation of R-loops and can stimulate
ATR signaling, thereby exacerbating replicative stress and eventually contributing to genomic
instability (121,122).

In this thesis, we showed that the ectopic stabilization of Myc by monomeric Usp28
leads to the recruitment of Paflc. Surprisingly, this recruitment did not have an impact on the
expression of Myc target genes. In contrast, PLA data revealed that monomeric Usp28
promotes the resolution of TRCs (Fig. 6). Additionally, EdU incorporation assay

demonstrated an increased level of DNA synthesis in Usp28-M HLF cells (Fig. 7A). These
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findings were further supported by the nascent DNA capture assay, which demonstrated
enriched levels of RNAPII and the Paflc subunit Ctr9 in these cells (Fig. 7C). Moreover, the
depletion of Ctr9 using shRNAs led to a downregulation of the increased EdU signals in
Usp28-M HLF cells, bringing them to the same level as in Usp28-WT cells (Fig. 7A).
Collectively, these results in line with known functions of Paflc and Myc in response to
replicative stress and in DNA replication (109,110,114,119).

Interestingly, DNA fiber assay indicated a reduced rate of replication fork progression
in Usp28-M cells (Fig. 7B), which appears contradictory to the observed increase in DNA
replication.

One possible explanation for this phenomenon is that the deceleration of replication
fork speed may be a self-protective mechanism in these rapidly replicating HLF cells. It is
known that accelerated replication fork progression can induce replicative stress and DNA
damage. Therefore, reducing the speed of replication forks is a major strategy employed by
cells, especially highly proliferative cells, to avoid replicative stress and maintain genome
integrity (239,272).

In line with this, immunoblotting, immunofluorescence, and comet assays consistently
revealed elevated levels of DNA damage in HLF cells expressing monomeric Usp28 (Fig. 8,
9). Notably, these increased DNA damages could be further blocked with thymidine
treatment (Fig. 9B, C), a known inhibitor of DNA synthesis. This suggests that the DNA
damage detected in Usp28-M cells arises from rapid DNA synthesis and it is reasonable for
these cells to exhibit slowed replication forks as a protective response.

Another speculation to explain the reinforced net DNA synthesis with decelerated
forks is the firing of dormant origins, which are believed to localize in the vicinity of
transcription start sites (273-275). Previous studies showed that the firing of dormant origins
during recovery from stress serves as a mechanism to facilitate the completion of DNA
replication for fragments that become trapped between broken replication forks (276,277).

However, to make sure whether this phenomenon is indeed a result of accelerated
firing of replication origins, further experiments need to be done. For example, performing
EdU sequencing in HLF Usp28-WT and Usp28-M cells could be conducted after

synchronization to monitor the firing of origins (278).
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5.3 DNA damage disrupts Usp28 dimerization

Both Myc and its deubiquitinase Usp28 are known to play critical roles in response to DNA
damage.

Myc, on one hand, is required to activate some of the DDR factors, for example the
ATM-dependent DDR checkpoints. Studies have shown that the kinase ATM and its
substrate H2AX are downregulated in response to ionizing radiation in the absence of Myc in
murine cells; also, in the human cell line HCT116, ATM and phosphorylated Chk2 were also
decreased with the knocking down of the endogenous Myc upon DNA damage induced by
irradiation (279). Myc is also essential for the DNA damage induced apoptosis regulated by
the tumor suppressor p53 (280). On the other hand, Myc itself can induce DNA damage.
Overexpression of Myc in normal human fibroblasts, for instance, increases reactive oxygen
species levels and impairs p53-dependent cell cycle arrest in response to DNA damage. This
events collectively leads to genomic instability and further contributes to the progression of
tumors (281).

Usp28 was identified as a key regulator of cellular response to ionizing irradiation-
induced DNA damage. It promotes the ATM signal pathway via the stabilization of 53bp1 and
Chk2, besides, it can also facilitate the ATR-mediated Chk1 activation via the stabilization of
Claspin and G2 arrest (213).

