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Abstract
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Department of Pathology

Cells that have lost WRN function exhibit a shortened replicative lifespan, accumulation
of chromosomal aberrations, and demonstrate sensitivity to a number of chemotherapeutic
agents, including DNA Topoisomerase | inhibitor camptothecin (CPT). On organismal level,
the lack of this protein results in the progeroid syndrome Werner Syndrome, which is
characterized by increased incidence of cancers, cardiovascular disease, cataracts, and other
age-associated pathologies.

In this study we examined the network of proteins that associate with WRN protein, and
then expanded this picture when the cells were challenged with CPT. We detail the profiling
analysis used for unbiased detection of all interacting proteins using LC-MS/MS, followed by
data analysis and selection of targets for follow-up.

We then focus on the method development, complexities of data analysis, and



application of selected reaction monitoring (SRM), a method for targeted MS. Using RNAIi we
demonstrate the power of this technique for relative protein quantitation of human proteins
WRN and TP53, and a number of small, low-abundance seminal fluid proteins from
D.melanogaster flies.

SRM was applied for two studies of the WRN interactome: 1) to partially validate
findings of the profiling screen after short-term treatment with CPT, and 2) to describe the
dynamics of association of these proteins with WRN as a function of time, by expanding the
treatment time course to 6 and 12 hours.

We report on our description of WRN protein interaction complexes in unperturbed
cells, and how these interaction complexes become reorganized in response to DNA damage.
Our results demonstrate that the newly recruited proteins participate in chromatin remodeling,
negative regulation of cell cycle progression, and double-strand break repair. We focus on 40
proteins to test their differential interaction with WRN after 1, 6, and 12 hours of treatment with
CPT. We specifically focus on the functional importance of the chromatin-remodeling factors,
and present the list of WRN interacting proteins that have emerged as high-priority targets for
functional validation. Finally, we discuss how our work has expanded the understanding of the
functional roles of WRN, and how targeted, hypothesis-driven application of mass

spectrometry can be used to answer complex questions about protein interaction.
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Chapter 1 — Werner Protein, its structure, known functions and

importance in human aging and the Werner Syndrome

Deficiency in the Werner protein (WRN) results in the Werner syndrome (WS), which is
characterized by accelerated rate of mutation and the organism’s inability to resolve a variety of
genome-damaging events. Clinically, WS resembles premature aging, and activity of proteins
such as WRN suggests that the complex process of aging may be controlled in part by the action
of individual genes such as WRN. Aging research is extremely important considering the
changing demographics worldwide, increased overall longevity and rise in elderly population.
Understanding of the mechanisms that underlie aging and development of age-related disease
due to genomic aberration can lead us to improved treatment, prevention, and alleviated burden
of age-related disease.

To determine what role mechanistic role WRN plays in aging and age-related
pathologies, we study protein function in normal and diseased states using proteomics. Resources
that are currently available to us include modern analytical instrumentation, support from
computational sciences, and access to rare biological samples. Our work is aimed at defining
proteins consistently associated with WRN, and post-translational modifications of WRN that are
required, or are causal, for its function in human cells. This knowledge will increase our
understanding of WS pathogenesis and provide insight into novel strategies to alter the
progression of WS or associated diseases such as atherosclerotic cardiovascular disease, cancer,

diabetes, and osteoporosis.



14
Section 1: WRN protein, its biology and role in disease

Werner Syndrome

Werner syndrome (WS) as an uncommon autosomal recessive disease whose phenotype
includes features of premature aging, genetic instability, graying and loss of hair, loss of
subcutaneous fat and the development of several age-associated diseases such as ocular cataracts,
cancer, cardiovascular disease, diabetes mellitus and osteoporosis (1,2). Tumors in WS are
predominantly of five types that are uncommon in general population: soft tissue sarcomas,
osteosarcoma, thyroid carcinoma, acral lentigenous melanoma and meningioma (2,3). Werner
patient mutations are usually nonsense or frameshifts that result in a truncated form of the
protein that fails to localize to the nucleus and becomes degraded (3-6) . On cellular level, loss
of WRN function manifests itself as accelerated rate of mutation and the organism’s inability to
resolve a variety of genome-damaging events; it suppresses cell division, confers DNA damage
hypersensitivity, and promotes genetic instability (7).

Phenotypic expression of the WRN mutation suggests that it is a sensitizing mutation.
Initial development in the affected individual is normal, and delayed onset of the disease may
require damage accumulation, or indicate a threshold for accumulation of sufficient hits to the
genome integrity, or a switch in the proliferative capacity of cells. The lack of DNA damage
management may leave unresolved recombination products that are allowed to persist, and which

then may promote mutations or gene rearrangements.
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WRN helicase overview

Helicases are enzymes vital to all living organisms. They are motor proteins that move
directionally along a nucleic acid phosphodiester backbone, separating two annealed nucleic acid
strands (i.e. DNA, RNA, or RNA-DNA hybrid) using energy derived from nucleotide hydrolysis.
There are many helicases (14 confirmed in E. coli, 24 in human cells) resulting from the great
variety of processes in which strand separation must be catalyzed. Although separation of the
strands initially appears to be an essential process due to necessity of transcription and
replication of nucleic acids, many helicases are specialized to perform additional functions in
nucleic acid metabolism and repair, translation, recombination, DNA repair, and ribosome
biogenesis.

Multiple superfamilies of helicases have been identified, and the individual members
have been characterized. Helicases are separated into superfamilies based on primary sequence
and homology, sequence motifs, presence of additional domains that function in unwinding and
substrate selectivity. There are superfamilies (SF) I, 11, and 11, as well as the DnaB-like family,
and Rho- like family. WRN protein is classified as a member of the superfamily Il, RecQ family
of helicases (8).

The RecQ family of proteins is conserved across prokaryotes and eukaryotes. In
eukaryotes, 5 members of this family are currently known, all of which share a 3' — 5' DNA
helicase activity, as well as structural features including the RQC (RecQ consensus) and HRDC
(Helicase and RNase C-terminal) domains that play roles in substrate recognition or binding ((9).

WRN (also referred to as RECQ3 or RECQLZ2) is unique within this family in possessing
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additional 3' — 5’ DNA exonuclease activity. A closely related protein, E. coli RecQ, is involved

in DNA repair mechanisms (10), implying that WRN performs a similar function.

activity
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Figure 1.1: The five known members of the RecQ family.

The five known members of the RecQ helicase family share several structural features, but differ vastly in size,
tissue distribution, and disease association.

It has been recently determined that helicases do not merely wait passively for the fork to
widen, but play an active role in forcing the fork to open (11), acting as a motor unwinding its
substrate. Recent studies have shown that WRN is important in replication fork progression after
DNA damage with the removal of DNA lesions or structural obstacles was extensively covered
in a recent review (12), while family members RecQL4 and BLM have been suggested to play
roles in replication initiation and in replication fork restart after DNA damage,
respectively(5,13).

In addition, helicases engage in a large number of molecular interactions, and
experimental evidence shows that helicases may process much faster in vivo than in vitro due to

the presence of accessory proteins that aid in the destabilization of the fork junction. Helicases
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rarely operate in isolation, and WRN association with proteins involved in maintenance of

genome stability, repair, and scaffolding, suggest some of its in vivo functions.

WRN protein structure

WRN gene is located at locus 8p12-p11.2 on the human chromosome 8 (OMIM, 2003).
The transcript of the gene is 140.5 kb long with many introns and exons, and the protein product
is 162 kDa in size. WRN helicase is localized to the nucleus, and consists of several major

structural domains (Figure 1.2).

WRN exonuclease acidic ha  helicase HRDC NLS

RQC
—{ O W] | I | —

Figure 1.2: Domain structure of the Werner protein.

Werner protein contains a number of characterized domains, including its two main catalytic domains: helicase and
exonuclease, RecQ C-terminal (RQC), helicase-and-RNaseD-like-C-terminal (HRDC), and nucleolar localization
sequence (NLS).

At the N-terminus of the WRN protein is the 171 amino acid-long exonuclease region. It
is highly similar to the exonuclease regions of proteins, such as DNA polymerase, that have
DNA proofreading activity. When exposed to double-stranded DNA, these exonuclease residues
form a hexamer around the end of the strand and remove DNA bases toward the 5'. In previous
studies involving removal of N-terminal residues of WRN, protein function was, suggesting that
it contains the catalytic domain (14).

The DEAD box domain of WRN is highly conserved among DNA and RNA helicases.
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DEAD box helicases are involved in various aspects of RNA metabolism, including nuclear

transcription, pre mRNA splicing, ribosome biogenesis, nucleocytoplasmic transport, translation,
RNA decay and organellar gene expression. Along with the helicase-C (carboxy-terminal
helicase) domain, this region of the protein is thought to be essential to helicase activity of WRN
(Sanger Institute- Ensembl Protein Report, 2003).

On the C-terminal end of the protein reside the nucleolar localization sequence(15), the
RecQ helicase C-terminal region (RQC), and the helicase-and-RnaseD-C-terminal conserved
region (HRDC) (16). The HRDC domain spans 80 amino acids and contains five helices
connected by short turns or hydrophobic loops. Certain hydrophobic residues within the loops
are necessary for the packing of this domain into a bundle. This portion of the protein has been
shown to interact with DNA in a non-sequence specific manner, suggesting that this domain may
contribute to the interaction between the WRN protein and the double stranded DNA as it
performs its helicase function (17). Multiple studies have shown that both of these regions are
involved in substrate recognition and binding.

In addition to these regions, the WRN protein, like other helicases, has two conserved
Mg-dependent ATP binding. Binding and hydrolysis of ATP by these regions provides the
energy necessary for the DNA helicase to break the hydrogen bonds between the bases of the
double stranded DNA and unwind the helix (10,18).

Due to the variety of functions performed and substrates utilized, helicases adapt
different morphologies and oligomerization states, and can function as monomers, dimers, and
up to hexamers. It has been shown that mouse WRN appears to work as a multimer(19), while

human WRN forms a trimer (20), a dimer of the full-length protein in solution and a tetramer



19
when bound to DNA (21). Additional studies of WRN exonuclease domain (WRNexo) have

shown that it forms a hexamer (5). Comparison between exonuclease domains of mouse and
human WRN revealed differences in coordination of three residues, all of which were shown to
be essential for WRNexo function by mutational analysis(19). Similar to other essential
proteins, many helicases have redundant functions. The fact that WRN is not an essential gene
has long suggested that WRN function may be partially redundant with the function of other

proteins, such as other RecQ helicases.

WRN protein in DNA damage management and repair

WRN protein has been reported to promote recombination, replication restart, or other
aspects of cellular DNA metabolism, such as telomere maintenance, that may require resolution.
WRN has been shown to interact physically or functionally with replication protein A,
proliferating cell nuclear antigen, DNA polymerase &, tumor protein p53, topoisomerases | and
111, FEN-1/flap endonuclease, RAD51, and the nonhomologous-end-joining (NHEJ) components
Ku and DNA-PK (4,6,7). We discuss the previously reported interacting proteins in further detail
in Chapter 4. Table 4.1 is a referenced summary of all previously reported WRN-interacting
proteins to date.

In damaged DNA, the Ku heterodimer, consisting of Ku70 (XRCC6) and Ku86
(XRCC5), binds to the exposed ends of the broken DNA molecule, and it recruits DNA-PKcs,
which phosphorylates other proteins and activates the repair machinery(22,23). Previous data,
including ours, suggests physical interaction between WRN, Ku, and DNA-PKcs, implicating

WRN participation in NHEJ repair mechanism (24,25). While it has been shown that WRN has a
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role in NHEJ in the absence of a functional Fanconi Anemia pathway (26), there is no direct data

suggesting that WRN deficient cells have an NHEJ defect.

The requirement for WRN in the cell appears to be strongly driven by replication stress,
and it is important to understand how activity of WRN is modulated by recruitment of additional
biochemical factors to perform all of its activities. Cells harboring mutations in the WRN gene
display an increased rate of spontaneous sister chromatid exchange and other aberrations.

WRN protein has also been shown to play a role in recombination in vitro and in vivo
(7,26-29), and human cells deficient in WRN are hypersensitive to a number of chemical agents,
where the resolution of inflicted damage necessitates repair by homologous recombination (HR).
Cells that lack WRN are highly sensitive to DNA cross-linking drugs such as 8-methoxypsoralen
(30) and cis-Platinum (cis-Pt) (31), and DNA topoisomerase | inhibitor Camptothecin (32,33).
WRN deficiency also leads to sensitivity to the DNA damaging agent 4- nitroquinoline-1-oxide
(4NQO), which induces DNA lesions usually corrected by nucleotide excision repair (30),
although other NER damage classes appear unaffected by WRN loss.

Some research suggests that the WRN protein performs DNA repair when problems
occur at the replication fork, preventing the progression of replication (12,34,35). This may
occur when the helicase associates with a topoisomerase during DNA replication or
recombination. The topoisomerase protein transiently cuts the DNA at regular intervals as it is
unwound, allowing DNA to unwind smoothly without becoming tightly coiled at the end of the
strand. The helicase may associate with topoisomerase to correct mistakes which are made in this
cutting process allowing smooth progression of the replication fork, and ensuring efficient

recombination or replication (36).
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Section 2: Analysis of multi-protein complexes using Affinity Purification and

Mass Spectrometry (AP-MYS)

Analysis of proteins by Mass Spectrometry (MS)

Mass spectrometry (MS) is an analytical technique that measures mass to charge ratios
(m/z) of analyte molecules that can provide both qualitative and quantitative information on
molecular mass, the concentration of the analyte, elemental composition, and structure.
Development of soft ionization techniques, advancements in separation, increased power of mass
analyzers, and improved data interpretation tools have all enabled the extension of this powerful
technique to the analysis of proteins.

In 2002, the Nobel Prize in Chemistry was awarded for the development of methods for
identification and structure analyses of biological macromolecules”. Two of the awards were
given for development of electrospray ionization (ESI) (37) and matrix-assisted laser desorption
ionization (MALDI) (38,39). These two soft-ionization approaches truly opened up the realm of
analysis of large, fragile molecules by transferring them into gas phase, and enabled interfacing
between peptides or proteins in solution and powerful mass analyzers that help determine their

identity.

The combination of liquid chromatography and mass spectrometry (LC-MS) enables the
separation of complex mixtures with downstream analysis by MS, and is a technique that has

achieved unprecedented sensitivity and selectivity. Chromatographic separation can be
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performed on the protein level (40), peptide level following proteolytic digestion in one (41,42)

or two, chromatographic dimensions (43,44), or by a combination of the two approaches (45).
The typical approach used in our experiments is a “bottom-up” approach of digesting proteins
into peptides, separating them in one dimension by reversed-phase (RP) liquid chromatography,

and ionizing by ESI prior to introduction to the MS instrument. This scheme is summarized in

Figure 1.3.
extract digest into separate analyze by
protein peptides by LC and
ionize
pum— — B | | ot

Figure 1.3: Typical proteomic workflow.

Protein extracts are reduced, alkylated and digested with proteolytic enzyme such as Trypsin, and the peptides are
separated by liquid chromatography, typically by reversed phase. The eluates are ionized in line by ESI, and
introduced into the mass spectrometer for mass analysis.

Sample preparation, separation, introduction into the mass spectrometer, and subsequent
analysis all result in rich and extensive datasets. Development of the SEQUEST algorithm
revolutionized the interpretation of mass spectra by rapid assignment of peptide sequence via
correlation of experimental MS/MS patterns with a library of theoretical MS/MS spectral
patterns (46). This approach automated interpretation of hundreds of thousands of spectra
produced by MS instruments, and with ever-increasing scanning speed and richness of datasets

has become an invaluable tool in proteomics. All profiling MS data in our work was analyzed
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using SEQUEST.

Affinity Purification and Mass Spectrometry (AP-MS)

Understanding the composition of protein complexes surrounding a target protein of
interest (bait) is often an important part in describing its function. Changes in composition of the
interaction network in response to perturbations may reflect changes in the functional role of the
target protein. Affinity purification coupled to mass spectrometry (AP-MS) has become a
popular approach to isolate and analyze protein complexes. This technique is especially valuable
for determining functional roles of unknown proteins bound to proteins of known function (47).

Individual proteins can be isolated from complex mixtures by exploiting native epitopes
on endogenous proteins and using targeting immunoreagents (such as in antibody
immunoprecipitation). Another approach involves encoding affinity tag sequences to be
coexpressed along with coding genes of interest, and using reagents that selectively target the
affinity tag (48). The latter approach is generally cheaper, and allows to use a single affinity
approach to isolate and analyze multiple baits with the same tag, minimizing variability inherent
in antibody immunoprecipitation studies. In our study we use the epitope tag approach, and will
focus on AP-MS in context of tagged protein isolation.

In the course of our preliminary studies in isolation of WRN interacting proteins, we

tested three epitope tag systems as shown schematically in Figure 1.4 and summarized thereafter.
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Figure 1.4: Schematic representation of three types of affinity tags used in our studies, the N-terminal tandem

affinity purification (NTAP) tag, pGlue TAP tag, and a tetracycline-inducible Streptavidin and
Haemagglutinin (SH) tag.

NTAP-WRN. An early version of the tag encoded a Protein A domain, a Tobacco Etch Virus

(TEV) cleavage site, and a Calmodulin-Binding Protein (CBP). The selection of stable

transfectants is performed with antibiotic G418.

pGlue-WRN. Tandem affinity tag pGlue (49,50) contains Streptavidin-Binding Protein (SBP),

CBP, and the haemagglutinin (HA) epitope. This tag is smaller in size, tends to provide more

reliable binding and release due to superior properties of SBP, and allows selection of
transfectants with puromycin.

pSH-WRN (later referred to as SH-WRN). Tandem affinity tag SH (51) was constructed by

Gateway cloning, and contains streptavidin tag and HA epitope, both of which can be used for
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affinity purification. In our studies we used the streptavidin tag for isolation and HA tag for

immunodetection.

Briefly, the experimental setup of an AP-MS experiment involves harvesting biological
material, such as cells that express one of many available affinity tags, isolating the tagged
proteins and their interacting partners, enzymatically digesting the whole sample, and performing

mass spectrometric analysis. This protocol is outlined in Figure 1.5.
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Figure 1.5: The experimental workflow of AP-MS experiment.

Tagged protein (bait) is stably expressed in cells, and isolated from the lysate by affinity purification. The resulting
samples are analyzed by MS to identify components of the protein complex.

Based on extensive preliminary studies, all data reported in further chapters uses SH-
tagged Werner protein (SH-WRN) expressed at 2-10x physiologic levels in human cells and then
enriched by well- established methods for MS analysis (51-53). While many interaction studies
are conducted by using immobilized bait out of its normal cellular environment, the benefit of

the AP system is in its ability to capture protein interactions as they occur in specific cellular
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microenvironments, which may be dependent on modifications or small molecules. As a method,

AP results in production of a complex that is sufficiently clean from nonspecifically bound
species, while minimizing the loss of legitimate interactors through the use of mild washing
conditions.

Because a typical MS experiment will result in hundreds to thousands of protein
identifications, inclusion of proper control samples is critical. Side-by-side affinity purifications
of bait protein and identically tagged control proteins serve as ideal control experiments, and
computational tools such as SAINT (Significance Analysis of INTeractome) are based on this

experimental scheme (54).

Targeted Mass Spectrometry by Selected Reaction Monitoring (SRM)

Targeted MS and selected reaction monitoring (SRM), and it applications are described
in detail in Chapter 2. Briefly, selected reaction monitoring (SRM) mass spectrometry is an
approach to target specific peptides for mass analysis. In data-dependent acquisition (DDA)
peptide ions are introduced into the instrument, and the most abundant precursor ions are chosen
for MS2 fragmentation and sequencing from each scanned MS1 mass window, typically in the
m/z range of 400-1200. This approach is often referred to as “shotgun proteomics”, describing
the stochastic nature of identification. In SRM, a selected peptide is targeted by manipulating
instrument settings to choose species of defined m/z. This approach is highly sensitive, selective,
and reproducible. It is also highly quantitative, a feature that we exploit in our studies, further

described in Chapters 2 and 5.



Notes to Chapter 1

Figures 1.1, 1.2, 1.4 and 1.5 were generated with help from Alden Hackmann.
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Chapter 2 — Development of targeted methods to detect and quantify

relative protein abundance, and their successful application for

study of RNAIi-mediated Protein Depletion.

Section 1: Introduction

We describe the use of a targeted proteomics approach, Selected Reaction Monitoring
(SRM) mass spectrometry, to detect and assess RNAi-mediated depletion or ‘knockdown’ of
specific proteins from human cells and from Drosophila flies. This label-free approach does not
require any specific reagents to confirm the depletion of RNAI target protein(s) in unfractionated
cell or whole organism extracts. The protocol described here is general, can be developed rapidly
and can be multiplexed to detect and measure multiple proteins at once. Furthermore, the
methodology can be extended to any tandem mass spectrometer - making it widely accessible.
This methodology will be applicable to a wide range of basic science and clinical questions
where RNAI-mediated protein depletion needs to be verified, or where differences in relative
abundance of target proteins need to be rapidly assessed between samples.

RNA interference (RNAI) has established itself as a particularly powerful methodology
for large scale loss-of-function screens to identify genetic determinants of development, aging or
disease processes such as cancer. The genes, proteins and pathways identified by RNAI screens

can serve as an immediate focus for additional experiments to elucidate mechanisms of action or,
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in the case of disease, identify genes or proteins with the potential to serve as diagnostic or

therapeutic biomarkers or targets. Libraries of RNAI reagents, such as short hairpin (sh) and
short interfering (si) RNAs, are now available for many organisms to perform genome-scale
screens or more targeted analyses of specific families of proteins, such as kinases (55-59).
Several practical approaches have been developed to validate RNAI screens and identify
off-target and other confounding effects. These approaches include the use of multiple RNAI
reagents predicted to target the same gene, and organism-specific “scrambled sequence” or
nonspecific RNAI controls; RT-PCR or Western blot assays to demonstrate reduced expression
of the targeted RNA or protein; and biochemical or biological “rescue” by expressing an RNAI-
resistant target gene or cDNA (57,60). Direct verification of target protein depletion is desirable,
as protein — rather than mRNA — depletion is the goal of many RNAI experiments. Direct
analysis of protein abundance also allows researchers to account for the widely differing
biological half-lives of proteins that may affect the interpretation of RNAI screen results.
Despite the need for protein-based verification in RNAI experiments, high quality antibodies are
not available for most proteins even in well-studied organisms. Moreover, proteins of high
biological interest in any organism may be refractory to antibody development, and antibody-
based analytical methods such as Western blotting are difficult to multiplex to enable the
detection and quantitation of multiple proteins in single analyses. Mass spectrometry (MS) is a
versatile alternative to detect and measure the difference in abundance of individual peptides
from a digest of a protein mixture between conditions or states. Selected reaction monitoring
(SRM) mass spectrometry, which has historically been used for small molecule analyses and is

also well established for peptides absolute quantitation (61), represents a particularly promising
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approach to validate the depletion or “knockdown” of a protein by RNAI. Due to its sensitivity

and selectivity, SRM can detect specific target proteins, including low abundance proteins that
may be missed or proteins intrinsically difficult to detect by “shotgun” proteomic profiling
methods (62-65). Moreover, SRM can be applied to protein targets regardless of
immunogenicity, can be used to detect and quantify specific proteins or modifications over a
wide range of protein abundances with high accuracy (64,66), and can be multiplexed to detect
and quantify multiple protein targets in single experiments. Additionally, multiplexing may be
accomplished by implementing scheduling, where a larger number of transitions could be
monitored by breaking the chromatographic space into windows.

Here, we describe a general SRM-based methodology that can be used to detect low
abundance peptides that can be used as a proxy of a target protein and demonstrate the use of this
method to measure RNAi-mediated depletion of specific proteins from human cells and from the
fruit fly Drosophila melanogaster. We deliberately chose target proteins for these analyses that
represent analytical challenges. The multifunctional human tumor suppressor protein TP53 is
variably expressed and is modified across a wide range of residues by post-translational
modifications that include phosphorylation, acetylation, ubiquitination, sumoylation,
neddylation, methylation and glycosylation (67,68). Our two Drosophila target proteins, in
contrast, are short accessory gland seminal fluid proteins that are among >130 seminal fluid
proteins transferred from males to females during mating (69,70). Acp70A is a processed protein
that in mature form is a 36 residue lysine- and arginine-rich peptide (69,71). Acp53Cl4ais a
processed protein of 98 residues with no homology to known proteins, and for which there is no

good antibody. WRN protein is a low-abundance, DNA-binding protein that belongs to the RecQ
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family of helicases. Its loss causes Werner Syndrome, which is characterized by premature aging

and genomic instability (72). Previous analysis by quantitative immunoblots has shown that
lymphoblastoid cells lines and fibroblasts contain 6 x 104 WRN molecules per cell (73), and a
more recent report using SRM estimates WRN abundance at <5 x 102 copies per cell in U-2 OS
cells (74).

In this work we demonstrate the development of a common SRM protocol to detect and
identify differences in abundance for these four target proteins in the context of RNAi-mediated
depletion experiments in human cells or in whole flies. Our results show excellent agreement
between SRM and Western blot-based detection and quantitation methods where a direct
comparison was possible. Using different proteins as examples, we validate our peptide selection
by utilizing publically available NIST spectral library for verification of our chosen transitions,
using commercially available recombinant protein, and incorporating stable isotope labeled (SIL)

peptides in the analysis.