Usp28 is known to be activated upon DNA damage while the mechanism remains
unknown. Some argue the activation of Usp28 is due to the phosphorylation of Usp28 at S67
and S417 mediated by ATM/ATR upon cisplatin induced DNA damage (153). In HLF cells,
we did find accumulated Myc upon DNA damage induced by etoposide whereas did not
appear in Usp28-KO HLF cells (Fig. 10A), showing the accumulation of Myc is Usp28-
dependent, together with the unchanged Myc mRNA (Fig. 10B), indicating the activation of
Usp28. However, this Myc accumulation only happens in Usp28-WT cells but not in Usp28-M
cells, which have an elevated basal level of Myc (Fig. 11C, D), suggesting the formation of
Usp28 monomers may be responsible for the activation of Usp28 after DNA damage in HLF
cells.

To check the oligomerization states of Usp28 in cells upon DNA damage with regular
immunoblotting, we generated p19”Nras cells express both HA-tagged Usp28 and GFP-
tagged Usp28 so that we can easily confirm the monomer/dimer ratio by detecting one tag
after co-immunoprecipitating with antibodies against another tag, as describe previously
(196). We can also perform PLA assays with antibodies against these tags which can serve

as a proxy for Usp28 dimerization.
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As the PLA and immunoprecipitation assays showed, Usp28 dimerization is disrupted
and monomeric Usp28 is formed rapidly after DNA damage initiated (Fig. 12B, C), similar
result is also found from HelLa cells transient transfected with HA- and Flag-tagged Usp28
(Fig. 12D), indicating DNA damage controls Usp28 dimerization.

Next, we aimed to investigate the key mediator responsible for regulating Usp28
dimerization, especially in the context of DDR. Remarkably, our findings revealed that 53bp1l
plays a crucial role in orchestrating this process.

53bpl was identified as the binding partner of the tumor suppressor p53 (282);
subsequent studies showed that it plays a critical role in cellular response to DNA damage
and replicative stress (213,283-286). For example, 53bpl stimulates non-homologous end-
joining (NHEJ) (287,288). 53bpl was also found as a binding partner of Usp28 (213), which
is further confirmed by our mass spectrometry analysis (Fig. 13A) and immunoprecipitation
assays (Fig. 13B, C).

Unexpectedly, immunoprecipitation of 53bpl in HLF cells shows that it does not
interacts with monomeric Usp28 but selectively binds to dimeric Usp28 (Fig. 14A), which is
confirmed by PLA assays with antibodies against HA-tag (Usp28) and 53bpl (Fig. 14C).
Similar result is also found via immunoprecipitation from p19”Nras cells with Usp28-WT or
Usp28-M expression (Fig. 14B). Furthermore, this specific binding is disrupted upon DNA
damage induced by etoposide (Fig. 14C)

To explain the specific binding between 53bpl and dimeric Usp28, one speculation
might be that oligomerization state modulates binding affinity and specificity, especially given
that 53bp1 is known to be capable of dimerization.

And for the disruption of Usp28 dimerization upon DNA damage, one potential
explanation might be the oligomerization state of 53bpl. 53bpl is known to be rapidly
recruited at the DSB sites upon DNA damage via the directly binding between the Tudor
domain and UDR domain on 53bpl and the methylated H4K20 and ubiquitylated H2AK15
adjacent to the damaged chromatin (289). Usp28 is also recruited to the break sites via the
binding with the tandem BRCT domains at the C-terminal of 53bpl (214). Interestingly,
53bpl is recruited as a dimer onto the damage sites and this dimerization is important for its
DNA repair functions (285,290). However, after moving to the damage sites, 53bpl dimers
will continue assembly as oligomers, namely 53bpl foci (291). Since 53bpl selectively
interacts with dimeric Usp28, it might be possible that after forming 53bp1 foci, the binding
between Usp28 dimers and 53bpl is disrupted due to some possible reasons, for example
the spatial conformational constraints, and release Usp28 as monomers as a result.

The other simple hypothesis might be that the recruitment of 53bpl to DSB may
directly disassociate its binding with Usp28 and release Usp28 as monomers. Indeed, 53bpl

is recruited to damage sites ranging from 5-60 min after damage induced by ionizing
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radiation or 4-Hydroxytamoxifen (291-293), and coincidentally, in our PLA assays, we did
find that the disassociation occurs at 30 min after etoposide treatment (Fig. 14C), correlating
with the formation of Usp28 monomers (Fig. 12B, C, D).

One more mechanism of the disassembly of 53bpl-Usp28 complexes upon DNA
damage might involve the proteasomal degradation of 53bp1.

Several studies propose an alternative mechanism where, instead of recruiting all
53bpl molecules to sites of DSB, the bulk of 53bpl in the nucleoplasm is degraded in an
RNF8/RNF168-dependent manner. Meanwhile, a pool of 53bpl binds specifically to the
damage site and subsequently recruits RIF1, a key factor in DNA repair, in response to IR
induced DNA damage (294). Based on this, one can argue that the degradation of 53bpl
upon DDR may lead to the disassociation with dimeric Usp28 and the formation of
monomeric Usp28.

To confirm that 53bpl1 controls Usp28 dimerization, we depleted 53bp1 with different
shRNAs in HLF and p19”Nras cells. Knockdown of 53bpl leads to formation of Usp28
monomers (Fig. 15C), suggesting that 53bp1l stabilizes the dimeric conformation of Usp28.

Consistently, loss of 53bpl mimics the expression of monomeric Usp28 with
enhanced Usp28 catalytic activity (Fig. 16), increased Paflc recruitment (Fig. 17) and
accumulated replication-dependent DNA damage (Fig. 18, 19).

The 53bp1-Usp28 interaction is diminished upon genotoxic stress tested in different
cell lines (Fig. 21E) and with different genotoxins (Fig. 23), leading to formation of Usp28
monomers and acceleration of DNA replication. This can provide a simple mechanism for the
activation of Usp28 upon DNA damage and other stresses, such as prolonged mitosis and
disruption of centrosomes (204-206,213,214,243). This activation of Usp28 and the further
reinforced DNA replication exacerbates DNA breakage and impairs cell viability (Fig. 24),
suggesting the dimerization of Usp28 may act as a safeguard to limit anomalous DNA

synthesis and the subsequent replication-associated damage.
5.4 Conclusions and prospects

In this thesis, we elucidated the biological function, at least partially, of Usp28 dimerization.
We proved the monomeric Usp28 is more active in stabilizing its substrate Myc but has no
transcriptional effect, instead, it can facilitate the DNA replication and accumulate DNA
damage. We further found 53bp1l, the key DDR factor, as well as a known interactor of
Usp28, controls Usp28 dimerization and thus regulates DNA replication via Paflc.

Based on these results, we put forward a model that dimerization of Usp28 provides a
mechanism to limit unscheduled DNA replication at transcriptionally active loci via Myc-

dependent recruitment of Paflc.
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We propose that during a normal cell cycle, DDR signaling due to endogenous DNA
lesions or fork stalling would disrupt Usp28 dimers to induce transient Usp28 activation and
coordinate DNA replication with RNAPII activity. By contrast, constitutive activation of Usp28
by mutation of the dimer interface or upon loss of 53bp1l leads to chronic stimulation of DNA
synthesis accompanied by the accumulation of DNA damage.

This mechanism is also perturbed by genotoxic stress, which triggers Paflc
recruitment and transiently stimulates DNA synthesis. Since the same conditions slow
progression of replication forks, the net stimulation of DNA replication is most likely due to
firing of dormant origins that localize adjacent to the transcription start sites. However, in
order to verify this hypothesis, additional assays, for example EdU sequencing in cells after
synchronization, need to be done.

In our experiments, inhibition of DNA replication concomitantly with genotoxin
treatment reduces DNA damage and promotes cell viability. These observations indicate that
stabilization of Myc and acute DNA replication are early pathological effects of genotoxic
stress rather than a programmed rescue mechanism. Our findings thus provide a basis for
further analysis of replicative responses to genotoxins and can be instructive for the

development of combinatorial antineoplastic therapies.

DNA
damage
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Proposed schematic: 53bp1 stabilizes Usp28 in dimer comformation
(Created with BioRender.com.)
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Abbreviations:

Prefixes

T SE 30X

Units

min
rpm
sec
\/
viv

Others
Cldu

EdU

IdU
APS
Apcl/c
ATM
ATR
BER
bHLHLZ
BCA
BET
BRD4
ChiP
CRISPR
Cas9
CTD
CDKN

kilo
centi
milli
micro
nano
pico

degree Celsius
gravity

gram

hour

liter

mol/l

meter

minute

revolutions per minute
second

voltage

volume per volume

5-Chloro-2'-deoxyuridine
5-Ethynyl-2'-deoxyuridine
5-lodo-2'-deoxyuridine

Ammonium persulfate

Anaphase-promoting complex or cyclosome
Ataxia telangiectasia-mutated

ATM and RAD3-related protein

Base excision repair

basic helix-loop-helix leucine zipper
Bicinchoninic acid colorimetric assay
Bromodomain and extra terminal domain
Bromodomain-containing 4