Section 2: Experimental

Cell Culture and Fly Rearing

The SV40-transformed human fibroblast cell lines GM639 and HEK-293T cell line were
obtained from the Coriell Institute Cell Repositories (Camden, NJ). Cells were grown in
Dulbecco-modified Eagle’s medium (MediaTech CellGro, Manassas, VA) containing 4500 mg/L
glucose and supplemented with 10% fetal bovine serum (Hyclone, Logan, UT), penicillin and

streptomycin sulfate (100 U/mL and 100 mg/mL, respectively; Invitrogen, Carlsbad, CA) in a
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humidified 37 °C, 7% incubator. Drosophila melanogaster RNAI lines were obtained from the

Vienna DrosophilaRNAI Center (VDRC; www.vdrc.at) (75). Flies were reared at 25 °C on

yeast-cornmeal-molasses medium.

siRNA-mediated Depletion of TP53

TP53 depletions were performed using two methods, and differentially treated cells were used as
indicated. Cells were initially transfected with a TP53-specific sSiRNA (Silencer Select s606) or
Silencer Negative Control #1 siRNA (Applied Biosystems, Foster City, CA). In brief, cells were
grown in 6-well plates (Nunc, Denmark) and transfected when 50% confluent with either 50 or
100 pmol of siRNA using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) according to the
manufacturer’s instructions. Transfection efficiency was consistently >90% as estimated from
the transfection of a Cy3-labeled control oligonucleotide of sequence 5'-Cy3-
CCTAAGGTTAAGTCGCCCTCGCTCTAGCGAGGGCGACTTAACCTTAGG-3' (Operon,
Valencia, CA) followed by fluorescence microscopy. Cells were harvested by addition of trypsin
40 h after transfection, and used for Western blot analysis and mass spectrometry as described in

following sections.

shRNA-mediated Depletion of TP53
Depletion of TP53 was additionally achieved by viral transduction of shp53 pLKO.1 puro
plasmid (plasmid 19119; Addgene) or pLKO.1 expressing a scrambled shRNA with no known

target sequence in the human genome (plasmid 1864, “scramble shRNA”; Addgene). The cells
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were grown under puromycin selection (1 pug/mL) for 48 h prior to collection. The reduced level

of protein was verified by Western blot.

Protein Depletion in Drosophila

The VDRC fly line #52425(21) contains a chromosome 111 P-element insertion from which an
inverted repeat (IR)-Acp70A is expressed under the control of the UAS promoter. To generate
RNA. flies, line #52425 males (genotype: w1118; +/+; UAS-IR-Acp70A/UAS-IR-Acp70A)
were crossed to virgin females harboring the GAL4 transcription factor gene under control of
aDrosophila tubulin promoter (genotype: w1118/w1118; +/+; tubulin-GAL4/TM3, Sbh). The
tubulin-GAL4 driver causes UAS-IR expression, resulting in RNAi-mediated knockdown of the
Acp70Atarget gene in all adult tissues (76). Knockdown males were identified by the lack of the
Sb marker; control males inherited and expressed the Sb marker. RNAi-mediated depletion of a
second transferred and readily identifiable accessory gland protein, Acp53C14a (70,77), was also
performed using the corresponding VDRC line for this gene, #44789, in crosses and sample

preparation in parallel with Acp70A flies.

shRNA-mediated Depletion of WRN

Depletion of WRN protein from human GM639-cc1 cells was previously described by Mao et al
(78). In brief, cells that stably express the lentiviral ShRNA plasmid were grown under
puromycin selection (1 pg/mL) for 48 h prior to collection. Decreased protein expression was

verified by Western blot. Controls included cells transduced with pLKO.1 vector DNA alone or
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with pLKO.1 expressing a scrambled shRNA with no known target sequence in the human

genome (plasmid 1864, “scramble shRNA”; Addgene).

Generation of Expression Constructs and Tetracycline-inducible Cell Lines

The tet-inducible expression vector for N-terminally SH-tagged human WRN, pFTSH-WRN
(originally named pcDNAS5/FRT/TO/SH/GW/WRN) was a gift from Dr. Alessandro Vindigni
(St. Louis University, MO, USA). It was constructed by Gateway cloning using human WRN
ORF in pDONR223 vector for LR recombination with Flp-In tet-inducible expression vector
pcDNAS/FRT/TO/SHIGW (51).

The Flp-In T-REx-293 cells (Invitrogen, NY, USA) containing genomic FRT sites and stably
expressing the tet repressor were maintained in DMEM (4.5 g/L glucose, 10% FBS, 2 mM L-
glutamine, 50 U/ml penicillin, 50 pg/mL streptomycin) containing 100 pg/mL zeocin and 15
ug/mL blasticidin. For generation of tet-inducible WRN expressing cell line, 1.5 x 106 Flp-In T-
REX-293 cells were seeded in 6-cm Petri dish in culture medium without zeocin for 16-24 h,
cotransfected with 1 ug of pFTSH-WRN and 2 pg of the Flp-recombinase expression vector
pOG44 (Invitrogen, NY) using calcium phosphate transfection. Two days after transfection, cells
were reseeded in a 10-cm Petri dish and selected in DMEM containing 100 ug/mL hygromycin
and 15 ug/mL blasticidin for 2 weeks, with medium change every 3—4 days. Pooled hygromycin-
resistant cells were treated with doxycycline, a tetracycline analog with a longer half-life, as
inducing agent at 1 ug/mL for at least 24 h and inducible expression of SH-tagged WRN was

assessed by Western blotting and IHC using anti-HA antibodies (Covance Inc., NJ, USA).
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Stable Isotope Labeled Peptides

Mass labeled peptides from TP53 sequence were purchased at AQUA QuantPro quality level
from Thermo Fisher Scientific (Thermo Fisher Scientific Production team, Ulm, Germany):
ALPNNTSSSPQP[Lys(13C6; 15N2)], 100.00% measured purity and
ELNEALEL[Lys(13C6;15N2)], 99.01% measured purity. Peptides were provided in solution of
5 pmol/uL, and serially diluted to generate the limit of quantitation and detection (LOQ/LOD)

curves.

SRM Methods Development

SRM methods development was done using the freely available Skyline software package
(skyline.maccosslab.org)(79). In brief, protein sequences were trypsin-digested in silico, and all
predicted y-ion fragments from y3 to yn-1 for peptides of 7-25 amino acids were used to
experimentally validate ion ratios and predicted retention times (80).Methods were exported
directly from Skyline to a ThermoFisher TSQ Quantum Ultra triple quadrupole (QqQ) mass
spectrometer to guide data acquisition. Step-by-step tutorials for method refinement can be found
on the Skyline Web site.

The reference sequence of human tumor protein 53 (TP53, p53; UniProt accession
numberP04637; Swiss Institute of Bioinformatics) was used to predict transitions as described
above. Two experimentally verified peptides, ALPNNTSSSPQPK (residues 307-319) at m/z
670.8 and ELNEALELK (residues 342-351) at m/z 529.8, were monitored together with two
internal control peptides derived from GAPDH (accession P04406): ISNASCTTNCLAPLAK

(residues 146-162, 5 fragments) at m/z 917.5 and VPTANVSVVDLTCR (residues 235-248, 6
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fragments) at m/z 765.9. Recombinant TP53 (BD Pharmingen, San Jose, CA) protein was used

during methods development to select peptides, identify the most useful transitions and confirm
predicted chromatographic retention times. The five most abundant transitions for each peptide
were selected for final data acquisition, and were monitored using an unscheduled protocol in
three analytical replicates. Additionally, the stable isotope-labeled form of each peptide was
purchased for validation and quantitation, as noted previously.

The mature Drosophila accessory gland seminal fluid protein Acp70A protein product is a 36
residue lysine- and arginine-rich peptide from which only the tryptic peptide LNLGPAWGGR
atm/z 520.8 could be readily detected (77). As a positive control we used the readily detected
semitryptic peptide KEDMLLGVSNFK, at m/z 690.8, derived from accessory gland protein
Acp62F (77). All y-ions, from y3 through yn-1 were monitored for selected peptides.

Two semitryptic peptides were used to monitor Acp53C14a in SRM analysis of strain #44798:
AISSELDHYLR at m/z 652.3 and SSELDHYLR at m/z 560.3. Both peptides were consistently
identified in previous experiments. Although the entire sequence of the m/z 560.3 peptide is
contained within the m/z 652.3 peptide, both peptides provided good confirmation of depletions
in which peptide KEDMLLGVSNFK, from control protein Acp62F, was used as an internal
control.

The reference sequence of human Werner protein (WRN; RecQ3; RecQL2; UniProt accession
number Q14191; Swiss Institute of Bioinformatics) was used to predict transitions as described
above. Three fully tryptic, experimentally verified peptides, CTETWSLNSLVK (residues 170-

181),m/z 719.3558, LLSAVDILGEK (residues 965-975), m/z 579.3424, and AAMLAPLLEVIK
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(residues 1208-1219), m/z 634.8860 were monitored concurrently with the GAPDH control

peptides referenced above.
Assigned peptides were cross-correlated to MS spectral libraries from the National Institute of

Standards and Technology (NIST) (81), downloaded from http://peptide.nist.gov.

MS Sample Preparation

Whole cell extracts from RNAi-depleted or control GM639 cells containing 500 pg of total
protein were diluted to 1 mL with ammonium bicarbonate buffer (50 mM, pH 8). Samples were
reduced by the addition of 10 pL of 500 mM dithiothreitol followed by incubation at 60 °C for
30 min, then alkylated by the addition of 15 uL. of 500 mM iodoacetamide at room temperature
for 30 min in the dark. The resulting protein samples were digested with trypsin (50 pg/sample;
Promega, Madison, WI) at 37 °C for 1 h. Trypsin digests were stopped by adding 10 pL of
formic acid (90%, J.T. Baker, Phillipsburg, NJ), cleared of insoluble debris by centrifugation at
14000 rpm for 10 min at 4 °C in a tabletop microcentrifuge (Eppendorf 5417R) and then run on
Oasis MCX mixed phase columns (Waters Corporation, Milford, MA) according to
manufacturer’s instructions in order to remove detergent. Samples were resuspended in 0.1%
formic acid in water and stored at —80 °C until analysis.

Drosophila extracts were prepared by homogenizing 5 whole RNAI depleted or control male
flies in 70 uL of 50 mM ammonium bicarbonate, then centrifuging for 5 min at 18000x% g to clear
insoluble debris. The protein content of supernatants containing soluble accessory gland proteins
(77) was quantified using a BCA assay (Pierce), and 40 pg aliquots were denatured, reduced,

alkylated and digested with trypsin as previously described (82).
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Liquid Chromatography

Fused silica capillary tubing (75 um i.d., Polymicro Technologies) was pulled to a 5 um tip, then
packed with 25 cm of Jupiter Proteo reversed-phase chromatography material (Phenomonex,
Torrance, CA). Nanoflow liquid chromatography was performed using an Eksigent nanoLC-1D
system (Dublin, CA). Samples were injected into a 5 puL loop using an autosampler, and washed
directly onto the column. Solvents A and B for gradient elutions were water/acetonitrile
(95%/5% v/v), and water/acetonitrile (20%/80% v/v), respectively. Both contained 0.1% formic
acid. In order to better separate GM639 lysates, solvent B was increased from 3% to 15%
acetonitrile over 8 min, followed by an increase to 35% over the subsequent 52 min; a step to
90% for 10 min; then a return to Solvent B at 3% for 20 min. The total gradient time was 90 min
at a flow rate of 350 nL/min. Drosophila peptides were eluted using a 60 min linear gradient of

5% to 25% solvent B.

Mass Spectrometry

Eluting peptides were ionized via electrospray with the emitter held at 2.4 kV using a home-built
ESI source, and directed into a Thermo Scientific TSQ Quantum Ultra triple quadrupole mass
spectrometer. Transitions developed in Skyline were used to monitor precursor-fragment ion
pairs defined previously. Resolution in Q1 and Q3 was 0.7 in all experiments. Skyline was used
to calculate peak areas by integrating total ion chromatograms. In order to normalize signal
intensity, total peak areas for individual peptides from each target protein were divided by total

peak areas for each internal control peptide. Differences in protein abundance were calculated by
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dividing the normalized peak areas of experimental samples by the analogous peak areas of

control samples in the same experiment.

Standard Curve Generation

Heavy peptides were added to a buffer solution of 50 mM ammonium bicarbonate (pH 7.5) at the
final concentration of 1 amol/uL, 10 amol/uL, 100 amol/uL, 1 fmol/uL, 10 fmol/uL, 100
fmol/uL, and 1 pmol/uL. Five microliters of each sample was injected onto column for the
analysis, and three analytical replicates were taken.

Heavy peptides of these concentrations were then added to the digest of whole cell lysate from
GM639-ccl cells, and analyzed as described above. Peak area values were extracted using

Skyline.

Western Blot Analyses

Whole cell extracts of GM639 and HEK-293T cells were prepared by resuspending cells in lysis
buffer (15 mM Tris pH 8, 15 mM NaCl, 60 mM KCI, 1 mM EDTA, 0.5 mM EGTA, 0.5 mM
spermidine, 0.5% NP-40 supplemented with Sigma protease inhibitor cocktail 1) followed by
incubation on ice for 30 min. Nucleic acids were digested by adding Benzonase nuclease (EMD
Biosciences, Darmstadt, Germany; 0.375 U/uL) and incubating for 15 min on ice, followed by
the addition of DNase | (Sigma-Aldrich, St. Louis, MO; 180 U/mL) and incubation at 37 °C for
15 min with periodic mixing. Protein concentrations of extracts were determined by Bradford
assay (Bio-Rad, Hercules, CA), and 50 ug aliquots were resolved by SDS-PAGE electrophoresis

(Invitrogen, Nu-PAGE) prior to transfer onto PVDF membrane (Bio-Rad, Richmond, CA). TP53



40
protein was detected using a mouse monoclonal anti-p53 primary antibody (AHO0112,

Invitrogen). Endogenous WRN protein was detected using a mouse monoclonal anti-WRN
primary antibody (W0393, Sigma), inducible tagged WRN was detected using a mouse
monoclonal anti-HA antibody (MMS-101P, Covance Inc., NJ, USA). GAPDH, an internal
control protein, was detected using a mouse monoclonal anti-GAPDH primary antibody
(MAB374, Millipore). Bound primary antibodies were detected using Alexa Fluor 647 donkey
antimouse polyclonal antibody (A-31571, Invitrogen), and quantified on an Alpha Innotech
FluorChemQ Imager (Alpha Innotech Corporation, San Leandro, CA).

Western blot analyses of Drosophila samples were performed using extracts from RNAI-
expressing and control males of line #52425. Triplicate samples from depleted and control flies
containing 40 pug of reduced protein were separated on 15% polyacryl-amide gels. One set of
replicates was stained with Coomassie blue to verify equal protein abundance in samples from
RNAI and control flies (data not shown). The second and third sets of replicates were Western
blotted to identify target proteins: one replicate was probed with a 1:2000 dilution of an anti-
Acp70A antibody (83), the other with a 1:4000 dilution of an anti-Acp62F antibody. Both
primary antibodies were generously provided by M. F. Wolfner (Cornell University). Bound
primary antibodies were detected and quantified by incubating membranes with a 1:10000
dilution of a goat antirabbit secondary antibody (Jackson ImmunoResearch) followed by

enhanced chemiluminescence detection (GE Healthcare).
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Section 3: Results

We developed a general SRM protocol (Figure 2.1) to detect and quantify RNAI-
mediated depletion of four target proteins: the human TP53 tumor suppressor protein, the human
Werner (WRN) protein, and the Drosophila accessory gland seminal fluid proteins Apc70A and
Apc53Cl4a. To improve measurement precision, we selected organism-specific internal controls
to account for sample preparation and sample loading differences. We used the human glycolytic
enzyme glucose-6-phosphate dehydrogenase (GAPDH), and the Drosophila accessory gland

protein Apc62F.
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(a) SRM protocol used to detect and quantify a specific target protein versus a control. (b) Experiment design of an

SRM experiment to detect and quantify depletion of a target protein in an RNAI experiment using cells or whole

organisms.
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SRM analysis of unfractionated cell extracts from a human fibroblast cell line GM639,

depleted of TP53 by transfecting a TP53-specific sSiRNA, revealed TP53 depletions ranging from
70 to 93% in independent experiments across several peptides. There was excellent agreement
between the extent of depletion derived by measuring peak area ratios from individual peptides

in SRM data (Figure 2.2), and the extent of depletion estimated by Western blot analysis (Figure

2.3).
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The chromatograms show sets of transitions for specific peptides derived from target protein TP53 (a) or loading
control GAPDH (b) in human cell RNAi depletion experiments. Samples were treated with a control RNAI or with
50 or 100 pmol of a TP53-specific sSiRNA prior to SRM analysis. Specific peptides detected and quantified from
TP53 were ALPNNTSSSPQPK and ELNEALELK, and from GAPDH VPTANVSVVDLTCR and
IISNASCTTNCLAPLAK. (c) TP53 depletion was quantified from individual peak area ratios determined for all
measured peptides and normalized against an internal standard GAPDH as described in Methods. Normalized
peptide intensities in depleted and control samples were used to estimate target protein depletion in the RNAI
experiment depicted in panels (a) and (b).

TP53 siRNA

TP53 -.- -
GAPDH — s s s

depletion (%) = 43 64

Figure 2.3: Western blot verification of TP53 depletion from human cells.

Cells were transfected with TP53-specific or control (C) siRNAs prior to preparing whole cell extracts. TP53 and
GAPDH were detected by Western blot analysis. Band intensities for TP53 versus GAPDH were normalized against
the blot background, then used to estimate percent TP53 depletion as a function of siRNA dose.

In addition to Western blot analysis, we purchased the recombinant protein and stable
isotope labeled peptide standards to corroborate our findings in TP53. We also determined the
limit of quantitation for each of the labeled peptides by isotope dilution curves, and provided ion

fragment ratio data for every measured peptide. These are presented in Figure 2.4 and show how
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individual ion fragments contribute to the total signal received from a given precursor. This

confirms that we specifically identify the peptides of interest using our method by comparing the
fragmentation patterns of our analyte in whole cell lysate to peptides from a recombinant protein.
Recombinant human TP53 protein was used to verify peptide elution times and confirm the
relative ratios of contributing fragments. The consistency in absolute and normalized ion ratios
for the TP53 and GAPDH tryptic peptides in independent siRNA depletion experiments are
illustrated in Figure 2.4. These results demonstrate the proportionally consistent contribution of
different fragments to the total peak area regardless of absolute peptide abundance in the given
sample and confirm that all measured transitions were derived from TP53 target peptides as

opposed to contaminants.
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Figure 2.4: Target protein-specific ion ratios are maintained in samples having different protein abundances.

Absolute (a) and normalized (b) ion ratios from TP53 peptide ALPNNSSSPQPK are shown for samples having
substantially different amounts of TP53 protein. The first three samples in each panel are unfractionated cell
extracts, whereas the final sample (right) in each panel consisted of purified recombinant human TP53 protein.
SiRNA key indicates transfection of cell samples with a control siRNA or with two different concentrations of TP53-
specific siRNA. Panels (c) and (d) show ion ratios for TP53 peptide ELNEALELK, (e) and (f) show ion ratios for
GAPDH peptide IISNASCTTNCLAPLAK, and (g) and (h) show ion ratios for GAPDH peptide
VPTANVSVVDLTCR. Note that because GAPDH peptides are not present in TP53, their signal is absent in the
recombinant TP53 digest.
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We also demonstrate a linear quantitative range for the spiked-in peptides over 6 orders
of magnitude (Supplementary Figure 1, Appendix A). Supplementary Figure 2, Appendix A,
shows that when added to a complex background of whole cell extract (WCE), the peptides show
a higher LOQ, but still maintain a similar pattern of ion fragments at lower spiked-in
concentrations, confirming detection. Importantly, as demonstrated in panels (a) and (h), the
endogenous level of the peptide is well within the quantitative range of 2 orders of magnitude.
Therefore, signal reduction by 99% would still fall within the LOQ.

All five proteins were trypsin-digested in silico using Skyline, a software tool for SRM
method development and data analysis (79). The resulting predicted tryptic peptides were sorted
to identify peptides of 7-25 residues that had a high likelihood of being detected by MS.
Detection of these peptides was then verified to identify the subset of peptides that gave strong
MS signal intensities. Specific transitions (i.e., sets of specific precursors and fragmentation
products) were then selected for each target peptide and verified to demonstrate that target and
control proteins could be reliably measured by MS in unfractionated cell extracts.

The reproducibility of SRM and Western blot quantitation were compared by performing
technical replicates for each sample and method. For SRM we used 6 technical replicates in
which 4 different peptides were analyzed and the relative signal intensities were compared.
Western blot analyses of TP53 protein using the same samples allowed us to assess the
reproducibility of TP53 depletion relative to a within-lane loading control (GAPDH,;

Supplementary Figure 3a, Appendix A). Both methods detected comparable levels of protein
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depletion, with SRM-based measures having the lower coefficient of variation (CV)

(Supplementary Figure 3b, Appendix A).

An independent set of TP53 depletions was performed to demonstrate that the depletion
levels could be verified using synthetic SIL peptides. The depletion was achieved by the
lentiviral ShRNA plasmid transduction, and cells were grown under puromycin selection (1
pug/mL) prior to analysis. The results indicate that knockdown was much higher, and estimated to
be approximately 90% by quantitation of fluorescent signal in Western blots (Supplementary
Figure 4, Appendix A) and by using SRM (Supplementary Figure 5, Appendix A). lon fragment
analysis for all peptides is presented in Supplementary Figure 6,Appendix A.

In this set of experiments, in addition to normalization to internal standard GAPDH, SIL
peptides were used as a verification of the level of depletion. Our results indicate that both
normalization measurements show high level of agreement within 10% for all measured
peptides.

Prior to addition of SIL peptides to the lysates, we determined the limit of detection
(LOD) and limit of quantitation (LOQ) for each peptide both in loading buffer and in WCE. The
data are presented in Supplementary Figures 1 and 2, Appendix A. Each measurement was
recorded on an absolute and logarithmic scale, and relative ion fragment contributions are also
presented. The acquired SIL peptide data guided our decision to load protein amounts that fell
well within our LOQ.

Human WRN protein has been previously shown to be a very low abundance protein in a
number of cell lines (73,74), and we successfully used it in this study. We employed a series of

cell preparations containing different relative amounts of WRN: a tetracycline-inducible Flp-In
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T-REXx-293 cell line with and without induction, and a GM639 fibroblast cell line that stably

expresses a nontargeting control shRNA and an anti-WRN shRNA (Supplementary Figure
7,Appendix A). We reliably show that we can identify peptides that are suitable for SRM, we can
verify identity of these peptides by comparing ion fragmentation to publically available NIST
peptide tandem mass spectral library, and we can quantify extent of knockdown even at low
signal intensity. Supplementary Figure 8, Appendix A, shows chromatographic traces extracted
directly from Skyline, demonstrating relative intensities of WRN peptides and control peptides
from GAPDH. Supplementary Figure 9, Appendix A, shows that not only do our selected
peptides match the library spectra within the dot product cut off of 0.9, but that with decreasing
signal intensity the overall pattern of ion fragment contribution is largely maintained.

In vivo RNAi-mediated protein depletions were performed in Drosophila by crossing flies
that contained target gene-specific UAS-IR RNAI cassettes under control of a tubulin-GAL4
driver. RNAI expression caused almost complete (>99%) knockdown of both targeted seminal
fluid accessory proteins as demonstrated by SRM analyses and, in the case of Acp70A where an
antibody was available, by Western blot analysis (Supplementary Figures 10-12, Appendix A).
Again, there was excellent concordance of depletion estimates of Acp70A by SRM and Western
blot analysis. The potential residual Acp53c14 protein shown in Supplementary Figure 12,
Appendix A, was shown to be an unrelated, coeluting peak that could be distinguished from
target fragments on the basis of ion fragment ratios. This illustrates the ability of SRM to
discriminate between coeluting target and contaminating proteins. For all analyses, relative ion

fragment ratios were determined. Absolute, log-transformed, and normalized ion ratios are
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reported for all measurements, and demonstrate that even at lower signal intensities the ratios are

preserved.

Section 4: Discussion

We have developed a general, targeted mass spectrometry approach based on selected
reaction monitoring (SRM) to detect and quantify specific target proteins in unfractionated
extracts from cells or whole organisms. The applicability of this method was demonstrated by
using SRM analysis to detect and assess the abundance of target protein depletion relative to
internal, organism-specific controls in cell-based and whole organism RNAi-mediated depletion
experiments. Where good antibodies existed for both target and control proteins, we
demonstrated excellent agreement between SRM and Western blot-based quantitation of target
protein depletion.

The SRM approach described here has several advantages when compared with antibody-
based protein detection or quantitation methods. SRM is a transparent detection protocol that
uses defined and experimentally validated precursor-fragment ion pairs for detection and
quantitation. Immunologic approaches, in contrast, may depend on antibodies whose epitope(s)
are often not known in any detail. Thus, an advantage of SRM for targeted peptide measurement
is that it provides unambiguous structural specificity of a target peptide. Additionally, precursor-
fragment ion pair transitions can be chosen to detect specific protein regions, isoforms or post-
translational modifications. For example, we show that SRM can be used to detect and measure

even very small proteins and peptides such as the 36-residue Apc70A protein that may be
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challenging targets for antibody development. Once a robust set of transitions are identified for a

specific protein, they can be applied immediately in subsequent experiments and combined with
additional target protein-specific transition sets to allow the simultaneous detection and
quantitation of multiple proteins within single experiments and samples. Dozens of different
proteins, represented by as many as a hundred or more specific transitions, can in principle be
detected in single experiments using a common protocol and reagents. In our multiplexed
scheme, using scheduling, we typically detect 8-10 proteins per run, with each injection of only
1-1.5 pg of protein onto the column.

In contrast to immunodetection-based methods such as Western blotting, information
about full-length proteins is lost in SRM analyses. This occurs because proteolytic digestion is
performed prior to MS analysis. However, as noted above, careful peptide selection and
verification can be used to compensate for this potential disadvantage and may be used to
distinguish between protein isoforms or post-translational modifications that are difficult or
impossible to detect by conventional immunologic methods. The protein quantitation performed
here by SRM is analogous to quantitation in antibody-based blotting in that it is relative to a
selected standard or “loading control”. This approach allows even small differences in protein
abundance to be detected and precisely measured. We demonstrate that there is no appreciable
difference when normalizing endogenous peptide signal intensities to other endogenous protein
chosen as a control, rather than SIL forms of each peptide. Thus, our analysis agrees with
Hoofnagle et al. (84), who had demonstrated that a single protein internal standard applied to all

proteins performed as well as multiple protein-specific peptide internal standards. Absolute
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quantitation can also be performed by SRM, as is the case with antibody-based detection, by

using known controls with appropriate calibration (85).

The general workflow outlined in Figure 2.1 should be applicable to a wide range of
proteins from diverse taxa. The instrumentation and software to enable large-scale SRM analyses
are readily available and becoming increasingly commonplace in protein mass spectrometry
laboratories. Thus, SRM methods based on genomic data should facilitate quantitative proteomic
analyses in well-characterized organisms where many good immunologic reagents are available,
as well as other organisms of high biological or medical interest where few or no protein or
immunologic resources exist. The validation of RNAi-mediated protein depletion will minimize

false negatives and assist in the curation and use of increasingly large RNAI reagent libraries.
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Chapter 3 — Affinity purification of Werner protein and its

interacting partners.

Section 1: Introduction

Although WRN activity has been implicated in several different mechanisms of DNA
repair (7,24,86), these mechanisms are based on specific in vitro phenotypes, and the subsequent
biochemical characterization has provided limited clarification and expansion on the specifics of
WRN activity. Furthermore, the number of processes that WRN protein is involved in suggests
that its functions are context-dependent, and altered by differential interaction with other
proteins. The number of putative interaction partners and the diverse functional roles assigned to
WRN suggest that WRN may exist in many different protein complexes. To date, a number of
WRN interaction partners have not been confirmed by a single comprehensive method, or even a
single type of analysis.

Our goal was to provide a detailed proteomic picture of the WRN protein interactome in
the context of human cell. Current entries for WRN in protein interaction databases were
assembled from data generated by several different groups on several types of instruments,
utilizing methods that are difficult to compare. We aimed to collect single-source MS data to
validate existing information and to potentially expand the current list of WRN interaction
partners. When considered in the context of the confirmed functions of identified interaction
partners, we anticipate that the association studies will help us link the loss of function of WRN

protein to the loss or gain of specific interactions, and more broadly, to specific molecular and
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cellular defects.

To elucidate the biochemical pathways involving WRN we characterized its interacting
proteins in normal cells and DNA damage states via AP-MS. In this chapter we focus on the
characterization studies of the epitope-tagged baits WRN and control protein LacZ. Bacterial
protein LacZ was fused to a nuclear localization sequence, and tagged identically to WRN. This
protein is not expected to have shared functional interactors with WRN, while being
comparatively large, and thus a good target for nonspecific interactions with abundant or sticky
proteins, making it an ideal control. The integration of this control sets our analysis apart from
similar studies because the common approach is to use the affinity tag as a control, and the tags
tend to localize to the cytoplasm, thus controlling for nonspecific interactions in the wrong
compartment. In this chapter we demonstrate protein induction patterns, validate proper protein

localization, and show results of isolation of these proteins from the complex cell lysates.

Section 2: Experimental

Generation of expression constructs and tetracycline-inducible cell lines.

Vector pIRESpuro-GLUE (pGlue) was a gift from the laboratory of Randall Moon (University of
Washington, HHMI, Department of Pharmacology), and was created by using the pIRES—puro
(Clontech, Mountain View, CA) backbone vector, and constructing the dual affinity tag using
PCR (50). The WRN ORF was obtained from a plasmid containing both the 1gG and calmodulin
binding domains. The ORF was excised using Notl and Ascl sites, and contains a myc-tag at the

N-terminus of the WRN gene.
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The tet-inducible expression vector for N-terminally SH-tagged human WRN, pFTSH-WRN

(originally named pcDNAS/FRT/TO/SH/GW/WRN), was a gift from Dr. Alessandro Vindigni
(St. Louis University, MO, USA). It was constructed by Gateway cloning using human WRN
ORF in pDONR223 vector for LR recombination with Flp-In tet-inducible expression vector
pcDNAS/FRT/TO/SH/GW ((51). Control vector pFTSH-nLacZ was constructed by replacing a
BsrGI fragment containing WRN ORF in pFTSH-WRN with a PCR generated BsrGI fragment
containing bacterial beta-galactosidase gene with N-terminally fused SV40 large-T antigen

nuclear localization sequence.

The Flp-In T-REx-293 cells (Invitrogen, NY, USA) containing genomic FRT sites and stably
expressing the tet repressor were maintained in DMEM culture medium (4.5 g/L glucose, 10%
FBS, 2mM L-glutamine, 50 U/ml penicillin, 50 pug/ml streptomycin) containing 100 pg/mi
zeocin and 15 pg/ml blasticidin. Tet-inducible WRN expressing cell line was generated. Briefly,
1.5x106 Flp-In T-REx-293 cells were seeded in 6-cm Petri dish in DMEM culture medium
without zeocin for 16-24 hours, and co-transfected with 1 pg of pFTSH-WRN and 2ug of the
FIp-recombinase expression vector pOG44 (Invitrogen, NY, USA) using calcium phosphate
transfection protocol (Kingston et al. Curr protoc Mol Biol 2003). Two days after transfection,
cells were reseeded in a 10-cm Petri dish and selected in DMEM containing 100 pg/ml
hygromycin and 15 pg/ml blasticidin, and maintained for 2 weeks, with a medium change every
3-4 days. Pooled hygromycin-resistant cells were treated with doxycycline, a tetracycline analog
with a longer half-life, as inducing agent at 1 pug/ml for at least 24 hours. Expression of SH-
tagged WRN was assessed by immune-blotting and IHC using anti-HA antibodies (Covance Inc.,

NJ, USA).
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Cell culture and drug treatment.

The Flp-In T-Rex-293 cells expressing either pFTSH-WRN or pFTSH-nLacZ were grown in
DMEM culture medium, in a humidified 37°C, 7% incubator.

Stock solution of Camptothecin (Sigma-Aldrich) was prepared at 10 pg/mL in DMSO, and
added directly to cell plates at the time of treatment. Volume equivalent of DMSO alone was

added in controls.

Protein expression and affinity purification.

Cells were grown as described in prior section, and induced using 1 pg/uL doxycycline 24 hours
prior to start of the experiment. Cells were lysed in lysis buffer (100mM Tris pH 8, 125 mM
NaCl, 2.5 mM MgCl, 0.5 mM Spermidine, 0.2% NP-40, supplemented with protease inhibitor
cocktail for mammalian cells (P8340, Sigma-Aldrich), and phosphatase inhibitor cocktail against
Ser/Thr phosphatases (P2850, Sigma-Aldrich) followed by incubating on ice for 30 min. Nucleic
acids were digested by adding Benzonase nuclease (EMD Biosciences, Darmstadt, Germany;
0.375 U/ul) followed by incubation for an additional 15 min on ice. Insoluble material was
removed by centrifugation at 14,000x g for 10 minutes at 4°C, and cleared lysates were loaded
into large spin columns (Thermo Scientific, Rockford, IL) containing 800 pL of packed Strep-
Tactin beads (IBA GmbH, Gottingen, Germany). Prior to addition, the beads were equilibrated
by washing 3 times with 4 bead volumes of lysis buffer, and spun briefly to allow the buffer to
flow through. After addition of lysate, binding was accomplished by gravity flow through the
column. Beads were washed three times with four volumes of lysis buffer, and eluted with 1 mL

of 2.5 mM desthiobiotin solution in lysis buffer.
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Western Blots.

Whole cell extracts were prepared as described in previous section. Protein concentration of
extracts was determined by Bradford assay (Bio-Rad, Hercules, CA), and aliquots of each
sample (70 ug total protein) were resolved by SDS-PAGE electrophoresis (Invitrogen, Nu-
PAGE) prior to transfer onto PVDF membrane (Bio-Rad, Richmond, CA, USA). Tagged protein
was visualized by incubation with an anti-HA (clone 16B12) mouse mAb (MMS-101P; Covance
Inc., NJ, USA). Nucleolin was used as a loading control, and was detected with an anti-Nucleolin
antibody (Life Technologies Corporation, Grand Island, NY). Additional analysis was performed
with anti-Phospho-ATM (Ser1981) Mouse mAb (4526S; Cell Signaling Technology, Danvers,
MA). Bound primary antibodies were detected using Alexa Fluor -conjugated secondary
antibodies (Life Technologies Corporation, Grand Island, NY) followed by fluorescence
detection. Band intensities were quantified using an Alpha Innotech FluorChem Imager (Alpha

Innotech Corporation, San Leandro, CA).

Immunofluorescence microscopy.

Cells of interest were grown to near confluency using uncoated multichamber slides (Millicell
EZ slides, EMD Millipore, Billerica, MA), and treated depending on the experiment, prior to
fixing. Briefly, the cells were fixed using 4% Paraformaldehyde in PBS for 25 minutes,
permeabilized with 0.1% Triton-X in PBS, and incubated using primary antibodies appropriate
for given experiments: anti-HA (Covance Inc., NJ, USA), anti-Phospho-H2AX (Ser139)
(Millipore, Tellecula, CA), and counter-stained using DAPI. Alexa Fluor conjugated secondary

antibodies were used for fluorescence detection (Life Technologies Corporation, Grand Island,
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NY). All washes were done in 1x PBS. Slides were visualized using Nikon Eclipse E600

microscope.

Immunohistochemistry.

Cells of interest were attached to uncoated glass slides by cytocentrifugation with Cytopro 7620
(Wescor Inc., Logan, UT). Cells were spun onto the slide at 3500 rpm for 3 minutes, fixed with
4% Paraformaldehyde in PBS for 25 minutes, and permeabilized with 0.1% Triton-X in PBS. All
procedures were conducted according to manufacturer’s instructions for the Vectastain ABC kit
(Vector Laboratories, Inc. Burlingame, CA). Samples were blocked for 1 hour in 10% horse
serum, corresponding to the secondary antibody for the assay, followed by 1 hour incubation in
anti-HA antibody (Covance Inc., NJ, USA) diluted in 10% horse serum. Slides were then
washed and incubated with biotinylated secondary antibody and the Vectastain ABC reagent.
Visualization was achieved after incubation in peroxidase substrate solution. All washes were

done in PBS, and rinses were done in water.

Biochemical analysis of WRN protein function.

Biochemical analysis was performed as described previously (73,87). Briefly, frozen cells (~10°;
wet vol 0.1 ml) were resuspended in 4 vol of ice-cold extraction buffer (20 mM Tris—HCI, pH
8.0, 0.5 M NaCl, 1 mM EDTA, 0.5 mM DTT, 0.5% NP-40, 25% glycerol, 0.2 mM PMSF and 10
pg/ml each of aprotinin, pepstatin and leupeptin), incubated, homogenized, and subjected to
immunoprecipitation. Either total WRN was precipitated by using WRN antiserum (as described
previously) or only epitope-tagged WRN was purified using an anti-HA antibody (Covance Inc.,

NJ, USA). The suspension was assayed immediately for helicase and exonuclease activity,
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detected by the displacement of a *?P-5'-labeled 20mer oligonucleotide from a 20mer/46mer

partial DNA duplex as previously described. This experiment were done by Ashwini Kamath.

Sucrose density gradient centrifugation.

7-47% buffered sucrose gradient was formed by preparing two solutions of sucrose of 7% and
47% Tris (pH 7.0), and layering to form a gradient (2 mL each, 7%, 17%, 27%, 37%, and 47%) .
A concentrated whole cell lysate was prepared as described previously, and was layered on top.
Centrifugation was performed at 35,000xg for 2 hours at 40°C, and 12 1- mL fractions were then
collected. Fractionated lysate was loaded on polyacrylamide gels and protein was detected using
silver staining for total protein in all fractions, and by Western blotting for detection of WRN

protein.

Section 3: Results

Proof-of-concept experiments and initial MS results.

The feasibility of our approach was initially assessed using affinity tags NTAP and
pGlue, as described in Chapter 1 and summarized in Figure 1.4. We tested both transient
transfection and stable cell lines, in background of cell lines HEK293T and HT1080. In both
cases, we showed that the fusion protein is generated, although HEK293T cells achieved a higher
rate of transfection, and protein expression was more consistent. In all cases, an empty vector
was also transfected into cells to be used as a control. The merit of this system over untransfected

cells as a negative control includes required exposure to selection agents (G418 or puromycin,
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depending on the epitope tag), and presence of tag in the cell to test cytotoxicity. However, a

superior negative control was used in further experiments, where a tagged protein with no known
overlap in interacting partners with WRN, was used. Transfected cells were exposed to the
selection agent puromycin and stable cell lines were successfully derived from HEK293T cells.
These lines have grown continuously, and have expressed a constant amount of the fusion
protein and tag alone in the controls.

Figure 3.1 shows the expression of endogenous and transfected WRN as visualized by an
anti-WRN antibody. The lysates were used to perform initial MS profiling experiments, and the

results in terms of a number of protein identifications, are summarized in Figure 3.2.
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Figure 3.1: HEK?293T cell line expressing tagged WRN was successfully established for proof-of-concept
experiments.

Expression has been confirmed by a timed series of experiments, and has proven to be consistent. As demonstrated
by clone 22-1A1, not all cultures maintained resistance to puromycin express pGlue-WRN. These cells have been
successfully maintained in culture while expressing tagged WRN for >180 days.



63

MS IDs/WRN as bait WRN interactors

, c-ABL
DSB repair excision repair APE1
BLM
DNA-PKcs
EXO1
FEN1
KU70/80
MRE11/RADS50
PARP1
PCNA
POLB
POLD
POLN
POT1
RAD51
RADS52

nuclear
\ / structure U
" TRF2

e WRNIP1

Figure 3.2: Proof-of-concept experiments using pGlue-WRN confirm a number of previously identified
WRN-interacting proteins. Here, detected interacting proteins are organized by primary biological function.

Identification of many of these interacting proteins supports that WRN contributes to
different aspects of genomic integrity. The presence of the 70/86 Ku heterodimer (Ku),
participating in the repair of double-strand breaks (DSBs), alleviates WRN exonuclease blockage
imposed by the oxidatively induced DNA lesions. It has been reported that Ku stimulates the
WRN exonuclease to bypass these lesions (88). Both Ku and WRN have been shown to localize
to telomeres. The G-rich regions of telomeres are particularly susceptible to oxidative damage
(89,90) and may contribute to accelerated telomere shortening. As short telomeres are related to
aging, the ability of Ku to stimulate the WRN exonuclease to bypass oxidative stress-induced

lesions is likely important during DNA repair events and further supports the essential role of
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WRN and Ku in the maintenance of genome stability.

Generation of SH-tagged WRN and control nLacZ, expression and localization

WRN cDNA was cloned into a commercially-available dual-specificity tag TRex

(Invitrogen). The tag encodes a streptavidin-binding peptide and Haemagglutinin epitope, both

of which can be used for affinity isolation. The HA epitope is particularly attractive for many

types of immunodetection, as excellent antibodies are commercially available (Covance Inc., NJ,

USA). This system was used to rapidly generate stable cell lines for WRN and control protein

nLacZ in isogenic HEK 293T background by applying Hygromycin and Blasticidin selection.

Expression of tagged protein was induced by addition of doxycycline, and desired experimental

treatments were applied prior to affinity pulldown and downstream analysis by MS (workflow

previously summarized in Figure 1.3).
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Figure 3.3: General overview of the tagging process, tag structure used in this experiment, and flowchart of

Affinity purification process.



Tagged protein expression and localization was assayed by immunodetection using the
HA epitope. Western blotting of SH-WRN induction time course (Figure 3.4) shows that the
highest level of overexpression is achieved at or around 24 hours post-addition of doxycycline.

While lower levels of overexpression may be desirable in some studies, we found that at other
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time points the level of overexpression was less consistent. The results of this analysis led us to

perform all our experiments 24 hours post-induction to maintain consistency.
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Figure 3.4: Expression of SH-tagged WRN over time.

Dynamics of induction and expression of SH-WRN are demonstrated over a time course of 10 days. Cells that are

not induced show expression of endogenous WRN, which runs a little lower than the more intense band after
induction. The optimal time of induction was determined to be between 16 and 24 hours, and 5-10 fold
overexpression was consistently achieved. All experiments were conducted 24 hours post-induction. Titrating
amount of doxycycline failed to fine-tune level of over-expression of SH-WRN, and we selected the lowest dose

that provided the most consistent results, 1 pg/mL (Weiliang Tang)



Immunohistochemistry and immunofluorescence were used to verify the correct

localization of tagged WRN and control protein nLacZ (Figure 3.5 and 3.6).

Immunohistochemistry results showed a more diffuse nuclear staining for SH-WRN, and

importantly, demonstrated that majority of the cells in the culture stably express the tagged
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protein. The uniform density of staining also suggests that the individual cells express SH-WRN

at approximately even level. Immunofluorescence analysis was performed on SH-WRN and SH-

nLacZ cells to compare patterns of localization. Anti-HA antibody shows that the tagged WRN

mostly localizes to nucleolar foci, and to a minor degree to the nucleoplasm. Majority of the

tagged nLacZ localizes to the nucleus, and minor cytoplasmic staining is also visible. The results

of this analysis demonstrate that SH-nLacZ localizes to the same subcellular compartment as

SH-WRN, and is therefore expected to be a suitable control.
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Figure 3.5: Immunohistochemistry verifies correct localization of tagged proteins.

Both, SH-WRN and SH-nLacZ localize to the nucleus (Weiliang Tang)
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Figure 3.6: Immunofluorescence study of localization of SH-WRN and SH-nLacZ.

Immunofluorescence demonstrates that WRN localizes to the nucleus in the distinct focal pattern, as described
previously, and approximately 35% of all cells showed staining at the time of analysis. SH-nLacZ localizes mostly
to the nucleus, but cytoplasmic staining is also visible. Expression of tagged allele is uniform in most cells.

Analysis of the two biochemical functions of WRN, as a helicase and an exonuclease showed
that both activities are intact in the tagged protein (Figure 3.7). Functionality of the tagged
protein was tested using an autoradiography approach, where immunoprecipitated proteins were
assayed by detection of displacement of a *P-5’- labeled 20mer oligonucleotide from a
20mer/46mer partial DNA duplex. If the helicase and the exonuclease domains are active,
distinct labeled products are detected. The negative control lane shows that the intact
heteroduplex runs as a larger product. The positive control lane shows creation of a helicase and
an exonuclease product. Both, immunoprecipitation of total (endogenous and tagged) WRN as
well as SH-WRN alone shows unwinding capacity. An additional product is generated due to

exonuclease activity, and is visible as a second band.
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Figure 3.7: Helicase/exonuclease biochemical assay.

Functionality of the tagged protein was tested using an autoradiography approach. An immunoprecipitated protein is

assayed by detection of displacement of a 32P-5’- labeled 20mer oligonucleotide from a 20mer/46mer partial DNA
duplex. If the helicase and the exonuclease domains are active, distinct labeled products are detected. The negative
control lanes with untransfected and SH-nLacZ expression show that the intact heteroduplex runs as a larger product.
The positive control lane shows creation of a helicase and an exonuclease product.

To assess the possibility of WRN forming a number of diverse protein interaction
complexes we separated whole cell extract by sucrose gradient, and immunoblotted each fraction
for WRN and some of its previously reported interacting partners (Figure 3.8). The results of the
Western blot clearly show that WRN is distributed across many of the 12 fractions, and co-
blotting for some of the interacting proteins demonstrates that they occur in distinct, not

necessarily overlapping fractions, as well.
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Figure 3.8: Schematic representation of sucrose gradient fractionation and its application to separate whole

cell extract containing SH-WRN.

Same lysis conditions were used as in our affinity pulldown protocol to maintain stable protein-protein interactions.
Hypothetical protein complex distribution by size is presented. Small complexes and individual proteins are likely to

be retained in the fractions of lowest sucrose concentration, while larger complexes are expected to have a higher

sedimentation rate. (B) Whole protein stain and Western blot were performed on a separated whole cell extract
containing SH-WRN. Blotting against bait, SH-WRN, and its known interaction partners DNA-PKcs, XRCC6
(Ku70), p53, and RPA shows varied distributions of all these proteins in their individual complexes. Whole protein
stain with SYPRO ruby shows that protein content is highest in fractions with lowest concentration of sucrose, and
that fractions with highest overall protein content are not always the same fractions containing the proteins we

detected by Western blot.
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Section 4: Discussion

We demonstrate successful generation of stable cells lines that express SH-tagged WRN
(SH-WRN) and SH-tagged, nuclear-localized control protein LacZ (SH-nLacZ). Predictable
expression of these proteins under a tet-inducible promoter, their consistent localization to
nucleus and nucleolus, and efficient isolation by our established AP protocol leads us to
conclude that we have successfully established an experimental platform for subsequent MS
experiments.

Isolation of proteins by AP can be performed as a single- or double-step enrichment, in
either native or denaturing conditions. Single-step protocol to maximizes recovery and has the
ability to retain even transient interactors. Double -step enrichments were performed to assess
their value as complementary analyses and to validate interactions, however the low recovery
and decreased reproducibility led us to make single-step AP the standard protocol.

Addition of chaotropes and denaturing agents while performing AP can lead to an
isolated bait devoid of any interacting proteins, or to largely purified complex where only the
most stable interactions persist. In our study we used very mild conditions to perform AP,
relying instead on downstream computational tools to help us identify proteins that are enriched

in bait-dependent fashion.
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Notes to Chapter 3

Figures 3.1, 3.2, 3.3, and 3.8 were generated or assembled with the help from Alden Hackmann.
Figures 3.4 and 3.5 were generated by Weiliang Tang.

Figure 3.7 was generated by Ashwini Kamath and Alden Hackmann.
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Chapter 4 — Proteomic profiling of WRN protein and changes in its

interactome in response to treatment with Topoisomerase | inhibitor

Camptothecin (CPT).

Section 1: Introduction

Aiming to understand how WRN protein does its work in the cell, and when is it that the
cell needs it, we conducted a series of experiments challenging cells with mutagenic compounds.
In response to DNA-damaging events cells undergo a multi-step process that includes sensing,
signaling, and repair (91-93). At each of these steps a cell is presented with a number of
choices, which can ultimately result in successful repair of a lesion and continued function, an
unsuccessful repair or bypass and abnormal function or oncogenesis, or death. While the
importance of WRN protein in resolution of stalled replication forks and in later stages of
recombinational repair has been previously appreciated, in our study we sought to characterize
the protein interaction networks of WRN at the early stages of DNA damage response and to
contrast them with the protein complexes that occur at steady, undamaged cell state.

It is known that WRN-deficient cells are specifically sensitive to a number of
chemotherapeutic agents (reviewed in more detail in Chapter 1), one of which is camptothecin
(CPT), a DNA topoisomerase | (TOP1) inhibitor. Our studies of cells exposed to this drug were
aimed at understanding the mechanisms cells employ to resolve the resulting damage, and how
WRN protein is involved in these mechanisms.

The mechanism of CPT is well understood, and its derivatives have been successfully



73
used in chemotherapy (94), making it excellent for our experiments. CPT targets nuclear

TOP1, and reversibly traps it on DNA. TOP1 is an essential and ubiquitous enzyme that helps
relieve the torsional strain on separated strands of double-stranded DNA by cutting a single
strand, relaxing negatively supercoiled DNA, and reannealing it. Complexing with CPT prevents
TOP1 from reannealing the DNA, leading to formation of single-strand breaks (SSBs) that can
be converted to double-strand breaks (DSBs) upon collision with the replication apparatus (95).
The DSBs generated by CPT are generally repaired by homologous recombination, although
alternative pathways involving tyrosyl-DNA-phosphodiesterase excision pathway and the fork-
regression pathway centered on the Bloom (BLM) helicase have also been described (94).

To describe the changes in WRN protein interactome in response to CPT we employed
the combination of affinity purification and mass spectrometry, as described previously. While
preparation of cells, enrichment of the bait protein, and generation of many replicates is a tedious
and labor-intensive process, it is commonly under-appreciated that large experiments produce
large amounts of data. And the complexity of data interpretation has inspired the development of
robust computational tools to analyze and compare data sets from large-scale proteomic studies
(48). In this chapter we describe the data analysis workflow that we developed to describe the
data from our profiling analysis of WRN and its interacting proteins, to organize this data by
gene ontology (GO) annotation, and to identify the categories enriched in treatment-dependent
manner by cross-referencing our observations to previous reports.

To explore the functional categories that may join the most significantly represented
proteins in our analysis, we used gene ontology (GO) analysis. Analysis of protein lists in
Supplementary Tables 1A and 1B (Appendix B) in isolation resulted in lists of significantly

represented functional categories. However, the relationship between categories in each list was
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not always clear. We made use of an existing GO explorer tool at the Yeast Resource Center

(YRC) (www.yeastrc.org), which shows individual GO categories in tree format, showing the
“parent” terms as well as the “daughter” terms. We expanded on this existing explorer and
developed a new tool, which we call CompGO, for either exploration of a single list in tabular or
tree format, or comparison of two lists.

We used publically available protein network analysis tools such as the BioGRID,
GeneGO, STRING, and BOND to further validate our MS findings, and make inferences about
the functional importance of newly discovered interacting proteins. These databases give us
information about involvement of proteins in known pathways, and we further investigated the
proposed interactions, as described in Chapter 5.