Chromatin immunoprecipitation

Clustered Regularly Interspaced Short Palindromic Repeats
CRISPR-associated protein 9

C-terminal domain

Cyclin dependent kinase inhibitor
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CDK2 Cyclin-dependent kinase 2

CDK9 Cyclin-dependent kinase 9

CDKs Cyclin-dependent kinases

CHX Cycloheximide

Cys, C Cysteine

dNTP Deoxyribonucleotide triphosphate
DuB Deubiquitinase

DTT Dithiothreitol

DDR DNA damage response

DNA-PKcs DNA-dependent protein kinase catalytic subunit
DSB Double strand break

DMEM Dulbecco's Modified Eagle Medium-high glycose
4EBP1 elF4E binding protein 1

E-box Enhancer box

EGFR Epidermal growth factor receptor
EMT Epithelial-mesenchymal transition
Eto Etoposide

elF4E Eukaryotic initiation factor 4E
FBXW7 F-Box and WD Repeat Domain Containing 7
FBS Fetal Bovine Serum

Gcenbs General control nonderepressible 5
Glu, E Glutamic acid

Gsk3 Glycogen synthase kinase 3

GFI-1 Growth factor independence 1

HCC Hepatocelluar carcinoma

HTS High-throughput screening

H3K27 Histone 3 lysine 27

H3K9 Histone 3 lysine 9

HDAC3 Histone Deacetylase 3

HAT Histone-acetylation

HR Homologous recombination

HECT Homologous to the E6-AP Carboxyl Terminus
HU Hydroxyurea

HIF1-a Hypoxia-inducible factor 1-alpha

IF Immunofluorescence

IP Immunoprecipitation

IBR In-between-RINGs

IR lonizing radiation

iPOND Isolation of proteins on nascent DNA
JAMMs JAB1/MPN/MOV34 metalloprotease
Leu, L Leucine

LMP Low Melting Point

LSCC Lung squamous cell carcinoma

Lys, K Lysine

MJD Machado-Josephin domain protease
MINDY MIU- containing novel DUB family
Usp28-M Monomeric Usp28

MIU Motif interacting with ubiquitin

MRN MRE11-RAD50-NBS1
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MM Multiple myeloma

MB Myc box

Max Myc-associated protein X

MIZ1 MY C-interacting zinc finger protein 1
NHEJ Non-homologous end-joining

NER Nucleotide excision repair

ORF Open reading frame

oTuU Ovarian tumour protease

53bpl p53 binding protein

PFA Paraformaldehyde

PIKK Phosphatidylinositol 3-kinase-like kinase
PEI Polyethylenimine

PCR Polymerase chain reaction

P-TEFb Positive Transcription Elongation Factor b
PTM Posttranslational modifications
pre-RC Pre-replicative complex

PCNA Proliferating cell nuclear antigen

PPI Protein-protein interaction

PROTAC Proteolysis Targeting Chimera

PLA Proximity Ligation Assays

gPCR Quantitative real-time PCR

RING Really Interesting New Gene

Rb Retinoblastoma-associated protein
rRNA Ribosomal RNA

RBR RING-IBR-RING

RNMT RNA methyltransferase

RNAPI RNA polymerase |

RNAPII RNA polymerase |l

RNAPIII RNA polymerase Il

ROS Reactive oxygen species

SSB Single strand break

SDS-PAGE SDS polyacrylamide gel electrophoresis
ShRNA Short hairpin RNA

SCF Skp1-cullin 1-F-box

SIM Sumo interacting motif

SE Super-enhancer

Tip60 Tat-interactive protein 60

TEMED Tetramethylethylenediamine

Thy Thymidine

TAD Transactivation domain

TF Transcription factor

TFIIF Transcription factor IIF

TRC Transcription-replication conflict
tRNA Transfer RNA

TRRAP Transformation/transcription domain-associated protein
UBA Ubiquitin associated domain

UBR Ubiquitin binding region

UCH Ubiquitin C-terminal hydrolase

UiM Ubiquitin interacting motif
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UPS Ubiquitin-proteasome system

USP Ubiquitin-specific protease

uv Ultraviolet

WDR5 WD repeat-containing protein 5
Usp28-WT Wildtype Usp28

ZF Zinc-finger

ZUFSP Zn-finger and UFSP domain protein
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