Profiling analysis such as provided by modern MS typically delivers a comprehensive list
of interacting proteins functions of which may be known. A suggestion of the function of the
entire complex may be inferred. Results of the profiling experiments can generally be split into
three descriptive categories:

1) Known knowns. These interacting proteins are those that have previously been

reported to interact with bait. Presence of these proteins works as an internal control and

a validation of the method. The importance of this finding is less novel, but exhaustive.

Additional information is gained by measures of abundance and contingency on damage.

2) Unknown knowns. This is a group of proteins that have known functions but have not

previously been linked to the bait. This group has the highest immediate importance,

especially if a functional link can be established and tested. Identification of such
interacting partners can be followed with studies of exact mode of interaction, cross-

linking, and shared kinase regulation.
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3) Unknown unknowns. These are proteins with unknown or uncertain function and

no known link to repair or senescence. Validation may require more in-depth study to

prove association and development of new assays. Identification of an interacting partner

can have a number of immediate lead-outs, depending on potential functional
significance.

Traditional methods of experimental follow-up include validation of interaction by
orthogonal methods such as Western blotting, immunofluorescence, or targeted MS. Functional
validation may include reciprocal AP to test for concordant enrichment of shared interacting
proteins, knockdown of potential interacting proteins and phenotyping, or targeted disruption of

the proposed interaction.

HOOC,

Figure 4.1: General schematic showing some ways of confirming physical protein interactions: by reciprocal
purification, knockdown, or interference with interaction by inhibitory small molecules or disruption of
protein interaction sequence..
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Section 2: Experimental

Cell culture and drug treatment.

The Flp-In T-Rex-293 cells expressing either pFTSH-WRN or pFTSH-nLacZ were grown in
Dulbecco-modified Eagle’s medium (MediaTech CellGro, Manassas, VA), containing 4.5 g/L
glucose and supplemented with 10% FBS (Hyclone, Logan, UT), penicillin and streptomycin
sulfate (100 U/ml and 100 mg/ml, respectively; Invitrogen, Carlsbad, CA). Cells were grown in a
humidified 37°C, 7% incubator. Stock solution of Camptothecin (Sigma-Aldrich) was prepared
at 10 pg/mL in DMSO, and added directly to cell plates at the time of treatment. Volume

equivalent of DMSO alone was added in controls.

LIVE/DEAD Assay.

Short-term toxicity and death was assayed using LIVE/DEAD® ViabilityCytotoxicity Kit (Life
Technologies Corporation, Grand Island, NY) in combination with fluorescent microscopy
according to manufacturer’s instructions. Cells were treated with 16 uM CPT or volume
equivalent of DMSO for 1 hour before assay. Negative control was not treated, and positive
control cells were treated with 0.1% and 0.5% bleach solution for 5 minutes prior to analysis.

Concentration of bleach >0.5% were found to result in complete and immediate Killing.

MS Sample preparation.
Full aliquots of the eluate were diluted to 1 mL total volume with Ammonium Bicarbonate
buffer (50 mM, pH 8). Samples were reduced by the addition of 10 L of 500 mM dithiothreitol

followed by incubation at 60°C for 30 min, then alkylated by the addition of 15 xL of 500 mM
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iodoacetamide followed by incubation at room temperature for 30 min in the dark. The

resulting protein samples were then digested into peptides by the addition of trypsin (20
ug/sample; Promega, Madison, WI) and incubation at 37°C for 1 h with agitation. Trypsin
digestion was stopped by the addition of 10 xL formic acid, and samples were cleared of
insoluble debris by centrifugation at 14,000 rpm for 10 min at 4°C in a tabletop microcentrifuge
(Eppendorf 5417R). Detergent was removed from the supernatant by solid phase extraction on
Oasis MCX mixed phase columns (Waters Corporation, Milford, MA) according to
manufacturer’s instructions. The resulting samples were resuspended in 0.1% formic acid in

water and stored at -80°C until analysis.

Data Acquisition via LC-MS/MS.

Fused silica capillary tubing (75 um i.d., Polymicro Technologies) was pulled to a tip of 5 um at
one end, then packed with 25 cm of Jupiter Proteo C12 reversed-phase chromatography material
(Phenomonex, Torrance, CA). Nanoflow liquid chromatography was performed using an Agilent
1100 LC system. Samples were injected into a 5 L loop using an autosampler, and washed onto
a trap prior to elution onto the column. Solvents A and B for gradient elutions were
water/acetonitrile (95%/5% v/v), and water/acetonitrile (20%/80% v/v), respectively. Both
contained 0.1% formic acid. Solvent B was held at 3% for 10 min, then increased to 35% over
the subsequent 50 min prior to a step to 90% for 10 min before returning to Solvent B at 3% for
20 min. The total gradient time was 90 min at a flow rate of 350 nL/min.

Eluting peptides were ionized via electrospray with the emitter held at 2.4 kV using an ESI
source, and directed into a Thermo Scientific LTQ-Velos Linear lon Trap mass spectrometer.

Each precursor scan covered 400-1400 m/z range and was followed by 10 DDA scans. Dynamic
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exclusion was used with a list size of 100 and a duration of 120 s. A normalized collision

energy (CE) of 35 was used. A commercial digest consisting of six bovine proteins (Bruker
Michrom, Auburn, CA) was run every five injections and was used to evaluate chromatographic

peak shape, retention time reproducibility, and peak intensity.

Protein Identification and SAINT analysis.

Following LC-MS/MS analysis, .RAW data files were converted into compressed MS2 format,
MS/MS spectra were searched by SEQUEST (version 27) (46) against a human IPI database
(human-ipi-250309-contam.fasta) with semi-tryptic specificity, a static modification of 57.021
on Cysteine residues, and a variable modification of 15.995 on Methionine residues. Peptide
spectrum match false discovery rates were determined by the Percolator algorithm (96) with a
threshold of 0.01. Parsimonious protein inference was determined using the IDPicker algorithm
(97). The results were loaded into our in-house data storage and viewing platform, MSDaPI (98).

Data is publically available on PRIDE at http://www.ebi.ac.uk/pride (99).

Scoring of specific interacting proteins for SH-WRN in comparison to SH-nLacZ was performed
using the statistical tool SAINT (Significance Analysis of INTeracome). For each bait AP,
SAINT converted spectral counts corresponding to each prey protein identified, into the
probability of true interaction between the two proteins (54,100). SAINT normalizes spectral
counts to the length of the proteins and to the total number of spectra in the purification, and can
calculate a probability of an interaction even for highly abundant or commonly detected proteins,

based on quantitative enrichment (101).


http://www.ebi.ac.uk/pride
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For each bait and treatment condition, three biological replicates were used, and for each

sample 2-3 analytical replicates were performed. Samples for each biological replicate were
processed in parallel. Files initially searched with SEQUEST were converted to pep.xml and
prot.xml files for direct importing into SAINT. SAINT analysis was performed in pairwise
fashion between samples of the same treatment. Anti-SH-WRN was selected as an experimental
sample, and anti-SH-nLacZ +DMSQO AP - the control, in +DMSO and +CPT treatments. SAINT
calculated an enrichment score for each identified protein, and a cutoff of 0.9 was selected. Data

was exported directly from SAINT and used for further analysis.

Using CRAPome.

CRAPome (102) is a public repository of proteins that are commonly detected in AP-MS
experiments. The repository was constructed by aggregating results of multiple negative controls
in AP-MS experiments. We cross-referenced all proteins identified in our analysis with high
confidence (SAINT score >0.9, 5+ Spectral Counts) with CRAPome database, and report the

score in Results.

Development of Gene Ontology Comparison Tree Viewer CompGO.

We expanded on the current implementation of the Gene Ontology term explorer at the Yeast

Resource Center (http://www.yeastrc.org/pdr/pages/go/goTermSearchForm.jsp) (103), and
developed a GO term Comparison viewer, called CompGO for analysis of significantly

represented GO categories in one or two samples, and can be found at

http://www.yeastrc.org/compgo/. (*temporarily at http://yrc-apollo.no-

ip.biz:8080/va/pages/goAnalysisForm.jsp)



http://www.yeastrc.org/pdr/pages/go/goTermSearchForm.jsp
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CompGO p-value Calculation. A p-value representing the statistical significance of the

representation of a Gene Ontology (GO) term in a set of proteins was calculated using the

hypergeometric distribution using the following formula:

ey ) (2=
(&)

Where A = total number of proteins submitted that have GO annotations, B = the total

number of proteins annotated with the given GO term (or any of its descendants), | (intersection
of A and B) = the total number of submitted proteins annotated with the given GO term (or any
of its descendants), and T = the total number of annotated proteins. Note: only UniProtKB GO
annotations of human proteins were used in the calculation.

Then, the p-value describing the chance of having an intersection of size | or larger by
chance may be computed as:

min(A,B)
P-value = 2 P(I) , where min ( A,B) is the minimum of values A and B.

CompGO Graph Assembly and Filtering. A p-value was calculated for every GO term
represented in the protein set and for all ancestor terms up to the root term. The result is a
complete directed acyclic graph (DAG) that represents a subset of the whole GO DAG where
every term has an associated p-value. This DAG was then filtered by removing all terms with no
children with an associated p-value >= some p-value cutoff. The resulting DAG was then filtered
using the same method, and this process repeated until no childless terms remained with a p-

value >= the cutoff. The final result is a filtered subset of the GO DAG that contains no leaf
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nodes with a p-value greater than the cutoff, but where a given term is guaranteed to have all

of its ancestor terms, even if those terms have a p-value greater than the cutoff. Having the
ancestor terms present is critical to visualization as they provide context for interpreting the

results.

CompGO Visualization Application. An application was developed for visualizing and
reporting the resulting GO DAG, and for comparing and contrasting the GO DAG resulting from
two separate protein sets. The application was developed as a web application using the Java,
HTML, and Javascript; built utilizing the Struts web application framework and runs on the
Apache Tomcat servlet container. All data is stored in an instance of the MySQL relational

database management system (RDBMS). The application, dubbed “CompGQO” is available for

public use at http://www.yeastrc.org/compgo/.

Visualization is accomplished by generating a graphical representation of the GO DAG, where
each node represents a GO term and each node is color-coded according to its calculated p-value.
The nodes are labeled and color-coded according to p-value. If found in the first set (or if only a
single set is submitted), they are colored by shades of red where darker red indicates more
significant p-values. If found only in the second set, they are colored by shades of blue. If found
in both sets, the coloring is inversed (dark background, white text) to clearly distinguish the
terms from terms only found in one set or the other. In this case, the contribution of red and blue
intensities is linked to the p-values from their respective sets. The result is that terms that are
redder or bluer, depending on which set has the more significant p-value. In the case of

somewhat equal p-values, the terms will be some shade of magenta (red combined with blue).


http://www.yeastrc.org/compgo/
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Data Analysis by CompGO.

SAINT results with score >0.9 were considered for analysis by Gene Ontology. IPI identifiers
were converted to UniProt accessions, and imported directly into CompGO for comparative
analysis. Maximum p-value of 10E-2 was selected as a significance cutoff for analysis by
Cellular Component, and p-value of 10E-5 was selected as a significance cutoff by Biological
Process. Graphical representation of results was exported directly from CompGO. Results in
tabular format were subsequently used to identify proteins that supported assignment of a

specific GO category were exported in tabular format to identify

Design of Protein interaction Networks.

Proteins identifications in support of every assigned GO category were extracted directly from
CompGO and imported into STRING (104). Known interactions were mapped with the highest
confidence score of 0.900 to allow only interactions substantiated by direct biochemical evidence
to be displayed. The network was then expanded to display known interacting proteins that may
act as connecting physical links, and to provide direction for validation studies. Resulting protein
networks were exported and redrawn in Corel Draw for figures. Summary figure for WRN

protein interaction networks as grouped by function was drawn in Microsoft Publisher.
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Section 3: Results

Treatment with CPT

We performed extensive characterization of protein expression, localization, short-term cell
toxicity when treated with CPT. DDR activation is shown by a rapid and robust phosphorylation
of ATM, one of the earliest markers of DDR (Figure 4.1). This experiment guided our decision
to select the treatment dose. We then tested the formation of y-H2AX foci, a signature of DDR
whereby histone H2AX is phosphorylated at Ser139. The result of the immunofluorescence
analysis shows the characteristic staining of the phosphorylated histone (Figure 4.2).

The re-localization of WRN protein from primarily nucleolar location to the nucleoplasm
was previously reported (105,106), and we tested for this response with our experimental
treatment conditions after 1 hour at 16 UM CPT. The result shows that SH-WRN leaves nucleoli
after treatment (Figure 4.3).

To determine whether the treatment caused acute toxicity or caused an increase of cell
death, we used the LIVE/DEAD assay, which uses dual staining of the cells (Figure 4.4). The
membrane-permeable dye stains all cells, which are shown on the immunofluorescence image in
green. The cell-impermeable dye can only stain if the membrane is compromised, such as in cell
death, and the cell appears as red on the image. The results indicate that neither CPT, nor control
treatment solution of DMSO, nor induction agent doxycycline cause an increase of background
level of dead cells. As a positive control we demonstrate the use of two solutions of common

bleach, 0.1% and 0.5% for 5 minutes, and the massive cell death is immediately visible.
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Figure 4.2: Demonstration of induction of damage-dependent response by WB: PO4-ATM.
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Induction of DNA damage response was detected by Western blot against phosphorylated ATM. Range of CPT used

for analysis: 8, 16, and 32 uM. Volume equivalent of DMSO was used in paired controls. Results indicate that a

specific and robust response by pATM was achieved.

Figure 4.3: Induction of damage-dependent response by IF: y-H2AX staining in S-phase cells.

This analysis has allowed us to determine that 1 hour treatment with 16 uM CPT is sufficient to induce focus

Volume equiva
DMSO, 1hr

anti-HA

Overlay
with DAPI

lent 16 uM CPT, 1 hr

formation. We delineated the conditions for the study to help us determine the role of WRN in immediate response

to damage.
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Figure 4.4: Relocalization of WRN from nucleoli to nucleoplasm after CPT treatment

Negative controls Positive controls Experimental teatment
Volume equivalent
No treatment, dox- 0.1% bleach, 5 min d

DMSO, 1hr

No treatment, dox+ 0.5% bleach, 5 min 16 uM CPT, 1 hr

Figure 4.5: Acute toxicity analysis using Live/Dead stain to demonstrate that our selected dose and timepoint
of treatment do not cause massive cell death.

SH-WRN and SH-nLacZ cells were seeded into 12-well plates for the analysis, and three fields were imaged per
sample. Representative fields are shown. No difference was detected between different cell lines without treatment,
and no difference in cell death was detected between dox+ and dox- cells. Experimental conditions were tested to
determine whether drug treatment or negative control treatment by DMSO would cause cell death or elicit a
nonspecific response. Treatments were as follows: 16 uM CPT for 1 hr, DMSO (16 uM volume equivalent, 0.16%
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by volume) for 1 hr. Results show that addition of DMSO or CPT does not cause cell death as compared to
untreated control. Doxycycline does not cause cell death after 24 hr treatment prior to analysis, and does not affect
cell survival after treatment with CPT or DMSO. Bleach is an adequate positive control if cells are treated with it for
5 minutes.

Identification of WRN-interacting proteins and data analysis

The scheme in Figure 4.5 shows that once isolated, the protein complex containing the
bait protein (SH-WRN or control SH-nLacZ) and its bound milieu is subjected to standard
proteomic preparation (as described in Figure 1.3). We analyzed the results of the profiling MS
analysis using SAINT, which identified subsets of all protein identifications that were enriched
in bait- and treatment-specific manner. These results between two sets of proteins enriched by
treatment were then compared by Gene Ontology annotations using our new program CompGO,

and verified against known protein-protein interactions using STRING.
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Figure 4.6: Isolation of the protein complex and subsequent steps of protein identification and data mining.

Enrichment and recovery of bait proteins, SH-WRN and SH-nLacZ was assessed. The
level of expression of SH-WRN was consistently higher than that of SH-nLacZ, but relative
levels of protein within cell line did not change whether the cell was treated with CPT or
control DMSO (Figure 4.6). The results also demonstrate that the recovery of baits did not

change depending on treatment. The total protein stain by SYPRO ruby shows that many bands
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are present in the eluted samples, and the abundance of bands is approximately equal in all

four lanes. This indicates an intermediate level of enrichment. In our analysis, the selection of a
proper control protein that localizes to the same compartment, as well as using stringent criteria
for enrichment, was crucial to maintain a high level of sensitivity and specificity in downstream

protein identification. This is further reviewed in the Discussion section.

Tag: nlLacZ WRN nlacZ WRN nlLacZ WRN
T - +—-+ -+ -+ -+ -+
s - WS = <+— SH-WRN
S <+— SH-nlLacZ
— &
-
SYPRO Ruby - a-HA, WB
] L J L J
WCE Eluate WCE Eluate

Figure 4.7: Western blot and total protein (SYPRO ruby-stained polyacrylamide gel) stain demonstrating
recovery and enrichment of bait.

We demonstrate that relative protein expression and recovery are not dependent on drug treatment. Bait recovery
was estimated to be 60-90% based on load/eluate proportion.})

MS data was analyzed by SAINT in pairwise manner, where proteins identified in anti-
SH-nLacZ +DMSO AP were identified as controls for anti-SH-WRN +DMSO AP, and
analogously for the pair treated with CPT.

Table 4.1 is a referenced summary of proteins that were previously shown to interact with WRN.

This table demonstrates the breadth of different interactions that have been determined for WRN,
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based on methods such as affinity purifications and immunoprecipitations, co-localization

studies, yeast two-hybrid (Y2H), reconstituted complex assay, MS profiling studies, and in vitro

assays. We indicate the overlap with our findings, provide supporting SAINT score and spectral

counts, and identify proteins that were further analyzed by SRM, as discussed further in Chapter

5.
SAINT
. WRN vs nLacZ wrn-WRN vs
protein -
name description (+DMSO) nLacZ (+CPT) SRM
SAINT sc SAINT sc Ref.
score score
ABL c-Ableson tyrosine kinase (107,108)
ATR Serine-protein kinase
109-112
ATM-related ( )
ATRX alpha thalassemia/mental
retardation syndrome X- (109)
linked
ATM Serine-protein kinase ATM (110)
BAT1 Spliceosome RNA helicase
(1112)
BAT1
BLM Bloom syndrome protein 0 1 X (111,113,114)
BRCA1 Breast Cancer (27)
susceptibility Region 1
Clorf77 CHTOP chromatin target of (111)
PRMT1
CCT2 Chaperonin Containing
TCP1, Subunit 2 0 126 0.008 109 (1112)
CCT3 Chaperonin Containing
TCP1, Subunit 3 (111)
CCT8 Chaperonin Containing
TCP1, Subunit 8 0.392 104 1 98 (1112)
CDC5L CDCS5 cell division cycle 5-
like (S. pombe) 0.674 6 0 5 (115)
CDKN2A Cyclin-dependent kinase
inhibitor 2A (p14ARF) 0 110554 3 (116)
CHD1 Chromodomain Helicase
DNA Binding Protein 1 (112)
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SAINT
. WRN vs nLacZ wrn-WRN vs
protein -
hame description (+DMSO) nLacZ (+CPT) SRM
SAINT sc SAINT sc Ref.
score score
CHD4 Chromodomain Helicase
DNA Binding Protein 4 0.958 | 40 0 28 X (111)
CHAF1A Chromatin assembly factor
1 subunit A X (117,118)
DDX1 ATP-dependent RNA
helicase DDX1 0 107 0 104 (111)
DDX17 Probable ATP-dependent
RNA helicase DDX17 0 60 0 64 (111,119)
DDX3X ATP-dependent RNA
helicase DDX3X 0 204 (111)
DDX5 Probable ATP-dependent
RNA helicase DDX5 0 76 0 /1 (111)
DDX21 DDX21 DEAD (Asp-Glu-Ala-
Asp) box helicase 21 0.926 37 0.25 18 (111)
DHX9 RNA helicase A 0 300 0 299 (120,121)
EIF4A3 Eukaryotic initiation factor 0 9 0 7 (111)
4A-11
ELAV1 ELAV Like RNA Binding
. (111)
Protein 1
EMD Emerin 0 13 0 10 (111)
EXO1 Exonuclease 1 (122)
FEN1 Flap structure-specific (119,123-
endonuclease 1 0.114 4 0.692 11 X 125,125,126)
FYTTD1 Forty-Two-Three Domain
Containing 1 (112)
GISs1 JmjC domain-containing
histone demethylase and (127)
transcription factor
H2AFX Histone H2AX
0.906 17 X (128,129)
HERC2 Probable E3 ubiquitin-
. . 111
protein ligase HERC2 0.588 4 0.386 2 (111)
HIST1H1E Histone Cluster 1, Hle
0.086 4 0.764 6 (111)
HIST1H2AB | Histone Cluster 1, H2ab (1112)
HIST1H2BK | Histone Cluster 1, H2bk (111)
HIST1H4A | Histone Cluster 1, H4a
(111)
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SAINT
. WRN vs nLacZ wrn-WRN vs
protein -
hame description (+DMSO) nLacZ (+CPT) SRM
SAINT sc SAINT sc Ref.
score score
HNRNPA2 | Heterogeneous Nuclear
B1 Ribonucleoprotein A2/B1 0.998 614 0 365 (111)
HNRNPM Heterogeneous Nuclear
Ribonucleoprotein M 0 300 0 314 (111)
HNRNPU Heterogeneous Nuclear
Ribonucleoprotein U
111
(Scaffold Attachment 0 434 0 >14 (112)
Factor
HNRNPUL2 | Heterogeneous Nuclear
Ribonucleoprotein U-Like 0 236 0 242 (111)
2
HSPAS Heat Shock 70kDa Protein
5 0 172 0 156 (111)
ILF2 Interleukin Enhancer
Binding Factor 2 0 179 0 194 (112)
LIG1 Ligase |, DNA, ATP-
dependent 0.386 2 X (130)
LIG3 Ligase Ill, DNA, ATP- 0.748 7 0.248 5 (111)
Dependent
LMNA Lamin A/C 0.312 15 0.01 11 (111)
MDC1 Medlato.r Of DNA-Damage 0 4 0.864 5 « (131)
Checkpoint 1
MRE11 MRN complex member
MRE11 0 40 0 45 X (132,133)
MSH2 DNA mismatch repair
protein MSH2 0.188 2 0.916 5 (111)
MSH3 DNA mismatch repair
111
protein MSH3 0 ! (111)
NBS1 Nibrin, MRN complex 0 1 0.454 3 (128,134)
member
NEIL1 DNA glycosylase (135)
(endonuclease VllI-like 1)
NOP2 Proliferating-Cell Nucleolar
Antigen P120 0.606 3 (111)
NPM1 Nucleophosmin 0 64 0 63 (111)
NSD1 nuclear receptor binding
SET domain protein 1 (111)
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SAINT
. WRN vs nLacZ wrn-WRN vs
protein -
hame description (+DMSO) nLacZ (+CPT) SRM
SAINT sc SAINT sc Ref.
score score
PARP-1 Poly (ADP-ribose)
polymerase-1 0 329 0 318 X (119,136-138)
PCNA Proliferating cell nuclear (111,134,139-
antigen 0 31 0.606 33 X 142)
PELP1 Proline, Glutamate And
Leucine Rich Protein 1 0 8 0.056 15 (111)
PHB Prohibitin 0.01 2 1 35 (111)
PML trlparjclte motif-containing 0 1 0.448 4 (143)
protein 19
POLB DNA polymerase beta
subunit 0.392 2 X (117,118,144)
POLD1 DNA p.olymerase deltal 0.604 3 0.578 3 « (145)
subunit
POLD2 DNA p.olymerase delta 2 0 1 0.448 5 (145)
subunit
POLR1C DNA-directed RNA
polymerases | subunit 0.052 36 0.512 32 (146)
RPAC1
POT1 Protection of telomere (147)
homologue 1
PRKDC DNA dependent protein | ggg | 406 | 0954 | 342 X (110,111,148)
kinase catalytic subunit
Rad50 MRN complex member
RAD50 0 45 0.002 55 (111)
RAD51 DNA repair protein RAD51 | 0.998 41 0.926 33 (109,149)
RAD52 DNA repair protein RAD52
(109,140)
RAD54 DNA repair protein RAD54 (109)
RALY RALY Heterogeneous | g, | 118 | 031 | 127 X (111)
Nuclear Ribonucleoprotein
RBMX RN.A binding motif protein, 0.002 16 0.004 42 (111)
X-linked
RECQL ATI?-dependent DNA 0.356 4 0.75 6 (150)
helicase Q1
RFC1 Replication factor C 1
(111)
RFC4 Replication factor C 4 0.194 4 0.424 7 (111)
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SAINT
. WRN vs nLacZ wrn-WRN vs
protein I
hame description (+DMSO) nLacZ (+CPT) SRM
SAINT sc SAINT sc Ref.
score score
RFC5 Replication Factor C
. . 111
(Activator 1) 5, 0.412 4 0.72 4 (112)
RPA1 Replication protein A 70
kDa DNA-binding subunit 0 12 0.522 23 X (111,151-153)
RPA2 IIj;pa)llcatlon protein A2, 32 0.004 4 0.826 7 (129)
RPL11 Ribosomal Protein L11 0.36 9 0.224 15 (111)
RPL5 Ribosomal Protein L5
0 25 0.004 24 (1112)
RPS19 ribosomal protein S19 0 33 0.006 37 (111)
RPS3A Ribosomal Protein S3A 0.914 88 0.396 84 (111)
RPS6 Ribosomal Protein S6 0.194 46 0.282 43 (111)
RPS9 Ribosomal Protein S9 0.012 37 0.36 40 (111)
RSL1D1 nbosomal L1 domain (111)
containing 1
SATB2 Special AT-Rich Sequence- (111)
Binding Protein 2
SFRS1 serlln.e/arglnlne-rlch (111)
splicing factor 1
SFRS7 Ser.ere/arglnlne-rlch (111)
splicing factor 7
SIRT1 Sirtuin 1
(154)
SNRNP200 | Small Nuclear
Ribonucleoprotein 0 176 0 202 (111)
200kDa
SSRP1 structu.rt.e speuflc_ 0.998 16 1 17 « (111)
recognition protein 1
SUMO1 SMT3 suppressor of mif
two 3 homologue 1 (S. 0.538 3 0.19 2 X (116,155)
cerevisiae)
SUMO2 Small ubiquitin-related
modifier 2 (156)
SUPT16H Suppressor Of Ty 6
Homolog (S. Cerevisiae) 0.078 117 0.994 136 X (111,119)
TCP1 t-complex 1
0.18 83 0.756 97 (1112)
TFAM Mitochondrial
- (1112)
transcription factor A
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SAINT
. WRN vs nLacZ wrn-WRN vs
protein -
hame description (+DMSO) nLacZ (+CPT) SRM
SAINT sc SAINT sc Ref.
score score
THOC1 THO Complex 1
(111)
THOC2 THO Complex 2 (111)
THOC6 THO Complex 6 (111)
TMPO thymopoietin 0.678 23 0.014 28 (119)
TOP1 topoisomerase 1 0.538 3 0.004 2 X (119,141)
TP53 Tumour Protein p53 0 39 0 76 « (111,151,157-
159)
TRF1 Telomeric repeat binding (160)
factor 1
TRF2 Telomeric repeat binding 0 1 0 1 (160,161)
factor 2
TRIM28 Tripartite Motif Containing
28, KAP1 0 126 0 123 (1112)
UBC ubiquitin protein ¢ (144,162)
UBC9 SUMO-conjugating (163)
enzyme
UBTF Nucleolar transcription (111)
factor 1
VCP Tra.nsmonal endoplasmic 0 582 0 642 (111,147,164)
reticulum ATPase
VRK3 Vaccinia Related Kinase 3 (111)
WDR48 WD repeat-containing
. (165)
protein 48
WRNIP1 Werner helicase-
interacting protein 1 0.048 6 0.526 3 X (166)
(WHIP)
XRCC1 X-ray repair cross- (111)
complementing protein 1
XRCC5 Ku86 (25,111,119,13
0 380 0 374 X 6,137,148,164,
167,168)
XRCC6 KU70 (25,111,119,13
0 383 0.99 416 X 6,137,148,164,
167,168)
YBX1 Y box 1 transcription
factor X (111,169)

Table 4.1: Abbreviated list of previously reported interaction partners of WRN, as determined by a variety of
biochemical and genetic approaches.
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Figure 4.8 summarizes the numbers of proteins that were previously reported to interact
with WRN, and the overlap of these studies with ours. (A) In the context of previously
reported WRN-interacting proteins, results of shotgun proteomic analysis of WRN-associated
complexes on three biological replicates show significant overlap in protein identification
(77/118 proteins). After filtering our results by SAINT score (>0.9), spectral counts (>5), and
nuclear localization, we identify 14 proteins in our dataset that were previously reported in
other studies. (B) This panel presents the list of previously identified WRN-interacting proteins
in the context of our study. The entire set of proteins that we determined to be significantly
enriched in association with WRN, and which passed our stringency cut-offs is shown. Yellow
circle and blue oval represent proteins that were shown as enriched in association with WRN

after treatment with DMSO (control) and 16 uM CPT for 1 hour, respectively.
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Figure 4.8: The extent of overlap in identification of WRN-associated proteins between our study and
previous studies is shown.

Figure 4.8 demonstrates that regardless of the drug treatment, proteins that were
identified as significantly interacting with SH-WRN fall into the major subcellular categories in
very close proportion. We used Gene Ontology analysis by cellular component (GO_CC) of all

proteins found in our analysis to separate them into major categories. Proportion of proteins

96



97
annotated to a selected category of the total was calculated and graphed. Results show that

proteins from non-nuclear compartments constitute a very close proportion of identified
proteins regardless of treatment type. However, breakdown of proteins that were categorized as
nuclear, shows that a significant difference between nucleolar, nucleoplasmic, and
chromosome-associated fractions depending on sample treatment. It should be noted that many

proteins are annotated to multiple subcellular compartments, and therefore the totals add up to

over 100%.
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Figure 4.9: Overview of results based on subcellular localization — demonstration of equal contamination of
pulldowns by proteins from non-nuclear compartments regardless of bait or treatment.

The figure shows that numbers of proteins from non-nuclear compartments that associate with WRN are
even between differentially treated samples. However, a further breakdown of nuclear proteins reveals that drug
treatment results in significant differences between numbers of nucleolar and chromatin-associated, but not
nucleoplasmic proteins that bind to SH-WRN.

In agreement with IF results in Figure 4.3, WRN associates with fewer proteins that are
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assigned as nucleolar in samples that were treated with CPT. The novel finding from our

results shows that WRN associates with a larger number of proteins that are annotated to
associate with chromatin. This observation is further substantiated by the results of GO analysis
by Biological Process, which identifies chromatin organization as a significant functional
category (p-value: 1.79E-7).

Eight proteins that are annotated to the nucleolus were found to interact with WRN in
the CPT-treated sample. 4 of these are also annotated to the nucleoplasm, reminding us that the
assignments are never exclusive, and that annotations should only be used as a guide rather than
a definitive characterization of the protein’s localization or function. Furthermore, because
WRN is normally localized to the nucleolus, the detection of nucleolar proteins may be due to
detection of interacting proteins with the remaining population from the nucleolus, or those that
shuttle to the nucleoplasm with WRN during CPT-induced relocalization.

As summarized in Table 4.1, our results show overlap with some of the previously
reported interactors or WRN. This table also highlights the large number of proteins that have
been shown to interact with WRN, and the methods by which each interaction was determined or
inferred.

To explore the functional categories that may join the most significantly represented
proteins in our analysis; we used CompGO, a tool we developed for comparative analysis of two
samples by Gene Ontology. For analysis by cellular component, GO_CC, we chose a p-value
cutoff of 1E-2, and were able to easily show that although nucleoplasmic proteins were
represented with very high confidence in both treatments (p-value 4.42E-13 when treated with
DMSO, and 5.28E-15 when treated with CPT), assignment of proteins that are annotated to the

nucleolus was only significant in DMSO-treated samples (p-value 1.27E-3). Figure 4.10 shows
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how a single parent category (nuclear part) as well as one of the two “daughter” categories

(nucleoplasm) are both representative of proteins in both samples, while “daughter” category
nucleolus is only significantly representative of one of the samples. The inputs are readily
distinguished based on color of the categories.

The entire figure, directly as imported from CompGO is included here, and attached in

full resolution in the supplement (Figure 4.11).
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Figure 4.10: An abbreviated form of GO_CC dendrogram (p-value cutoff 1E-2), which is focused on a few
chosen examples of where the identifications by GO diverge in treatment-specific manner.

(A) The focused divergence between nucleoplasmic and nucleolar annotatation in our samples. (B) The
assignment of significance to a number of protein complexes that are known to participate in chromatin remodeling.
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Figure 4.11: Complete GO_BP dendrogram (p-value cutoff 1E-5), as imported from CompGO. Complete
input data is presented in Supplementary Table 1A as sample (1) and Supplementary Table 1B as sample (2).
Full-scale image is available in Appendix B, Figure B2.

We summarize our findings of most dominant functional categories represented by
sample treatment in Figure 4.11. Protein identifiers, as extracted from Supplementary Tables
1A and 1B, were entered into CompGO. Categories significantly represented in treatment-
specific manner are summarized. These categories, and the proteins contributing to the
assignment, were used as a guide for exploration of specific biological processes, and further

validation.
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Figure 4.12: Summary of GO_BP results by drug treatment — demonstrating breakdown of major biological

processes and sub-processes

Abbreviated results that contributed to Figure 4.10 are presented in Table 4.2. The table

identifies new as well as previously reported interacting proteins of WRN, the SAINT scores

calculated to support the enrichment in WRN-dependent manner, as well as an overlay with

CRAPome database.
New Frequency (+DMSO) | (+CPT)
interacting | of CRAPome Gene Name Description SAINT SAINT
partner detection score score
* 126 /343 PCBP2 poly(rC) binding protein 2 1
heterogeneous nuclear
* 129/ 343 HNRNPR ribonucleoprotein R 1
general transcription factor IlIC,
* 8 /343 GTF3C3 polypeptide 3, 102kDa 1
Isoform 1 of Serine/arginine
* 85 /343 SRRM?2 repetitive matrix protein 2
* 96 /343 TAGLN2 transgelin 2 0.922
* 96 /343 PRDX6 peroxiredoxin 6 0.956 1
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New Frequency (+DMSO) | (+CPT)
interacting | of CRAPome Gene Name Description SAINT SAINT
partner detection score score
* 62 /343 RARS arginyl-tRNA synthetase 1 1
karyopherin alpha 4 (importin alpha
* 25/343 KPNA4 3) 0.998
* 3/343 STRN striatin, calmodulin binding protein 0.998
* 164 / 343 HIST2H2AB | histone cluster 2, H2ab 0.998
ubiquitin protein ligase E3
* 21/343 UBR4 component n-recognin 4 0.916 0.998
host cell factor C1 (VP16-accessory
* 26 /343 HCFC1 protein) 0.996 0.998
* 160 /343 HIST1H2BL | histone cluster 1, H2bl 0.996
* 155 / 343 ENO1 enolase 1, (alpha) 0.926 0.996
aminoacyl tRNA synthetase complex-
interacting multifunctional protein 2;
* 35/343 AIMP2 stromal antigen 3-like 3 0.998 0.996
suppressor of Ty 6 homolog (S.
* 24 /343 SUPT6H cerevisiae) 0.994
* 70 /343 MYBBP1A | MYB binding protein (P160) 1a 0.988
PEST proteolytic signal containing
* 11 /343 PCNP nuclear protein 0.988
TSR1, 20S rRNA accumulation,
* 24 /343 TSR1 homolog (S. cerevisiae) 0.986
* 230/ 343 KRT14 keratin 14 0.948 0.986
histone cluster 2, H2aa3; histone
* 206/343 | HIST2H2AA4 | cluster 2, H2aa4 0.984
TPI1 pseudogene; triosephosphate
* 75/ 343 TPI1 isomerase 1 0.98
protein phosphatase 1, regulatory
* 18 /343 PPP1R10 (inhibitor) subunit 10 0.978
far upstream element (FUSE) binding
* 22/343 FUBP1 protein 1 0.976
* 131/343 PPIA Peptidyl-prolyl cis-trans isomerase A 0.972
GTPase activating Rap/RanGAP
* 1/343 RALGAPA1 | domain-like 1 0.972
cleavage and polyadenylation
* 36/343 CPSF7 specific factor 7, 59kDa 0.97
* 1/343 EPN1 epsin 1 0.97
* 48 /343 PGAM?2 phosphoglycerate mutase 2 (muscle) 0.968
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New Frequency (+DMSO) | (+CPT)
interacting | of CRAPome Gene Name Description SAINT SAINT
partner detection score score
* 71/343 KHSRP KH-type splicing regulatory protein 0.968
* 6/ 343 CTBP2 C-terminal binding protein 2 0.998 0.968
* 116 /343 MATR3 matrin 3 0.912 0.966
* 37/343 HSPA4L heat shock 70kDa protein 4-like 0.964
tankyrase 1 binding protein 1,
* 7/343 TNKS1BP1 | 182kDa 0.964
TAF15 RNA polymerase I, TATA box
binding protein (TBP)-associated
* 109 / 343 TAF15 factor, 68kDa 0.962
nuclear factor of kappa light
polypeptide gene enhancer in B-cells
* NFKBIE inhibitor, epsilon 0.962
similar to Pyruvate kinase, isozymes
* PKM M1/M2, CTHBP 0.902 0.96
heterogeneous nuclear
* 127 /343 HNRNPC ribonucleoprotein C (C1/C2) 0.972 0.958
heterogeneous nuclear
* 201 /343 HNRNPA1 | ribonucleoprotein Al 0.956
* 182 / 343 H2AFZ H2A histone family, member Z 0.954
* 14 /343 EDC4 enhancer of mMRNA decapping 4 0.95 0.954
polymerase (RNA) Il (DNA directed)
* POLR3D polypeptide D, 44kDa 0.952
hypothetical LOC642954;
* 92 /343 RBBP4 retinoblastoma binding protein 4 0.952
* 12 /343 NUP160 nucleoporin 160kDa 0.948
general transcription factor IlIC,
* 10/ 343 GTF3C1 polypeptide 1, alpha 220kDa 0.942
family with sequence similarity 175,
* FAM1758 | member B 0.938
* 31/343 ZNF326 zinc finger protein 326 0.932
zinc finger, CCHC domain containing
* 16 /343 ZCCHC8 8 0.932
ribosomal protein L3; similar to 60S
* 113 /343 RPL3 ribosomal protein L3 (L4) 0.924 0.932
* 4/343 NOTCH2 Notch homolog 2 (Drosophila) 0.93
doublesex and mab-3 related
* DMRT3 transcription factor 3 0.998 0.928
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New Frequency (+DMSO) | (+CPT)
interacting | of CRAPome Gene Name Description SAINT SAINT
partner detection score score
* 12 /343 MDN1 MDN1, midasin homolog (yeast) 0.926
proteasome (prosome, macropain)
* 45 /343 PSMA3 subunit, alpha type, 3 0.926
* 7/343 ANXA7 annexin A/ 1 0.924
heterogeneous nuclear
* HNRNPA1P10 | ribonucleoprotein Al-like 0.922
polymerase | and transcript release
* 13/343 PTRF factor 0.91
* 21/343 DPY30 dpy-30 homolog (C. elegans) 0.906
nucleolar and coiled-body
* 61 /343 NOLC1 phosphoprotein 1 0.902
* BAT2 HLA-B associated transcript 2 0.906
Isoform 2 of Spliceosome RNA
* 84 /343 DDX39B helicase DDX39B 0.914
* MED4 mediator complex subunit 4 0.916
protein phosphatase 1, catalytic
* 75 /343 PPP1CA subunit, alpha isoform 0.918
* 7/ 343 CDCA2 cell division cycle associated 2 0.926
* 88 /343 HISTIH3F | histone cluster 1, H3 0.928
* 1/343 IQSEC1 |Q motif and Sec7 domain 1 0.942
DEAD (Asp-Glu-Ala-Asp) box
* 20/343 DDX42 polypeptide 42 0.944
heterogeneous nuclear
* 197 /343 | HNRNPA2B1 | ribonucleoprotein A2/B1 0.948
* 112/ 343 KIF11 kinesin family member 11 0.952
heterogeneous nuclear
* 144 / 343 HNRNPAB | ribonucleoprotein A/B 0.952
* 31/343 ZNF326 zinc finger protein 326 0.952
v-rel reticuloendotheliosis viral
* 1/343 RELA oncogene homolog A 0.956
* 93 /343 PFN1 profilin 1 0.964
epidermal growth factor receptor
* EPS15L1 pathway substrate 15-like 1 0.976
heterogeneous nuclear
* 201 /343 HNRNPA1 | ribonucleoprotein A1 0.976
single stranded DNA binding protein
* SSBP3 3 0.98
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New Frequency (+DMSO) | (+CPT)
interacting | of CRAPome Gene Name Description SAINT SAINT
partner detection score score
* 12 /343 RNF2 ring finger protein 2 0.988
* 3/343 TFDP1 transcription factor Dp-1 0.988
non-metastatic cells 2, protein
* 95 /343 NME2 NM238B 0.99
* 30/343 ADAR adenosine deaminase, RNA-specific 0.994
aryl-hydrocarbon receptor
* 18 /343 PDCD6 repressor; programmed cell death 6 0.994
cleavage and polyadenylation
* 33/343 CPSF1 specific factor 1, 160kDa 0.994
* 143 / 343 RPS2 ribosomal protein S2 0.996
SAP domain containing
* 42 /343 SARNP ribonucleoprotein 0.996
SWI/SNF related, matrix associated,
actin dependent regulator of
* 13 /343 SMARCE1 chromatin, subfamily e, member 1 0.996
* SOX9 SRY (sex determining region Y)-box 9 0.998
* MEIS1 Meis homeobox 1 0.998
splicing factor, arginine/serine-rich
6; similar to arginine/serine-rich
* 84 /343 SRSF6 splicing factor 6 0.998
polymerase (RNA) Il (DNA directed)
* 5/343 POLR2/ polypeptide J, 13.3kDa 1
protein phosphatase 1, catalytic
* 75 /343 PPP1CC subunit, gamma isoform 1
polymerase (RNA) Il (DNA directed)
* 8/343 POLR2D polypeptide D 1
similar to Acidic leucine-rich nuclear
phosphoprotein 32 family member
* 17 /343 ANP32B B, PHAPI2 protein, protein SSP29 1
58 /343 PHB prohibitin 1
DEAD (Asp-Glu-Ala-Asp) box
136 / 343 DDX3Y polypeptide 3, Y-linked 0.954
13 /343 TFAM transcription factor A, mitochondrial 0.996 1
structure specific recognition protein
44 /343 SSRP1 1 1 1
X-ray repair complementing
defective repair in Chinese hamster
114 / 343 XRCC6 cells 6, Ku70 0.99
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New Frequency (+DMSO) | (+CPT)
interacting | of CRAPome Gene Name Description SAINT SAINT
partner detection score score

chromodomain helicase DNA binding

28 /343 CHD4 protein 4 0.958
Protein kinase, DNA-activated,

114 / 343 PRKDC catalytic polypeptide 0.954 0.954

84 /343 DDX39A ATP-dependent RNA helicase DDX39 0.934
suppressor of Ty 16 homolog (S.

39/343 SPT16H cerevisiae) 0.99 0.93

23/343 THOC2 THO complex 2 0.926
RAD51 homolog (RecA homolog, E.

1/343 RAD51 coli) 0.986 0.926

mutS homolog 2, colon cancer,

19 /343 MSH2 nonpolyposis type 1 (E. coli) 0.916

141/ 343 RPS3A ribosomal protein S3A 0.942

171/ 343 H2AFX H2A histone family, member X 0.96
DEAD (Asp-Glu-Ala-Asp) box

123 /343 DDX21 polypeptide 21 0.996

RNA binding protein, autoantigenic
(hnRNP-associated with lethal yellow

37 /343 RALY homolog) 0.998

Table 4.2: Abbreviated results of all proteins found to be enriched in WRN AP samples.

Table is abbreviated to include only nuclear proteins that were found to interact with SH-WRN when sample was
treated with DMSO and CPT, as indicated. These proteins were identified in profiling analysis, and then analyzed by
SAINT to identify interacting partners that passed a significance threshold of Max SAINT score >=0.9. Nuclear
localization was determined by Gene Ontology filtering. Proteins that are novel and were not previously reported to
interact with WRN are identified in column "New ID", and are marked with an *. The protein results were cross-
validated using CRAPome to determine overlap with frequently detected proteins in proteomics experiments. The
overlap is presented, and marked with #. Full results can be found in Supplementary Tables 1A and 1B (See
Appendix B).

Upon determination of dominant functional categories, CompGO was further used to
extract lists of proteins that contributed to assignment of significantly represented GO_BP

categories. These proteins were used as a guide for further investigation by examining known
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protein-protein interactions between them. The proteins within each selected GO_BP

category were entered into STRING v9.1 (http://string-db.org, (104) to determine whether they

have been previously shown to physically interact. The confidence score of 0.9 (highest
confidence) was selected as a filter, and a number of interacting proteins was gradually increased
to allow the connections between proteins to appear. Only proteins that were identified in our
analysis, even if they did not meet the SAINT score threshold, were kept. The resulting networks
show proteins that are identified with SAINT score >0.9 and contribute to annotation to the given
category are circled with a dotted line, and are highlighted in yellow in the table legend. The
table contains information about the SAINT score in for each identified protein, and number of
spectral counts with which it was identified. Interestingly, when the created network for
chromatin organization was analyzed by GO_BP with the advanced features of STRING v9.1, all
of the proteins in the network except SSRP1 and HIST2H2AB contributed to assignment of GO
category “chromosome organization”, and were given a p-value of 3.899E-24. The protein
networks generated for functional categories of double-strand break repair, chromatin
organization, transcription from RNA polymerase 111 promoter, transcription from RNA
polymerase Il promoter, and cell cycle from our identifications are shown in Figures 4.12-4.16,
respectively. In Figure 4.13, especially, we noted that many of the proteins that are identified
with high confidence in our analysis have not been previously shown to interact among
themselves, or to participate in the larger complex. These proteins present a particularly

intriguing subset of targets for further analysis, and are discussed in further detail in Chapter 5.


http://string-db.org/
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GO0:0006302: double-strand break repair
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Protein Name (+CPT) Total spec (+CPT) SAINT (+DMSO) Total spec| (+DMSO) SAINT
XRCC6 416 0.99 383 0
PRKDC 342 0.954 406 0.998
RAD51 33 0.926 41 0.998
MSH2 5 0.916 2 0.188
MLH1 2 0.408 \N \N
MSH& 26 0.348 22 0
TP53 76 0 89 0
XRCC5 374 0 380 0
MSH3 \N \N 1 0
H2AFX \N \N 19 0.906

The number of lines connecting individual nodes (proteins) reflects the lines of evidence
that support the interaction. High-stringency criteria were selected in our analysis.

Figure 4.13: Protein network for proteins annotated to participate in double-strand break repair, as directly
reported by STRING.
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GO:0006325: chromatin organization
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Protein Name (+CPT) Total spec (+CPT) SAINT (+DMSO) Total spec| (+DMSO) SAINT
PHB 35 1 35 0.01
SSRP1 17 1 16 0.998
HCFC1 19 0.998 11 0.972
HIST2ZHZAB 23 0.998 26 0.182
HIST1H2BL 70 0.996 122 (1]
SUPT6H 136 0.994 117 0.078
CHD4 40 0.958 28 0
RBBP4 7 0.952 20 0.122
SUPT16H 17 0.93 25 0.986
DPY30 9 0.906 11 0.796
HDAC2 17 0.888 16 0.078
SOX9 7 0.798 11 0.996
CHAF1B 4 0.724 2 0.212
SMARCA2 2 0.41 2 0.19
MTA2 17 0.382 12 0
KDM1A 11 0.206 6 0.024
DNMT1 3 0.176 \N \N
RBBP7 31 0.158 17 0.012
SMARCE1 9 0.126 15 0.902
HDAC1 5 0 5 0
TP53 76 0 89 0
RNF2 2 0 5 0.942
SIN3A \N \N 1 0
H2AFX \N \N 19 0.906
BMIL \N \N 1 )

Figure 4.14: Protein network for proteins annotated to participate in chromatin remodeli
reported by STRING.

ng, as directly



G0:0006383: transcription from RNA polymerase lll promoter
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Protein Name (+CPT) Total spec | (+CPT) SAINT score |{(+DMSO) Total spec score
GTF3C3 12 1 6 0.608
POLR3D 13 0.952 10 0.62
GTF3C1 17 0.942 17 0.62
POLR3C 24 0.882 25 0.178
POLR3B 14 0.456 16 0.072
POLR3G 2 0.14 5 0.834
POLR3F 6 0.126 8 0.008

TP53 76 0 89 0
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Figure 4.15: Protein network for proteins annotated to participate in transcription from RNA polymerase |11
promoter, as directly reported by STRING.



G0:0006357: regulation of transcription from RNA polymerase Il promoter
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Protein Name

(+CPT) Total spec

{(+CPT) SAINT score

(+DMSO) Total spec

(+DMSO) SAINT
score

HCFC1 19 0.998 11 0.972
ENO1 27 0.996 28 0.956
PRKDC 342 0.954 406 0.998
SOX9 7 0.798 11 0.996
PFN1 16 0.758 18 0.988
SSBP3 11 0.59 10 0.916
SMARCA2 2 0.41 2 0.19
NFKB1 53 0.262 48 0
TFDP1 2 0.138 7 0.924
SMARCE1 9 0.126 15 0.902
SMARCC2 7 0.002 11 0.022
ARID1A 1 0 2 0
SMARCC1 4 0 7 0
NCOA3 12 0 20 0.004
RNF2 2 0 5 0.942
TP53 76 0 89 0
RELA 40 0 121 1
EP300 \N \N 1 0
NMEZ (puf) \N \N 9 0.994
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Figure 4.16: Protein network for proteins annotated to participate in regulation of transcription from RNA
polymerase Il promoter, as directly reported by STRING.



GO0:0007049: cell cycle

(+DMSO) SAINT
Protein Name (+CPT) Total spec | (+CPT) SAINT score |{+DMSO) Total spec score
HCFC1 19 0.998 11 0.972
PCNP 28 0.988 19 0.766
RBBP4 7 0.952 20 0.122
NUP160 27 0.948 17 0
PSMA3 6 0.926 4 0.196
HDAC2 17 0.888 16 0.078
PSMA6 4 0.726 3 0.352
CHAF1B 4 0.724 2 0.212
PPP1CA 7 0.686 23 0.952
PSMA4 4 0.636 3 0.372
PSMA1 4 0.544 5 0.69
PSMA2 5 0.456 4 0.038
PSMB4 2 0.362 2 0.332
PSMAS 4 0.344 5 0.68
PSMB1 6 0.326 13 0.796
PSMB2 6 0.206 6 0.336
PSMB7 2 0.198 \N \N
PSMA7 4 0.18 3 0.05
TFDP1 2 0.138 7 0.924
NOLC1 22 0.078 14 0.952
HDAC1 5 0 5 0
PPP1CC 20 0 61 1
PSMC1 15 0 8 [}
RNF2 2 0 5 0.942
SIN3A \N \N 1 0
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Figure 4.17: Protein network for proteins annotated to participate in cell cycle, as directly reported by
STRING.

These protein networks were assembled from proteins that are shown in our identifications, and which have been
previously annotated to the category of double-strand break repair. Included tables report on all supporting data from
our experiments, including total spectral counts by treatment, and scores reported by the SAINT algorithm. Proteins
that were identified with the stringent cutoff of SAINT score >0.9 are highlighted in the table are also circled in the
network.

Section 4: Discussion

We examined the changes in protein complexes surrounding WRN protein in response to
treatment with genotoxic agent CPT using a combination of AP and profiling MS. The
experiment incorporated a control protein, which was isolated from isogenic cells using the same
protocol as WRN, and the resulting datasets were compared for bait-specific enrichment using
SAINT (54). The inclusion of a control protein that localizes to the same compartment is crucial.
Nucleus is a compartment packed with proteins and nucleic acids that form extensive complexes,
assemblies, and conduct a large number of biological processes in close proximity. The
possibility of a transient interaction between two molecules increases substantially, and SAINT
confirmed that enrichment score of even verified WRN-interacting proteins can fall below the
threshold when proteins in question are of high abundance or amenable to MS detection.

SAINT returned a large number of identified proteins, with a small number being
strongly enriched as WRN interactors. Among proteins that were not found to be enriched we
found XRCC5 and MRE11, both of which have been shown to interact with WRN
(25,119,136,167,168). Both of these proteins were detected with a large number of spectra, but
they were also present in the control sample. Unless a cell line transfected with an empty vector

is analyzed, it is impossible to know whether nLacZ or the epitope tag specifically interacts with
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these proteins, or whether their abundance or favorable chemical properties facilitated

detection without bait-specific enrichment. Like in many such analyses, we walk the fine line
between specificity and sensitivity. During the AP step we chose the conditions that favor
maintaining the integrity of protein complexes by limiting detergent and salt, yet allow us to
remove transiently interacting proteins that do not participate in stable complexes during wash
steps. During analysis by MS we optimized chromatography conditions to achieve maximum
separation of the complex mixture of peptides, and allow identification of individual sequences.
Finally, SAINT was used to determine whether spectral abundance for a particular peptide was
significantly higher in experimental sample compared to the control, to determine the extent of
bait-specific enrichment. The results of our analysis suggest that the stringent score cutoff has
resulted in high selectivity of our results.

We investigated whether proteins that were found to be significantly enriched in WRN
APs shared known biological functions or participated in specific biological processes using
gene ontology (GO) annotation. Michael Riffle and Veronika Glukhova developed a robust new
tool, CompGO, which streamlines the comparison by GO categories between samples, and
identifies specific points or branches or divergence in GO terms. Importantly, the graphical
representation shows a clear relationship between terms, allowing the inquirer to identify minute
differences between samples. The categories of interest can be further explored by using the
tabular format that includes all p-values for category assignment and the proteins that are
included as evidence. The level of detail is adjusted by the operator by tuning the significance
level of assignments.

Based on the results of our profiling analysis CompGO identified the nuanced differences

in WRN-associated proteins in response to treatment with CPT. Gene ontology categories of
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gene expression, chromatin binding, and cell cycle regulation as categories are significantly

over-represented after CPT treatment.

Groups of proteins as linked by GO biological process were tested for previously
reported interactions by STRING, a tool for exploring known protein networks. The results
demonstrate that many of the proteins that were detected in our analysis are known to physically
interact and perform biological functions that are related to the DNA damage response. We used
the results of this analysis as a guide to validate our initial findings, and to explore the potential
involvement of WRN in coordinating a number of protein complexes that are involved in

chromatin remodeling, FACT, NuRD, and CAF1, as described in more detail in Chapter 5.
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Notes to Chapter 4

Figure 4.6 was generated with the help from Alden Hackmann.

Michael Riffle executed CompGO.

All Supplementary data to Chapter 4 can be found in Appendix B, as noted.

Supplementary tables:
Supplementary Table 1,A: all nuclear proteins with SAINT score >0.9 in SH-WRN (+DMSO)

Supplementary Table 1,B: all nuclear proteins with SAINT score >0.9 in SH-WRN (+CPT)

Supplementary Figure B1:Full map of pFTSH-WRN plasmid

Supplementary Figure B2: complete GO_CC dendrogram (p-value cutoff 1E-2), as imported
from CompGO. Input data is from Supplementary Table 1A as sample (1) and Supplementary
Table 1B as sample (2).

Supplementary Figure B3: complete GO_BP dendrograms (p-value cutoff 1E-5), as imported
from CompGO. Input data is from Supplementary Table 1A as sample (1) and Supplementary
Table 1B as sample (2).

Supplementary Figure B4: all data as exported from MSstats on protein association dynamics

between WRN and its potential interaction partners
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Chapter 5 — Targeted proteomic analysis of WRN-interacting

proteins as a function of time after CPT treatment.

Section 1: Introduction

To expand on the validation, and to interrogate further the list of putative WRN
interacting proteins we describe in Chapter 4, we used Selected Reaction Monitoring (SRM), as
described previously in Chapter 2 and published (170). This MS-based approach has been
successfully used in a number of studies for identification of low-abundance proteins in
subcellular isolates (171) and whole cell extracts (170). It has the potential to be a rapid,
accurate, and quantitative approach. The development of methods can be labor-intensive,
although with current advancements in software that aids in identification and refinement of
SRM methods (79,172) and workflow approaches (80,170,171), SRM presents an attractive
method for validation of a large number of putative interacting proteins for studies such as ours.

While immunoblotting is still the most widely used method of validation, due to its
requirements for labor, expense, sometimes limited availability of immunoreagents, and varied
sensitivity, most studies present validation of only a small number of putative interacting
proteins. We used the results of our profiling study to identify a list of proteins with highest
differential association with WRN in response to 1-hour treatment with Camptothecin, and to
develop SRM methods for these high-value targets. We attempted to generate methods for nearly

all proteins that were reported to us as significantly interacting by SAINT, successfully generated
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methods for a large number of those, and then successfully demonstrated the enrichment of

these proteins in our AP samples.

To aid in development of some SRM methods we used in vitro translation (IVT) to
generate a number of nuclear proteins, and to then verify their presence in our AP samples with
high accuracy as applied previously (171). Our methods are freely available via Panorama
viewer (link provided in Notes to this Chapter), and are expected to be of great value for other
researchers.

Using these methods we performed two large-scale targeted experiments. First, we
screened independently prepared biological samples to validate our findings in profiling analysis,
and to gain quantitative measure of differential protein association with WRN in response to 1-
hour CPT treatment. These samples were prepared in biological triplicate, and then were run in
analytical replicates to yield a very high quality dataset.

In the second experiment, we expanded on the time course of treatment, and asked
whether the dynamics of association of these proteins with WRN change as a function of drug
treatment length. We prepared an independent biological replicate, which included treatment
with control DMSO, and CPT treatment at 1h, 6h, and 12h. We hypothesized that the analyte
proteins could be clustered into distinct groups based on their time-dependent association with
WRN. We also hypothesized that these clusters would reflect known patterns of recruitment of
DDR participants to DNA lesions (173). We used clustering analysis to serve as a guide to view
binding proteins not just as individual entities, but as concerted participants in distinct
transactions within DNA damage repair, and serve as guide for stages in DDR at which WRN

exerts its function.
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Section 2: Experimental

Method development for SRM-based validation.

In vitro protein translation was used to generate purified protein standards for selected proteins.
General protocol adapted from Stergachis et al (171), with the exception of updated in vitro
translation kit, where we used the 1-Step Human Coupled IVT Kit (product 88882, Thermo
Scientific).

To measure retention time reproducibility and to infer peak location between replicates, retention
time standards were added. iRT-Kit solution was added at 1:100 dilution to all IVT standard
proteins (Biognosys, Schlieren, Switzerland).

For full list of analyte proteins see Results. Sequences of proteins that were chosen for validation
were extracted from UniProt. Sequences were imported into Skyline (available at

skyline.maccosslab.org)(79). Proteins of interest were screened according to our method

development pipeline as described in detail elsewhere (80,170).

Data Acquisition via LC-SRM.

Columns were prepared as described in previous section, and packed with 17 cm Jupiter Proteo
reversed-phase chromatography material (Phenomonex, Torrance, CA). The peptides were
trapped onto a 2.5 cm trap of ReproSil-Pur C18 AQ, 3 um particle size (Dr. Maisch GmbH,
Germany). Nanoflow liquid chromatography was performed using an Eksigent nanoLC-1D
system (Dublin, CA). Samples were injected into a 5 xL loop using an autosampler, and washed
directly onto the column. Solvents A and B for gradient elutions were water/acetonitrile
(95%/5% v/v), and water/acetonitrile (20%/80% v/v), respectively. Both contained 0.1% formic

acid. Solvent B was increased from 2% to 40% acetonitrile over 30 min, followed by an increase
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to 60% over the subsequent 5 min and maintained for 5 min; a step to 95% for 1 min and

maintained for 8 minutes; then a return to Solvent B at 2% for 21 min. The total gradient time
was 70 min at a flow rate of 250 nL/min.

Eluting peptides were ionized via electrospray with the emitter held at 2.4 kV using a homebuilt
ESI source, and directed into a Thermo Scientific TSQ Quantum Ultra Triple Quadrupole mass
spectrometer. Transitions developed in Skyline were used to monitor precursor-fragment ion
pairs defined in the corresponding section. Resolution in Q1 and Q3 was 0.7 in all experiments.
Skyline was used to calculate peak areas by integrating total ion chromatograms. In order to
normalize signal intensity, total peak areas for individual peptides from each target protein were
divided by total peak areas for each internal control peptide. Differences in relative protein
abundance were calculated by dividing the normalized peak areas of experimental samples by

the analogous peak areas of control samples in the same experiment.

Data analysis using MSstats.

The MSstats software package (v. 2.1.3) (http://www.stat.purdue.edu/~ovitek/Software.html)

(174) was used to analyze the results of the two large-scale experiments described in the
introduction. The data from the first experiment comparing a control treatment DMSO to CPT
treatment for 1 hour was processed to determine which proteins had significant changes in
WRN-association in response to the CPT treatment. The data from the second experiment
comparing a control treatment DMSO to CPT treatment at multiple time points (1h, 6h, 12h) was
analyzed to visualize the changes in WRN-association relative to the control treatment DMSO of
each protein as well as to determine which proteins/time-points had significant changes in WRN-

association.


http://www.stat.purdue.edu/~ovitek/Software.html
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Experiment 1: DMSO vs. CPT treatment for 1 hour

Prior to processing the data in MSStats, the transitions measured were refined to only contain
transitions that were measured for a given peptide in every analysis. This resulted in the removal
of the transitions y7 and y5 (singly charged) for peptide VTLNTLQAWSK++ of CAF1B.
Additionally, all of the normalized intensity values were multiplied by 10,000 to make sure that
no intensities had a value below 1 as MSStats would not process values below 1 correctly
(personal communication: Meena Choi). Certain proteins had only 2 biological replicates in the
CPT1 treatment: BLM, NUCL, TRIM28, and H2AX. The data were analyzed using no
normalization in MSStats (because normalization was already performed in Skyline). The scope
of biological replication and technical replication were set to “restricted”, and “expanded”
respectively. Interference was not included as a parameter in the model as most transitions did
not contain interference because they were manually refined. Transitions were not assumed to
have constant variance.

Experiment 2: DMSO vs. CPT extended time course

MSStats was run by using two methods to handle changes in the peptides used to measure
proteins throughout the course of the time-course experiment. One was using the default setting
“nolnteraction” which assumes that the peptides demonstrate no interference across runs. The
other was to impute the missing data with the average minimum intensity across runs. Both
methods returned similar results. The results from the “nolnteraction” method are presented.
Certain proteins were not measured at the 1 hour time point: BLM, H2AX, NUCL, and TRIM28.
All other MSStats parameters were the same as in Experiment 1.

Full information on running these methods, including R scripts can be found in the supplement.
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Section 3: Results

The scheme in Figure 5.1 shows that, again, isolated protein complexes containing the
bait protein SH-WRN and its bound milieu, were subjected to standard proteomic preparation (as
described in Figure 1.3) and subsequent interrogation by SRM. The relative quantitation of
peptide signal derived from DMSO- and CPT-treated sample was analyzed using MSstats (174).
Furthermore, an expanded analysis of samples treated with control DMSO and samples treated
with CPT at 1, 6, and 12-hour time points yielded a high-quality data set that was visualized

using a heatmap. Some interactions were further confirmed by Western blotting.
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Figure 5.1: Isolation of the protein complex and subsequent steps in targeted analysis: validation of
previously proposed interacting proteins, and targeted discovery of new interacting partners.
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Table 5.1 lists proteins in tabular form, which we initially attempted to detect using SRM. These

proteins were selected as targets for SRM based on initial results from profiling MS. As

described previously (80,170), development of methods requires intensive refining and screening

of many peptides. Due to constraints of our experiment and the low cellular abundance of many

proteins, method development was initially carried out on whole cell extracts, followed by

verification on AP samples. Scarcity of sample was the biggest factor preventing more rigorous

method development.
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In isolated cases, in vitro translation (IVT) was performed to generate protein standard with

available cDNA sequences. As summarized in Figure 5.2, a number of proteins were

successfully detected following IVT.

ATM EPN1 HNRPC MRE11 PHB RBP56 TFDP1
AURKA EXO1 HNRPR MSH2 POLD1 RPA1 THOC2
BLM F175B HS74L MTA1 POLD2 RGPA1 TOP1
CHAP1 FEN1 IMA4 MTA2 PP1RA RIR2 TPIS
CHD3 FUBP1 KCMF1 NBN PPIA ROA1 TSR1
CHD4 FUBP2 KPYM NFKBIE PRKDC RPA4 UBR4
CPSF7 H2A2A LSM12 NOTC2 PSA3 RPB11 WRN
DDX3Y H2A2B MATR3 NU160 PTRF RPC4 WRNIP1
DEK H2AX MBB1A P53 PUF60 RPL3 XRCC3
DMRT3 H2B1L MBD3 PARP1 RAD21 S10A8 XRCC5
DPY30 H2B2C MDC1 PCBP2 Rad51 SKIV2 XRCC6
DX39A HCFC1 MDN1 PCNA RAD52 SMCE1 YBOX1
EDC4 HDAC1 MED4 PCNP RALY SP16H ZCHC8
ENOA HDAC2 MEIS1 PGAM?2 RBBP4 TFAM ZN326

Table 5.1: List of all proteins for which SRM methods were initially attempted. Orange shaded entries
represent proteins that were successfully analyzed with SRM.

Methods were verified by repeated rounds of analysis using protein mixtures of different
concentrations and isolation. Association with WRN was tested by normalization against the sum
of peak areas from two peptides from WRN, CTETWSLNSLVK and LLSAVDILGEK, and one
peptide from affinity tag SH, sequence AADITSLYK.

Results of SRM analyses are summarized in Figure 5.2. We have developed methods and
determined change in association with bait WRN for a large number of previously proposed
interacting proteins (25), and additionally detected a number of proteins that have not been

previously reported (14). All RAW data and original Skyline files are available on Panorama .
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Method development was
o aided by protein IVT

Y
Proteins detected by SRM

Figure 5.2: The extent of overlap in identification of WRN-associated proteins between our study and
previous identifications. Previously identified proteins are shown in blue circle, while orange oval shows the
number of proteins monitored in our analysis. Light-orange oval shows the proportion that was monitored
using high-quality methods developed using in vitro protein translation.

Methods for 39 potential interacting proteins, as well as WRN and the affinity tag were developed in the course of
this study. In vitro protein translation was used to rapidly generate material for high-confidence methods, where
cDNA was available.

For quantitative comparison of proteins between different samples we used MSstats, a
tool developed to analyze MS data in SRM applications such as ours. As described in more
detail in Experimental section, MSstats combines data from peptides into proteins, takes into
account biological and analytical replicates, and calculates p-value to determine whether run-to-
run reproducibility accounted for the observed difference between treated and untreated samples.
The significance analysis reflects the level of reproducibility in our study across three biological
replicates, and summarizes our data. The assigned p-values are not used to make generalized

statements about underlying reality, but are used to qualify the reproducibility in our experiments
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based on a predefined null hypothesis.

Figure 5.3 demonstrates that of the 39 proteins analyzed by SRM in control vs. CPT-
treated sample, two proteins showed no significant change, three proteins showed significant

decrease, and 34 proteins showed a significant increase in association with WRN after treatment

with CPT for 1 hour. Exact p-values were not calculated below 8.7E-19.
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Figure 5.3: The volcano plot summarizing the changes in association of WRN with a number of its putative
interacting partners in response to 1-hour treatment with CPT. Dashed line delineates p-value cutoff of 0.05.

Figure 5.4 explores in more detail the proteins that were found to be significantly
changed in association with the WRN bait in response to drug treatment. We show that proteins

range widely in their association, and add functional annotation based on GO. Interestingly, this



127

study showed that TOP1 is significantly decreased in association with WRN immediately

following CPT treatment, which may be due to sequestration of this protein to DNA, and

increasing its availability for protein-protein interactions. Proteins NBN and MRE11 are shown

to increase very slightly in association with WRN immediately following CPT treatment (log,

fold change 0.221 and 0.234, respectively), but this increase appears to be concerted, as expected

for two proteins that act in a known complex. Same parallel trend is shown in increased

association of XRCC5 and XRCC6 (log; fold change 0.316 and 0.259, respectively).
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Figure 5.4: Bar graph expands on the proteins whose association with WRN was found to be significantly

changed in response to CPT treatment in Fig 5.3.

The figure demonstrates the relative fold change in association with WRN, lists protein names along the y-axis, and

identifies how the proteins were functionally annotated by gene ontology.
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To look at trend in association rather than a snapshot of an isolated condition, we

extended the time course of drug treatment to include CPT exposure for 6 hours and 12 hours in
addition to the previously tested 1 hour time point. Peak areas for all measured peptides were
compared to the control DMSO. For this analysis, an independent sample was prepared, and
analyzed as previously described. For every measured peptide the peak area was normalized to
the sum of two peptides from WRN and one peptide from the affinity tag SH. MSstats was used
to combine signal intensity values for all peptides assigned to proteins, and to calculate fold
change between each drug treatment time point and control treatment with DMSO. All fold

change calculations are reported in Appendix C.

Proteins that showed significant change over control were plotted using Matrix2png
(175). Standardization of the dataset was performed to approximate a Gaussian distribution with
zero mean and unit variance. The data was transformed using a standard algorithm to center it by
removing the mean value of each feature, then scaling it by dividing non-constant features by
their standard deviation. The resulting heatmap was clustered by general trend of association,

and presented in Figure 5.5.
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Observed Trend
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SuMO1 Initial decrease in association, followed by
PARP1 consistent increase through 6h and 12h time SRS /
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SKIvZ
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Figure 5.5: Fold changes, as calculated by MSstats for all WRN proteins that showed significant change in
association with WRN at every measured time point. Trend in protein association relative to control as well
as across the time points was considered when clustering.
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YBX1
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DNA repair .
DNA damage response TOP1

DNA replication

SUPT16H HCFC1

WRNIP1

CHAF1B DEK

CHD4 . .
. PCNA

DNA repair

Chromosome organization

Figure 5.6: Proteins were clustered based on trend in association with WRN across three time points of
treatment with CPT, 1h, 6h, and 12h, visualized using STRING, and redrawn for emphasis.

STRING as used to determine whether the proteins that cluster together based on their association, are known to
interact physically among themselves. This figure demonstrates that proteins that were shown to follow similar trend
are also independently verified to interact and show a very high degree of connectivity, suggesting that their
association and dissociation from WRN could occur as a complex. STRING was further used to determine whether
individual clusters show enrichment by GO, and predominant categories are listed. WRN is shaded in orange, all
interacting proteins are shown in gray, and proteins that are not listed as interacting are shown in purple.
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A closer look at subgroups within the list of proteins reveals that some of the proteins

that are known to form complexes exhibit similar dynamics when binding to WRN. Figure 5.7
an in-depth analysis of previously reported WRN interaction partners, the Ku heterodimer
proteins Ku70 (XRCC6) and Ku86 (also Ku80, XRCC5). Data was processed by Skyline and
MSstats to first normalize peak areas for all measured peptides to the sum of three control
peptides (WRN and SH-tag), then combine all normalized peptide peak areas into a single value
for each protein, and then to compare each value to the normalized peak area from DMSO-
treated control. Here we report the three ratios corresponding to fold change in log, scale of
protein association with WRN over the control at each treatment time point.

Analysis of the Ku complex shows that both proteins exhibit similar, but somewhat
divergent, binding patterns (Figure 5.7). Although we detected both proteins with SRM, only
XRCC6 was shown to be enriched in WRN AP-MS samples in profiling analysis. This may be a
reflection of our study design, or a suggestion that WRN preferentially binds the 70 kDa subunit,

which then recruits the 86 kDa subunit to the complex.
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Figure 5.7: Members of the Ku heterodimer XRCC5 and XRCCS6 exhibit similar binding dynamics to WRN
as a function of treatment time point.

We then analyzed the pattern of association for members of three chromatin remodeling
complexes detected in our analysis: NURD, CAF1 and FACT. Figure 5.8 shows how four of five
of the proteins that make up human NuRD (Nucleosome Remodeling and Deacetylation)
complex exhibit parallel binding patterns to WRN. The figure shows that proteins, CHDA4,
MTAZ2, RBBP4, and HDACL exhibit very similar association dynamics, while MBD3 binding
follows a very different pattern. The line is dashed for emphasis. The data is supported by
monitoring of two high-quality peptides corresponding uniquely to MBD3, and shows that MBD

increases in association with WRN at 1hour and 6 hour treatment time points, while the rest of
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the complex appears to decrease in association at 6 h; however the measurement of MBD3 at

12 hour treatment time point was not determined to be significantly different from the control,

with p-value 0.947, failing to reject the null hypothesis.
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Figure 5.8: Four of five members of the NURD complex exhibit similar binding dynamics to WRN as a
function of treatment time point. Dashed line is used for emphasis of the divergent pattern.
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Western blot data confirms the interaction between WRN, CHD4, and RBBP4

(Figure 5.9), and also exemplifies the limitations of western blotting for quantitative comparison
of protein abundance. It is impossible to determine differences between bands in different
samples due to restricted dynamic range, a problem that is easily addressed with SRM.
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Figure 5.9: Western blot confirms interaction between WRN, CHD4 and RBBP4 in anti-SH-WRN affinity
pulldown. Whole cell extract (WCE) and eluate (E) from samples treated with DMSO and CPT are shown.

Figure 5.10 compares the patterns of association of proteins CHD4, MDC1 and PARPL.
CHD4 and MDC1 have been previously shown to act early in DDR, in parallel (176-179), and
they show strikingly similar pattern of association with WRN as a function of treatment time.
Protein PARPL1 is an obligatory modifier of CHD4, and has also been shown to interact with
WRN (119,136-138). The traces demonstrate that these proteins do not associate with WRN as a

single complex.
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Figure 5.10: Catalytic core of the NURD complex protein CHD4 and protein MDC1 exhibit nearly identical
binding pattern to WRN.

We analyzed the association dynamics between WRN and two of the three members of the
CAF1 complex, proteins CHAF1B (also CAF1B) and RBBP4. These proteins show different
patterns of association, as demonstrated in Figure 5.11. This is particularly interesting because
protein RBBP4 has been detected as an interaction partner of WRN, while also potentially
interacting with members of the CAF1 and the NuRD complex. Its pattern of association agrees
with patterns of almost all assayed members of the NURD complex (Figure 5.8), suggesting

perhaps that it forms preferential associations with some complexes and not others in the context



of WRN interactome. We further confirmed the interaction between WRN and CHAF1B by

Western blot (Figure 5.12).
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Figure 5.11: Members of the CAF1 complex CAF1B and RBBP4 exhibit divergent binding dynamics to WRN

as a function of treatment time point, while functional interacting protein PCNA shows similar binding

dynamics to CHAF1B. Dashed line is used for emphasis.
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Figure 5.12: Western blot confirms interaction between WRN and CHAF1B in anti-SH-WRN affinity
pulldown. Whole cell extract (WCE) and eluate (E) from samples treated with DMSO and CPT are shown.

< CHAF1B

Members of the FACT complex SSRP1 and SPT16H (also SUPT16 and SUPT16H) have been
previously reported to interact with WRN, and we present the patterns of their association in
Figure 5.13. These proteins have been very amenable to detection by MS, as demonstrated by
both, results of the profiling analysis, and the SRM study. Despite confident identification and
the prediction that these two proteins would show concerted behavior, figure 5.13 demonstrates

that their association pattern differs in the context of interaction with WRN.
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Figure 5.13: Members of the FACT complex SSRP1 and SPT16H exhibit divergent binding dynamics to
WRN as a function of treatment time point.

Section 4: Discussion

Validation of protein-protein interaction studies is necessary as many sources of
nonspecific interactions exist in AP experiments. For example, the resin of the beads and the
epitope tag are common sources of false positive identification of interaction (180). To control
for this nonspecific interactions, in parallel with anti-WRN APs, we performed analogous APs
with the nuclear-localized control protein LacZ (nLacZ), thus controlling for nonspecific binding

to resin and beads, as well as “sticky”, high-abundance proteins in the same subcellular
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compartment. The MS examination was followed up with SAINT, which calculates a

probability of a true interaction based on a probability distribution model. This approach carries
a small probability of false positive, and a larger probability of false negative assignment of
interactions (48), favoring specificity over sensitivity. Therefore, for follow-up studies, we
partially relaxed the constraints of SAINT score when demonstrating the overlap between our
findings and previously reported protein-protein interaction by functional cluster, as described in
Chapter 4, and shown in Figures 4.12-4.16. Although assignment of the GO_BP category was
made based on the most confidently identified and enriched proteins, other proteins identified in
our analysis, but not confined to the SAINT score threshold, were included in protein networks.
Initial restriction of the pool of potential interacting partners allowed us to minimize the false
discovery rate and avoiding follow-up experiments on nonspecific interactors, while carrying the
cost of missing out on true identifications. Subsequent relaxation of the constraints allowed us to
focus on a limited number of interactors that did not meet the SAINT threshold despite having
been previously suggested to physically associate with other identified interactors.

Examples of proteins that did not meet the initial SAINT threshold, but were identified in
downstream validation studies include p53, MDC1, CHAF1B, DEK, YBX1, and XRCCS5.

The targeted approach has allowed us to restrict the scope of our study and to selectively
interrogate the differential association of WRN with a relatively few interacting proteins. The
main challenges of this approach have included extensive method development, large-scale
sample generation to measure all proteins, and the time requirement for running many replicate
experiments. In turn, the successful method development has allowed us to rapidly screen a very
large number of samples at cost of only the instrument running time, to enable multiplexing, and

thus generate a large enough dataset of replicate experiments to use statistical approaches to
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ascertain our findings. The focused analysis of a large set of WRN-interacting proteins has

yielded quantitative information about changes in their association as a function of drug
treatment at a number of time points.

Screening for 3 internal control peptides alongside experimental target proteins in every
analysis allowed normalization of the signal across many replicates, and calculation of changes
in relative association between the bait protein and its putative binding partners. Running each
screen separately while normalizing against common standards has negated the need for labeling,
and has enabled the comparison of multiple states. The power of this approach is reflected in the
ability to track protein association as a function of time point in drug treatment. The results show
that in our first study on short-term CPT treatment (1 hr), 34 of 39 of analyzed proteins increase
in association with WRN in response to treatment, and 3 of the 39 decrease. We tested three
independent biological replicates to ascertain that the differences are due to the biology,
regardless of preparation. Although the magnitude of change detected in this method is small, the
p-values associated with the changes in protein association warrant a second look at the data, and
qualify our findings as significant in guiding future, more targeted research.

The results show that our targeted proteins formed clusters based on their similar patterns
in association with WRN as a function of CPT treatment time point. Standardization of rows
allowed us to emphasize similarities in trends between proteins. For example, members of the
FACT (Facilitates Chromatin Transcription) complex SPT16H and SSRP1 are known to interact
among themselves, and with WRN. Our first analysis of 1 hour treatment with CPT showed that
these proteins increased in association with WRN to different extent (log, fold change 0.292 for
SPT16H and 0.422 for SSRP1). However, the trend analysis showed that they in fact exhibited a

very similar pattern in association after treatment, and clustered in the same group.
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Only proteins that showed significant difference in association with WRN at any time

point over DMSO were plotted on the heat map. Therefore, if there was no significant change
between any time point and control, that protein was omitted. This summary view was useful for
assessing the general patterns, but a closer inspection of individual complexes revealed that even
members of the same complex do not always bind to the same bait in concert.

The results in Figures 5.7-5.10 illustrate the differences and similarities in binding
patterns of members of previously reported protein complexes. The Ku heterodimer, which
consists of two polypeptides Ku70 (XRCC6) and Ku86 (also Ku80, XRCC5), binds to the ends
of the DNA in the event of a double-strand break, and is required for the non-homologous end
joining (NHEJ) pathway of DNA repair. Ku has been proposed to act as a scaffold for
recruitment of other NHEJ participants, including PRKDC and PARP1 (181). In agreement with
previous reports (see Table 4.1 and Supplementary Table 2, Appendix B and the references
therein), we detected the interaction between WRN and the Ku heterodimer by all methods. After
a slight initial increase in association immediately after treatment with CPT, we see a decrease,
and then a sharp increase 12 hours after the start of treatment, as compared to control. A detailed
analysis of binding to WRN shows a slightly divergent pattern between the two components of
the heterodimer, which may be a reflection of either our study design, or a suggestion that WRN
preferentially binds the 70 kDa subunit, which then recruits the 86 kDa subunit to the complex.

We then focused on the possibility of concerted recruitment and binding of WRN to
members of three chromatin remodeling complexes, NURD, CAF1, and FACT. All three of these
complexes have been implicated in DDR, and their roles and specific functions are described in
the following subsections. Our results not only suggest that WRN can bind to members of a

single complex in concerted manner, but that it can show that interactions with other proteins
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occur independently of each other.

Nucleosome Remodeling and Deacetylation (NURD)

The NuRD complex has been described to function in transcriptional regulation and
chromatin remodeling, and is highly conserved throughout animal and plant kingdoms. Here we
discuss the evidence for interaction between WRN protein and members of the NuRD complex
in context of our affinity purification data, and specifically focus on the importance of possible
interaction between WRN and the catalytic core of NuRD, protein CHD4.

The NuRD complex (also Mi-2) is composed of seven protein members RBBP4
(RbAp48), RBBP7 (RbAp46), histone deacetylase proteins HDAC1 and HDAC?2,
chromodomain-helicase-DNA-binding protein CHD3/CHD4, metastasis-associated proteins
MTAL/MTA 2, and MBD3/MBD?2. The exact structure of the NURD complex is somewhat
modular, and presence of different components has been shown to affect its overall activity. Here
we will focus on individual components that were identified in our analysis, proteins CHD4,
RBBP4, MTA2, HDAC1, and MBD3. We initially found CHD4 and RBBP4 to be highly
enriched in WRN samples treated with CPT for 1 hour, and we subsequently confirmed this
interaction with SRM, western blotting, and reciprocal IPs using our SH-tagged proteins and
untransfected HEK293T cells. Sequences for CHD4 and RBBP4 were generated by in vitro
translation to aid in SRM method development, and retention time prediction.

The NuRD complex plays an important role in controlling chromatin superstructure by
regulaing access to the genome, and it function is tied to transcription, chromatin assembly, cell
cycle progression, DNA repair, oxidative stress response, and genomic stability (182-186).

The core catalytic subunit of NuRD is a ubiquitously expressed nuclear protein CHD4. It



143
has been found to promote DSB signaling and stimulate DDR, HR repair and p53-dependent

pathways such as apoptosis and senescence (177,185,187,188).

CHD4 and NuRD components MTA2 and MBD3 rapidly localize to sites of DNA
damage, and co-localize along y-H2AX tracks and to IR-induced chromatin
fractions(177,187,189,190). CHD4 knockdown cells showed increased levels of y-H2AX at
baseline, but no increase due to IR damage (177,185). WRN also co-localizes and associates
with y-H2AX, and its depletion results in elevated focus formation after HU-mediated arrest
(78,128). DDR is a multistep process that involves early- and late-acting cofactors, which have
been previously defined. Among the early responders is protein MDC1, which binds to y-H2AX
following initial signaling of the DSBs (176-179,187) . GFP-CHD4, GFP-MTAZ2, and GFP-
MBD3 arrive at the DSB track as early as GFP-MDC1(177), classifying these components of the
NuRD complex as early responders to DSBs. Despite the common early recruitment to DSB-
flanking sites following initial y-H2AX nucleation, binding of these mediators occurs in parallel.
This was shown after depletion of CHD4 did not affect damage-dependent y-H2AX formation or
recruitment of MDC1(177). CHD4 was previously detected in an YFP-WRN AP-MS
experiment, when chromatin was not disrupted with nuclease (111), and interaction of WRN
with MDC1 was predicted, though not verified via biochemical approaches (131). We asked
whether WRN exhibited different dynamics of association with CHD4 or MDC1 as a function of
treatment time.

Figure 5.10 shows that the traces are nearly identical, raising the possibility that they
either form a complex prior to binding WRN, or they bind WRN independently but at
approximately the same time. It is also uncertain whether the rapid association of these proteins

with WRN is due to active recruitment, or prior independent co-localization to DSB sites. The
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resolution of our study is insufficient to differentiate between these possibilities, but a similar

study with removal of each component or abrogation of binding should answer this question
definitively.

CHD4 lacks a DNA-binding domain, recruitment of CHD4 to sites of DNA damage
depends on PARP1 by modification with poly(ADP-ribose) chains (PAR chains), and inhibition
of PARP was shown to abrogate CHD4 accumulation at sites of DNA damage (189,190). CHD4
has a major role as an HR regulator (188) and HR-deficient cancer cells have been shown to
suffer from synthetic lethality when exposed to PARP inhibitors (191-193). In agreement with
these previous studies, depletion of CHD4 imparts sensitivity to PARP inhibitors (188), as does
depletion of WRN (194,195) . In cells, PARP activation and modification results in subsequent
activation of repair factors such as ATM, promotion of HR and NHEJ, and ihbitition of TOP1
(185,190,196). PARP inhibitors have been shown to achieve additional sensitization when used
in combination with methylating agents and TOP1 poisons (197,198) .

Figure 5.10 demonstrates that temporal association of PARP1 with WRN after treatment
with CPT differs from association with CHD4, making it unlikely that these proteins maintain a
single, stable complex during the entire course of drug treatment. As noted previously, at every
time point we are looking at the total signal from all proteins, regardless of individual complexes
in which they occur. While perfectly parallel traces may be suggestive of concerted association
and dissociation of preys from bait, discordant patterns may be a result of a sum of complexes
being assayed. Because PARP1 has a large number of interacting partners, its pool is likely split
into multiple sub-complexes, each of which has the potential to exhibit its unique pattern of
association with WRN.

Analyses of human cancers revealed that expression of CHD4 was decreased in some
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gastric and colorectal cancers (199), and that mutated CHD4 was present in 17% of

endometrial cancers analyzed (55). CHD4 is emerging as an interesting therapeutic target, and an
important next step is to determine whether a double mutation or a disruption of interaction
between WRN and CHD4 can produce a compounded effect on HR defect, and thus improving
the efficacy of PARP inhibitors further, or opening doors to other combination therapy.

Other members of the NURD complex, RBBP4, HDAC1, and MTA2 were shown to bind
WRN in the manner similar to CHD4, and we hypothesize that their activity occurs in context of
the NURD complex.

WD40 repeat-containing proteins RBBP4 (RbAp48) was initially identified as interactor
of the tumor suppressor retinoblastoma protein Rb(200), and is proposed to help regulate cell
proliferation. Additionally, the decrease of this protein in hippocampus is proposed to be the
main cause of memory loss in aging, supported in part by its depletion from both human and
mouse brains in normal aging, and by ability to rescue the memory loss phenotype by knock-in
(201). Cells depleted for RBBP4 show decreased histone deacetylase activity, probably due to
its participation in NuRD and direct interaction with HDAC1/HDAC?2 (202). Interaction between
WRN and RBBP4 has not been previously reported, and warrants additional research. Cells of
Hutchinson-Gilford progeria syndrome (HGPS) patients show significant depletion of RBBP4
(185).

MTAZ2, HDAC1 and HDAC2 were shown to promote NHEJ and HR (190,203,204). They
physically localize to sites of DNA damage, but this localization was inhibited by knockdown of
CHD4 in cells (190). HDAC inhibitors silence DNA repair pathways, inactivate non-histone
proteins that are required for DNA stability, and induce reactive oxygen species and DNA

double-strand breaks (203,205,206). WRN has been previously shown to cooperate with histone
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deacetylase SIRT1, be required for SIRT1-mediated HR (207), but there are currently no

other reports showing interaction between HDAC1 and WRN. Both HDAC1 and NuRD
component MTAZ2 have been implicating in regulating p53 deacetylation and transcriptional
activity (208). Similar to deficiency of CHD4, knockdown of MTAZ results in increased
sensitivity to ionizing radiation (177), but expression levels of HDAC1 and MTAZ2 are unaffected
by CHD4 knockdown (190). Overall, their activity appears to be in the context of the NURD
complex, and their DDR activity is governed by presence of CHD4 in cells.

MBD3 is a methyl-CpG-binding domain protein, and a direct interaction partner of
MTAZ2 and HDAC1 within the NuRD complex. Knocking out MBD3 results in embryonic
lethality (209), and depletion of MBD3 causes reprogramming of primed pluripotent epiblast
stem cells to native pluripotency (210). Its functional contribution to NuRD complex may be
helping organize potentially vulnerable eukaryotic sequences by depositing methylation marks
(187,211). Based on our results, and the data presented in Figure 5.8, it is difficult to tell whether
MBD3 participates in DDR separately from other NURD components, whether it binds a fraction
of the WRN pool independently, and if the distinct pattern of its interaction with WRN carries a

functional consequence.

Chromatin Assembly Factor (CAF1)

Chromatin assembly factor | (CAF1) is a heterotrimer nuclear complex that consists of
members p150 (CHAF1A), p60 (CHAF1B, CAF1B) and p48 (RBBP4, RbAp48). While we were
able to develop methods for detection of CHAF1B and RBBP4, CHAF1A was refractory to

SRM method development, and was not detected in the profiling study.
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This complex mainly functions in the initial evens in DNA replication-associated

chromatin assembly by depositing new histone H3/H4 tetramers onto replicating DNA (212).
During replication, chromatin is rapidly made available by removal of parental nucleosomes in
advance of the replication fork, and then re-packaged into chromatin behind the fork (213,214).
CAF1 functions in depositing new nucleosomes at the replication fork (215,216), and in
heterochromatin silencing during gene expression and in nucleosome assembly (217). It was also
demonstrated that CHAF1A, but not CHAF1B is uniquely required for the progression of S
phase in mouse cells (218). A similar defect in progression through the S-phase is also seen in
fibroblasts and lymphoblastoid cells from WS patients (139,219) and in WRN-depleted normal
primary fibroblasts (12). RNAi-mediated silencing of CHAF1B in proliferating cells is reported
to result in accumulation of DNA DSBs, increased levels of YH2AX foci, 10-fold reduction of
nucleosome assembly during DNA synthesis, and induction of apoptosis. Importantly, these
cellular defects could be rescued by addition of recombinant CHAF1B (220).

Depletion studies of CAF1 in human cells have shown that it is required for progression
through S-phase and successful replication-coupled chromatin assembly, and loss of CAF1
completely eliminated any replication-coupled chromatin assembly activity in cell extracts (221).
Reduction of nucleosome assembly by CAF1 was shown to impair HR and NHEJ, and mutations
in CAF1 cause hypersensitivity to a variety of DNA-damaging agents such as MMS and CPT
(222,223). In quiescent human cells, DSBs induced by ionizing radiation (IR) or radiomimetic
drugs cause recruitment of CAF1 and PCNA to damage sites, while depletion of CAF1 results in
rapid DSB accumulation (224).

CAF1 subunit CHAF1A has been previously reported to interact with BLM (225), PCNA

(226,227), and WRN (118). In fact, after treatment with Hydroxyurea, recruitment of CAF1
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followed, and was dependent on the initial focus formation of WRN, which suggests a

functional interaction between these proteins in the context of DNA damage (118). Figure 5.11
shows an increase in WRN-CHAFL1B interaction shortly after CPT treatment, with a substantial
increase 6 hours after treatment, when compared to control. The interaction then rapidly
decreases at12 hours of CPT. This may suggest that a functional interaction between these
proteins is in initial steps of DDR. In yeast depletion studies, histone chaperone Asfl was found
to physically interact with CAF1 subunit CHAF1B (228,229). A large study of double mutants
in yeast showed that deletion of Asfl and yeast homolog of WRN, Sgs1, causes synthetic
lethality (230), raising the possibility of cooperation and acting in redundancy.

The results of our protein-protein interaction study indicate that WRN associates with
CHAF1B and RBBP4, and this association is slightly elevated after treatment with CPT for 1
hour (Figure 5.4). The extended time course study showed that following this initial association,
CHAF1B binding to WRN increases further, while RBBP4 association sharply decreases (Figure
5.11). CHAF1B was identified in the initial profiling analysis, and has been confirmed in an
independent biological replicate via AP and subsequent analysis by SRM and Western blot. It is
likely that this interaction is at least in part mediated by the shared association between these
proteins and proliferating cell nuclear antigen (PCNA), which has been shown to associate with
WRN in a similar pattern to CHAF1B (Figure 5.5), and confirmed again as shown in Figure
5.11. Both, physical and functional interaction between WRN and PCNA has been verified
(141,142). Because a single site on PCNA can be occupied by a number of its interactors, it has
been proposed that WRN competes for this interaction when the need for a reparative helicase
arises. Once the repair at the stalled replication fork has been accomplished, replication factors

such as FEN1 and LIG1 can displace it (142). It has been proposed that cooperation between
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PCNA and CAF1 at sites of DNA damage may result in establishment of repressive

chromatin structures, which temporarily suspend normal DNA transactions such as transcription
and replication, and thus allowing the DDR to proceed. Our study shows a decreased association
with CHAF1B and PCNA 12 hours after treatment with CPT, and at this point we see a sharp
increase in association of WRN with a number of other DDR factors as shown in Figure 5.5.
Moggs JG et al (226) have found that DNA repair intermediates are able to trigger
chromatin assembly prior to completion of repair, which in combination with findings by Jiao R
et al (118) suggests that WRN may be recruited to sites of DNA double strand breaks, followed
by CAF1 to help repress surrounding chromatin and amplify the signal of DNA damage up- and
down-stream of the break site. Once replication forks resume, WRN is again required for the

progression of replication (12,35).

Facilitates Chromatin Transcription (FACT) complex

An abundant nuclear complex that binds to nucleosomes and disrupts the interaction
between H2A/H2B dimer and H3/H4 tertramer of the nucleosome, FACT belongs to a number of
histone chaperones that ensures a timely reassembly of chromatin following DNA manipulation.
It promotes the reestablishment of the nucleosome following the passage of RNA polymerase |1
as an H2A/H2B chaperone (231), and has been implicated in transcription elongation, DNA
repair, and DNA replication (232). This complex was first discovered as a factor necessary for
transcriptional elongation through chromatin (233), and unsurprisingly the eviction and
replacement of histones by FACT is necessary for restart of arrested transcription following

DNA damage (234).
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FACT complex consists of members SPT16 (also SPT16H, SUPT16H, suppressor of

Ty) and SSRP1 (structure specific recognition protein) in humans, both of which were found in
our profiling data with high specificity, and their presence was verified using SRM in an
independent biological replicates. Results of SRM study of association with WRN in response to
CPT for 1 hour show that both proteins are slightly elevated in comparison to treatment with
DMSO, but extended time course shows that association with these proteins at 6 hour time point
is different (Figure 5.13), although both proteins were initially placed in the same cluster (Figure
5.5). Both subunits are necessary, but individually not sufficient for nucleosome assembly (231).
Interaction between WRN, SPT16H and SMARCAL1 was previously reported (235). In human
cells FACT localizes to replication origins and interacts with the MCM complex (236). WRN
and SSRP1 physically interact with the Ku complex in the absence of DNase, co-localize to the
nucleolus at steady state, and show diffuse nuclear staining after UV irradiation (237). Finally,
interaction with both of these proteins has been previously reported using a profiling proteomic
analysis of WRN interacting proteins (111).

Conditional knockout of the SSRP1 gene in chicken DT 40 cells showed a growth defect,
a delay in S-phase cell cycle progression, and slowed replication fork progression. Interestingly,
the initiation of replication in these cells was not affected. SSRP1 depletion also did not affect
nucleosome reassembly during DNA replication, in contrast with the significant reduction of
nucleosome assembly seen with depletion of CAF1 subunit CHAF1A. Taken together, the data
suggest that FACT plays a more significant role than CAF1 in maintaining replication
progression, and this impairment was shown to be independent of transcription (238-240).
WRN has also been shown to affect replication fork progression following HU-mediated

replication fork stalling (12,35).
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Functionally, FACT was previously reported to regulate response to cis-Pt with

PRKDC, and RNAi-mediated depletion of SSRP1 causes cis-Pt sensitivity in human cells (241).
Following treatment with HU, the over-expression of SSRP1 causes a decrease in HR events,
while RNAi-mediated knockdown of SSRP1 causes an increase in such events (242). Depletion
of SPT16H subunit alone resulted in hypersensitivity to UV, and depletion of both subunits
produced no additive effect (234). Following damage by UV radiation, the exchange of
H2A/H2B is accelerated, and is caused by SPT16H independent of SSRP1 (234). Two large-
scale CPT sensitivity screens had found that FACT complex interacts with the MMS22L-
NFKBIL2 complex and MCM complex in context of DNA damage by CPT (243,244). Neither
of these proteins is found in our analysis, and conversely WRN was not detected in these large
studies. Functionally, depletion of SSRP1 or SPT16H does not lead to increased y-H2AX focus
formation, while depletion of WRN causes a significant increase (78), as does depletion of
MMS22L-NFKBIL2 in CPT sensitivity studies (243). Finally, depletion of either SPT16H or
SSRP1 led to resistance to CPT (243).

Depletion of FACT complex has little effect on CHK1 phosphorylation (243), while
knockdown of WRN expression abolished CHK1 phosphorylation in response to CPT, linking it
to controlling the ATR-CHK1-mediated S-phase checkpoint in CPT-treated cells (112). It is
possible that the interaction between WRN and FACT member SSRP1 attains a middle ground

between promoting HR events and preventing error-prone HR.
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Notes to Chapter 5

Figure 5.1 was generated with the help from Alden Hackmann.

All skyline files incorporating RAW data files are provided in Panorama:

http://proteome.gs.washington.edu/software/panorama/WRN interactome WRN-

interacting SRM.html

http://proteome.gs.washington.edu/software/panorama/WRN interactome IVVT standards.html



http://proteome.gs.washington.edu/software/panorama/WRN_interactome_WRN-interacting_SRM.html
http://proteome.gs.washington.edu/software/panorama/WRN_interactome_WRN-interacting_SRM.html
http://proteome.gs.washington.edu/software/panorama/WRN_interactome_IVT_standards.html
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Chapter 6 - Proteomic data informs our understanding of WRN

function and the origins of the Werner syndrome cellular and

organismal phenotypes.

Section 1: We present preliminary data on analysis of phosphorylated proteins in

the context of WRN interactome.

WRN has been previously shown to be extensively phosphorylated and regulated, and
allows to localize either to nucleoli or nucleoplasm as a function of these phosphorylations
(129,245,246). Here we present some preliminary data on the analysis of phosphopeptides
isolated from WRN-enriched protein complexes. Analysis of phosphorylations was performed as
two-step enrichment, as shown in Figure 6.1:

1) Cells stably expressing SH-WRN were treated either with DMSO or CPT for 6 hours.
Whole WRN complex was first isolated via enrichment with its SH tag, as done in all
other analyses, followed by proteolytic digestion and buffer exchange and described in
Chapter 3.

2) This digest was then subjected to phosphopeptide enrichment by IMAC, as described
previously (247).

This sequential analysis resulted in three samples that were all analyzed using the same method,
instrument platform, and data processing: WRN complex as generated in step 1, above,
phosphopeptide enriched sample and phosphopeptide depleted sample (flow-through). Due to
sample scarcity, only a single replicate of samples was analyzed, making it impossible to assign

significance to changes that occur between treatments. However, the data was collected on a
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high-resolution LTQ-Orbitrap instrument. This enables analysis of MS1 data using Skyline,

and carries the potential of comparing peak areas.

PO, discovery

IMAC enrich

!
L
2.

Figure 6.1: Isolation of the protein complex and subsequent phosphopeptide enrichment by IMAC.

The preliminary results of our study are very promising, as we identified a large number
of WRN interacting proteins that appear to be differentially phosphorylated after treatment with
CPT for 6 hours. All RAW data is available for further analysis. Here we present the results of
phosphorylation on WRN as well as a few selected proteins that we consider to be targets for
further analysis.

WRN protein was shown to be extensively phosphorylated in response to CPT treatment
for 6 hours. Among modified sites we found PRKDC sites Ser 440 and Ser467 (245) and ATM-

dependent sites Ser1058 and Ser1141 (129).
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Phosphopeptide analysis identified 25 phosphorylation sites in response to CPT

treatment, as detailed in Figures 6.2 and 6.3. Figure 6.2 shows previously sites, as reported on

Phosphosite repository, and identifies sites that were found in our analysis in CPT-dependent

manner.

Figure 6.2: Full map of WRN protein with previously reported phosphosites, and CPT treatment-dependent
phosphorylations detected in our analysis (listed below, in green).
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Figure 6.3: Full results on WRN phosphorylations found in our analysis, peptide charge information and
spectral counts, as reported by MSDaPI.

In addition to phosphorylations on WRN, we find phosphorylated sites on proteins

CHD4, MDC1, TRIM28, and H2AX, as detailed below.
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LAEVEENKKM
KEVKSTAPET
VEKVEEKSAL
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VAVRLQMSER
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NILSRLANRA
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RPPDADPNTP
DEPPSGDFGG
LIKWRDLPYD
PETPTVDPTV
TAVFLYSLYK
FSFEDNAIRG
NQSKFFRVLN
DQIKKLHDML
GGGNQVSLLN
NLKEGGHRVL
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E11KQEESVD
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EEKKEEEEKK
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PEPTPQQVAQ
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SPKPLEGRPE540
DEEKSRKRKN 600
QASWESEDVE 660
KYERQPEYLD 720
EGHSKGPFLV 780
GKKASRMKKE 840
GYSLQHKLLL 900
GPHMLRRLKA 960
VVMDLKKCCN1020
IFSQMTKMLD1080
LGINLATADT1140
KMMLTHLVVR1200
DKAIERLLDR1260
PDYWEKLLRH1320
EEGDEDFDER1380
YGMPPQDAFT1440
HVLTRIGVMS1500
PNTPAPVPPA1560
PPEGEEKVEK1620
EVMLQNGETP1680
RRHDYWLLAG1740
QALVIEEQLR1800
HKVLKQLEEL1860

QQ

MSGRGKTGGK ARAKAKSRSS RAGLQFPVGR VHRLLRKGHY AERVGAGAPV YLAAVLEYLT 60
AEILELAGNA ARDNKKTRIT PRHLQLAIRN DEELNKLLGG VTIAQGGVLP NIQAVLLPKK 120
TSATVGPKAP SGGKKATQAS QEY

This data is available for viewing in MSDaPI, with all RAW data currently stored in

Chorus project

(https://chorusproject.org/anonymous/download/experiment/6bd232af8h694c3083e2c2abf4f462

b5), and searched data is available on MSDaPl, project 2005, Experiment 3028.

The coordinate analysis of damage-specific phosphorylation sites is an important

component of these analyses. A key goal in the future is to describe the interplay between

specific post-translational modifications (PTMs) and specific WRN protein interactions in


https://chorusproject.org/anonymous/download/experiment/6bd232af8b694c3083e2c2abf4f462b5
https://chorusproject.org/anonymous/download/experiment/6bd232af8b694c3083e2c2abf4f462b5
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response to DNA damage. Such a study will require dynamic, simultaneous analysis of both

PTMs and interactors. Here we provide a large set of preliminary data set of WRN-interacting
proteins that are phosphorylated in response to DNA damage with CPT. Physiological relevance
of each phosphorylation can be validated by shRNA-mediated depletion, reciprocal-tag

purifications and the use of domain mutant alleles.

Section 2: We summarize the above results chapters, demonstrating the breadth
of information gained from both profiling and targeted analyses of WRN

interacting proteins.

In our extensive study we interrogated the WRN protein interactome by MS. We
initially performed a large-scale profiling analysis using an ion trap instrument to determine
with proteins are bound to WRN, and which are selectively enriched in WRN-containing
samples compared to a control study. This approach is valuable in its unbiased determination
of protein content, and this type of study is often conducted as an initial step in generating
future hypothesis to be tested by orthologous methods. Our use of the control protein SH-
nLacZ makes our study of WRN interactome unique, and our stringent quality cutoff when
performing the enrichment analysis with SAINT was aimed at selecting the protein targets that
were most highly enriched in WRN-containing samples.

Our profiling experiment and enrichment analysis agreed with some of the previous
reports, confirming the interaction with XRCC6, PRKDC, and histone H2AX (full results are

presented in Table 4.2). We also confirm the interaction of WRN with a number of interacting



proteins, which were previously reported based on either a single analysis or data of
intermediate quality, such as CHD4, MDC1, and TRIM28. Finally, we also identified many

completely new interacting proteins, including CDCA2, TFDP1, and RBBP4, and MBD3.
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Figure 6.4: Summary of all analyses performed in this project. Profiling analysis of WRN protein
complexes and additional enrichment of phosphopeptides resulted in a list of WRN-interacting proteins
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with and without DNA damage, as well as WRN-interacting proteins that were phosphorylated in response
to DNA damage by CPT. Additional study targeted proteins of interest for analysis by SRM for analysis of

enrichment in WRN interaction partners in response to CPT.

The results of our profiling study were used to select a number of proteins for

validation of interaction and for further investigation. Subsequent studies were performed
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using SRM, a method for targeted MS, which is highly specific and quantitative. Previous

studies have suggested that WRN can be a participant in DDR, can be a scaffold that aids in
assembly of repair factors, or can be both. Our analysis is descriptive and lacks resolution on
its own to determine whether a functional consequence is seen when recruitment is disrupted.

However, it is an excellent approach for describing with high confidence

We not only repeated our initial analysis for comparison of WRN interaction networks
between control and 1-hour treatment with CPT, but also extended the time course of treatment
to later stages of 6 and 12 hours, to generate a qualitative description of dynamics of protein
association with WRN. This analysis was aimed at testing two hypotheses:

1) Proteins that are known to participate in protein complexes will associate or
dissociate from their common target (WRN) in concert. For example, DNA end-
binding proteins Ku70/86 are likely to have parallel increase or decrease in binding
to WRN.

2) Proteins that may not necessarily bind to each other, but which are known to
participate in distinct time points of DNA damage response and play specific roles
(sensors, signal transducers, mediators, or repair proteins), may associate with
WRN in concert due to their time-dependent recruitment to DNA lesions.

To test the first hypothesis, we asked whether the proteins that clustered into similar
patterns of association with WRN (Figure 5.5) have been previously shown to interact (Figure
5.6). We have to be careful to draw too many conclusions, as our initial input was derived from
proteins that were shown to interact (Figures 4.12-4.16), but overall we can state that we

observe a certain level of connectivity between members of the same cluster, which raises the
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possibility that many of them may interact with WRN in concerted manner. A few of the

analyzed proteins are known to form stable complexes, such as the Ku heterodimer
XRCC5/XRCCB6, and members of the NURD complex, and indeed these proteins show similar
patterns of association with WRN as a function of time, as shown in Figures 5.7 and 5.8,
respectively, and discussed at length in Chapter 5, Discussion. Interestingly, NURD component
MBD3 shows a deviant pattern from the rest of the members of the NURD complex, which
warrants further examination.

To test the second hypothesis we refer to the previous reports describing DDR, and
participation of a number of protein factors as sensors, mediators and effectors
(173,178,248,249). Proteins RPAL, y-H2AX and the MRN complex are some of the the earliest
responders to DSBs. Our analysis shows limited association of WRN with MRE11 and NBN
as a function of time, and a strong increase of association with RPA1 and H2AX. Our analysis
for phosphopeptide enrichment has also detected y-H2AX peptide containing the key Ser139
phosphorylation in WRN AP sample that was treated with CPT for 6 hours. We can therefore
state that WRN physically interacts with proteins involved in earliest stage of DDR, but these
data are insufficient to determine whether WRN plays a functional role here. Abrogation of
interaction with any of these proteins should help determine whether the interaction itself is
important for proper resolution of the DNA damage.

It is known that WRN is a phosphorylation target of DDR transducers ATM, ATR and
PRKDC (129,245), and we detect a strong interaction between WRN and PRKDC as a
function of time. A recent report identified Ser440 and Ser467 as phosphorylation targets of
PRKDC, and as important players in DDR to etoposide treatment (245). Our phosphopeptide

analysis identifies WRN phosphorylation on both of these sites with high confidence. Although
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we did not detect ATM or ATR in our analysis, the phosphopeptide analysis detected CPT-

dependent phosphorylation on ATM sites Ser1058 and Ser1141, among others. This data is
discussed in Section 1 of Chapter 6.

The mediators of DDR include proteins TP53BP1, BRCA1, and MDCL. Interaction
between WRN and MDC1 was previously predicted after analysis of phosphopeptide affinity
by tandem BRCT domains on MDC1 (131), but a direct physical interaction has not been
previously reported. We detected MDCL in our profiling analysis strongly enriched in CPT-
treated sample over nLacZ control (SAINT score 0.864) although it fell just under our SAINT
score cut-off of 0.9. Based on our selection of targets for SRM analysis using CompGO and
STRING (detailed in Chapter 4) we developed the method for SRM validation. We showed the
pattern of interaction between WRN and MDC1, and we detected a number of phosphorylated
MDC1 peptides in our phosphopeptide analysis. NuRD components CHD4, MTA2 and MBD3
were recently shown to localize to DSBs as early as MDC1, suggesting that they may also act
early in DDR (177). In agreement with this data, we also see association of WRN with these
proteins. Interaction with CHD4 was previously detected in a MS screen (111), while
interaction with other components of the NuRD has not been reported. Pattern of association of
WRN with MDC1, CHD4, RBBP4 and MTAZ is nearly parallel, while MBD3 is very different
(Figures 5.8 and 5.10). We conclude that WRN preferentially associates with DDR mediators
MDC1, CHD4, RBBP4 and MTAZ2 as part of an early response to DSBs. The association is
elevated over control treatment 1 hour after exposure to CPT, then decreased at 6 hours after
treatment, and a strongly increased after 12 hours (Figures 5.8 and 5.10) .

Phosphorylated peptides from both, MDC1 and H2AX are found in our phosphopeptide

enrichment analysis. While y-H2AX is not thought to have a direct impact on nucleosome
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spacing, it serves as the nucleating factor for propagation of chromatin alteration in areas

flanking DSBs. Identification of phosphorylated peptides from these proteins, which are
known to physically interact in response to DNA damage, is intriguing, and warrants further
research.

It was recently shown that rate of repair of DSBs correlates to complexity of the
chromatin in which they occur. More specifically, heterochromatic regions are associated with
slower rates of DSB repair, than euchromatic ones, and ATM is required for repair with
heterochromatin (173,250). Protein TRIM28 (also KAP-1, TIF1p, KRIP1) is a transcriptional
repressor and an ATM target. It was recently shown that phosphorylation at Ser473 is essential
for its function in DNA repair and apoptosis (251), and phosphorylation at Ser824 is essential for
its role in chromatin condensation, DNA repair, and regulation of gene expression (252,253). We
detect phosphorylation of both of these sites in WRN-associated sample in response to CPT
treatment for 6 hours. TRIM28 was recently found to be the key regulator of chromatin structure
responsible for generation and maintenance of PML (promyelocytic leukemia) nuclear bodies.
Depletion of TRIM28 resulted in reduction of chromatin density, and reduced generation of PML
nuclear bodies in response to etoposide treatment (254). TRIM28 was been previously shown to
intact with WRNIP1 (255), but not WRN. We detected TRIM28 with a high number of spectral
counts, but no enrichment over control nLacZ in our profiling analysis. This may be due to its
high abundance. Further validation with SRM showed a large increase in its association with
WRN following treatment with CPT for 1 hour (Figure 5.4). Unfortunately, we lack data for
description of its association with WRN over the extended course of treatment with CPT. Its
role in response to DNA damage by TOP1 poisons and association with y-H2AX makes it an

important target for future research.
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The importance of WRN lies not only in the organismal manifestation of its absence,

and resulting progeria, but also in its role in cancer. Epigenetic inactivation by methylation of
CpG islands in the WRN gene promoter was found in epithelial and mesenchymal cancers, and
specific WRN SNPs have been correlated with breast cancer incidence (256-258). Loss of
WRN is likely to sensitize cancer cells to chemotherapeutic intervention, and screening for

other sensitizing mutations will have a valuable impact on future therapies.

Section 3: We identify the next steps in this research, focusing on proteins of

highest interest

We identify WRN-interacting proteins, which may collaborate with WRN in DNA
damage response and resolution of damage by CPT, and newly identify a subset of proteins that
control chromatin architecture. Many of these proteins work by regulating chromatin
compaction and maintaining heterchromatic regions. Double depletion of WRN and any of these
proteins, followed by treatment with drugs that affect DNA architecture could reveal cooperation
and synthetic lethality. Genotoxic agents such as cis-Pt, CPT, and HDAC inhibitors appear the
most promising agents for challenge experiments. We used SRM and replicate analysis as an
orthogonal method of determining whether interactions proposed in the DDA analysis are real,
and can be detected repeatedly, with different methods.We have completed the task of presenting
a descriptive proteomic dataset of WRN interacting proteins, and our data can be used to
generate hypotheses for further studies using proteomic or genetic approaches, as described in

more detail further in this section.
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Profiling analysis of cells grown in a dish represents an average of all the cells, and

all activities that this population is involved in. The multitude of functions that WRN appears to
perform in cells strongly suggests that it is recruited to multiple complexes depending on the
function that it is required. If indeed this protein occurs in different complexes, at any time
when an analysis is performed, we will detect the interacting proteins that occur in the majority
of the complexes because they will be detected foremost by the mass spectrometer. Even if the
proteins participating in the minority of the complexes are detected, they will be detected at
lower overall intensity, with fewer peptides, and will be less likely to get fragmented for
sequencing and identification. For this reason, analysis of individual complexes would provide a
more accurate description of individual functions performed by WRN. Separation of chromatin-
bound versus free complexes and analysis of different molecular complexes by size-based

fractionation would increase resolution of individual WRN complexes.

MDC1.

In response to DSB formation, kinase ATM phosphorylates histone H2AX at Ser139 (detected in
our phosphopeptide enrichment analysis after treatment with CPT), and this phosphorylation
recruits MDC1 to the damaged DNA. Both HR and NHEJ repair pathways require initial
recruitment of MDC1 to DSBs (259). MDC1 directly binds to y-H2AX via BRCT domain, and
is also a target of ATM (178,179). MDCL1 is then phosphorylated, and serves as a platform for
recruitment of a number of downstream effectors. We show that interaction between WRN and
MDC1 is detected by SRM, and changes as a function of treatment with CPT, but no other

evidence of a direct interaction between these proteins has been previously reported.
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- Validate WRN-MDCL1 interaction by western blotting and anti-MDC1

immunoprecipitation. | attempted a number of western blots using an anti-MDC1
antibody (Millipore, clone P2B11, cat. # 05-1572), but was not able to detect it in whole

cell extracts or anti-WRN AP samples. A different antibody may work better.

WRN protein was predicted to have affinity for the BRCT domain (131). The WRN peptide that
was predicted to have the affinity for MDC1, EFTGSIVYSY [48,57], maps to WRN exonuclease
domain, which spans amino acids 38-236. Monnat lab has previously generated a number of
domain-deleted cell lines in the si-resistant SH-tag vector (Tang W, Hoang S, Lauper J,
unpublished data), which should be used to test whether deletion of this domain abrogates
interaction with MDCL. Preliminary analysis for localization of domain-deleted mutants reveals
that ExoA SH-WRN localizes in a focal, sub-nuclear pattern as WRN (See Figure 6.5). Whether
it relocalizes in response to DNA damage is yet to be determined.

- ExoA SH-WRN should be used to determine whether WRN-MDC1 interaction is

abrogated by deletion of the WRN Exonuclease domain, as predicted by Rodriguez et al.
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Figure 6.5: Preliminary results of localization analysis of domain-deleted WRN cells. Figure shows that SH-
tagged ExoA WRN protein localizes to subnuclear foci identically to SH-tagged wild type WRN.

Phosphorylation by ATM regulates DDR activity of both, WRN and MDC1 (129,178,179,260).
Monnat lab has previously generated a number of cells lines with abolishing or phosphomimetic
mutations in ATM- and ATR-phosphorylatable sites in the si-resistant SH-tag vector (Tang W,
Hoang S, Lauper J, unpublished data), which should be used to test whether phosphorylation of
WRN at ATM sites has an effect on its interaction interaction with MDC1. Although these sites
are not at the predicted interaction domain with MDC1, they may help establish a functional link
between these proteins, or answer the question of whether phosphorylation of both is necessary

for effective DSB repair.
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- Use ATM phosphosite mutants (phospho-null and phospho-mimetic) to determine

whether phosphorylation of WRN by ATM is necessary for interaction with MDC1.

Cells deficient in DNA DSB repair by HR tend to be highly sensitive to chemical inhibitors of
PARP (191-193,261,262). Cells depleted of WRN are sensitive to PARP inhibitors (194,195),
and depletion of MDC1 demethylating enzyme JMJD1C results in acquired resistance to PARP
inhibitors (263). This resistance has a direct clinical implication — a screen of 58 invasive human
breast carcinomas determined a loss of JIMJD1C in 26% of cases (263).
- Use cells double-depleted of MDC1 and WRN to test sensitivity to PARP inhibitors.
Extent of sensitivity will help determine whether these proteins act synergistically, or if

one of them is more dominant in determining the outcome of exposure.

TRIM28.

Protein TRIM28 acts in DDR by enacting chromatin condensation and regulating gene
expression and apoptosis (251-253). Phosphorylation of this protein by kinases ATM and ATR
is essential for its function, and two phosphorylation sites have been identified: Ser473 and
Ser824. We have determined that TRIM28 increases in association with WRN after 1 hour
treatment with CPT, and the extent of this association is higher than all other protein assayed,
except H2AX (Figure 5.4). Unfortunately, we lack interaction data on the extended time course
of CPT exposure. In a single experiment we measured the association of WRN with TRIM?28
after 6 and 12 hours of CPT treatment, and the trend shows a decrease. It is possible that the
binding between these proteins initially increases after drug treatment, and then decreases over

time.
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Figure 6.6: MSstats results of change in association between WRN and TRIM28 as a function of treatment
with CPT. Values correspond to ratios between peak areas detected for protein TRIM28 at 6 and 12 hours
after CPT application compared to peak area for protein after treatment with DMSO.

- Time course of association should be tested either by SRM (methods available), or by
immunologic approach. TRIM28 was previously shown to intact with WRNIP1 (255),
but not WRN. Therefore, simultaneous detection of WRNIP should be sought.

- Detection between these proteins has not been previously reported. Further determination

of interaction site can be done by AP experiments using WRN domain deletion mutants.
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Endogenous WRN localizes to nucleoli and nuclear PML bodies (143,264), and TRIM28 is a

key regulator of chromatin structure responsible for generation and maintenance of PML bodies.
Depletion of TRIM28 resulted in reduction of chromatin density and reduced generation of PML
nuclear bodies in response to etoposide treatment (254).
- Immunofluorescence experiment to check co-localization of these proteins after treatment
with CPT or etoposide should be performed. IF can be used to determine whether

depletion of TRIM28 affects its localization to PML bodies.

CHDA.

CHDA4 is the catalytic core of the NURD complex, which functions in transcriptional regulation
and chromatin remodeling. Depletion of CHD4 causes defective HR and mitotic progression, and
imparts sensitivity to PARP inhibitors (188-190), and WRN-depleted cells have also shown this
sensitivity (194,195).

- Use cells double-depleted of CHD4 and WRN to test sensitivity to PARP inhibitors and
synthetic lethality. Extent of sensitivity will help determine whether these proteins act
synergistically, or if one of them is more dominant in determining the outcome of
exposure.

- PARP inhibitors have been shown to achieve additional sensitization when used in
combination with methylating agents and TOP1 poisons (197,198). Cells depleted of
CHD4 and WRN together should be exposed to camptothecin to determine whether

sensitivity is increased in case of double depletion.
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Endogenous WRN localizes to nucleoli and nuclear PML bodies (143,264), CHD4 and

MBD3 localize in nucleoli, and CHD4 specifically associates with rDNA (265). Although
CHD4 rapidly binds y-H2AX following exposure to IR (177,266), it has not been shown whether
induction of damage causes relocalization of CHD4 to nucleoplasm in a manner reminiscent of
WRN.
- Immunofluorescence experiment to check co-localization of these proteins after treatment
with CPT or etoposide should be performed. IF can be used to determine whether

depletion of CHD4 affects localization of WRN and vice versa.



174
Notes to Chapter 6

Figures 6.1 and 6.4 were generated with the help from Alden Hackmann.

Jarrett Egertson executed MSstats in command line.

Danielle Swaney performed IMAC enrichment of phosphorylated peptides and collected MS

data on enriched samples.
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Appendix A: Supplementary data from Chapter 2.

Contained here are all Supplementary Figures as listed in Results section of Chapter 2.
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Supplementary Figure A.1: Limit of quantitation (LOQ) and limit of detection (LOD) were
determined for SIL peptides in buffer solution. Presented in this figure are the regression analysis to
demonstrate linearity of peak areas in response to increasing amount of spiked-in protein, and peak
areas as extracted by Skyline software, mapped in absolute amount, on logarithmic scale, and
normalized to total intensity. The normalized intensities most accurately reflect relative ion fragment
ratios regardless of absolute amount.
Linear regression analysis of both SIL peptides shows a linear response over 6 orders of magnitude
(a), while power regression of log-transformed data shows linear response over 4 orders of
magnitude (b).
Absolute (c), log-transformed (d), and normalized (e) peak areas and contributing ion ratios from
TP53 peptide ALPNNSSSPQPK are graphed from 5 amol to 5 pmol amounts spiked into ammonium
bicarbonate buffer. Same peak area measurements are demonstrated for TP53 peptide ELNEALELK
respectively in panels (f), (g), and (h).
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Supplementary Figure A.2: Limit of quantitation (LOQ) and limit of detection (LOD) were
determined for SIL peptides within a complex background of whole cell extract (WCE) using TP53
peptides ALPNNSSSPQPK and ELNEALELK. Panel (a) shows relative peak area ratios of an
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endogenous TP53 peptide ALPNNSSSPQPK extracted from WCE and peak areas for its heavy
cognate ALPNNTSSSPQP[Lys(13C6; 15N2)], which was added in indicated amounts. Panels (b),
(c), and (d) show absolute, log-transformed, and normalized peak area intensities and ion fragment
ratios for the heavy peptide. Panels (e), (f), and (g) show absolute, log-transformed, and normalized
peak area intensities and ion fragment ratios for the endogenous peptide.

Panel (h) shows relative peak area ratios of the endogenous peptide ELNEALELK found in WCE
and peak areas for its heavy cognate ELNEALEL[Lys(13C6; 15N2)], which was added in indicated
amounts. Panels (i), (j), and (k) show absolute, log-transformed, and normalized peak area intensities
and ion fragment ratios for the heavy peptide. Panels (), (m), and (n) show absolute, log-
transformed, and normalized peak area intensities and ion fragment ratios for the endogenous
peptide.
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Supplementary figure 3
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Supplementary Figure A.3: Replicate analysis to determine the coefficient of variation (CV) for
protein detection by Western blot or SRM. (a) Aliquots of 50 g of total protein from human
embryonic kidney (HEK-293T) cells were loaded in replicate lanes prior to electrophoresis and
Western blot detection with anti-TP53 and anti-GAPDH antibodies (see Methods). In parallel, 6
technical replicates of trypsin-digested whole cell lysate from HEK-293T cells were analyzed by
SRM as illustrated in Figure 2 to detect and quantify TP53 and GAPDH. (b) CV values were
determined for Western blot analyses by quantifying band intensities using Image Quant software,
and by peak areas as determined by Skyline for SRM analyses.
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Supplementary figure 4
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Supplementary Figure A.4: Western blot verification of TP53 depletion from human cells, prior
to adding SIL peptides to samples. Cells were transfected with TP53-specific or control (C) siRNAs
prior to preparing whole cell extracts. TP53 and GAPDH were detected by Western blot analysis.
Band intensities for TP53 versus GAPDH were normalized against the blot background, then used to
estimate percent TP53 depletion as a function of SiRNA dose (a).
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Supplementary Figure A.5: Second set of RNAi-mediated TP53 depletions was quantified by
Selected Reaction Monitoring (SRM) mass spectrometry. SIL peptides ALPNNTSSSPQP[Lys(13C6;
15N2)] and ELNEALEL[Lys(13C6; 15N2)] were added to the WCE for normalization. The
chromatograms show sets of transitions for specific peptides derived from target protein TP53 (a) or
loading control GAPDH (b) in human cell RNAI depletion experiments. Samples were treated with a
control RNAI and analyzed in duplicate (control 1 and control 2) or with a TP53-specific SIRNA
prior to SRM analysis. Specific peptides detected and quantified from TP53 were
ALPNNTSSSPQPK and ELNEALELK, and from GAPDH VPTANVSVVDLTCR and
IISNASCTTNCLAPLAK. Panel (c) shows quantitation of depletion determined from SRM data, as
peak intensities from TP53 peptides ALPNNTSSSPQPK and ELNEALELK were normalized against
corresponding SIL peptides, and two GAPDH peptides ISNASCTTNCLAPLAK and
VPTANVSVVDLTCR against two analytical replicates of control sample.
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Supplementary figure 6
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Supplementary Figure A.6: Target protein-specific ion ratios are maintained in samples having
different protein abundances in samples where SIL were added. Two analytical replicates of control
(without knockdown) lysate were run, followed by knockdown sample. Signal from spiked-in heavy
peptides remained relatively even in samples with and without knockdown of endogenous protein, as
detected for both analyzed TP53 peptides, ALPNNSSSPQPK (a) and ELNEALELK (d). Absolute
(b) and normalized (c) ion ratios from TP53 peptide

ALPNNSSSPQPK are shown for samples having substantially different amounts of endogenous
TP53 protein. Panels (e) and (f) show ion ratios for TP53 peptide ELNEALELK, (g) and (h) show
ion ratios for GAPDH peptides ISNASCTTNCLAPLAK and VPTANVSVVDLTCR, respectively.
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Supplementary Figure A.7: Western blot verification of WRN protein induction and depletion
from human cells. Sample nomenclature is explained in legend for Supplementary Figure A.8.
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Supplementary Figure A.8: RNAi-mediated WRN protein depletion quantified by SRM.
Specific peptides detected and quantified from WRN were CTETWSLNSLVK, LLSAVDILGEK,
and AAMLAPLLEVIK. Their signal intensity was normalized against GAPDH peptides
VPTANVSVVDLTCR and IISNASCTTNCLAPLAK. The chromatograms show sets of transitions
for three peptides derived from target protein WRN (a) or loading control GAPDH (b) in human cell
induction and RNA. depletion experiments. Tet-inducible Flp-In T-REx-293 cells were treated with
doxycycline to induce increased expression of WRN in “dox+” samples, and were left uninduced for
measurement of baseline expression in “dox-“ samples. Human GM®639 cells were treated with
nonspecific RNAI (“NS si”) or a WRN-specific sSiRNA (“WRN si”) prior to SRM analysis. (c) TP53
depletion was quantified from individual peak area ratios determined for all measured peptides and
normalized against an internal standard GAPDH as described in Methods. Dot products were
calculated by Skyline to characterize the agreement between ion fragment ratios in our experimental
data and NIST spectral library for each measured peptide.



Supplementary figure 9

Q

peak area (x 10°)

TR

16
14+
12+
10
8-
6

24
0-

b 1004

peak area (%)

80

o]
o
|

T HR

i.S
o
|

20

WRN:

217

CTETWSLNSLVK

NIST
library

do

X+

dox-— NS si

t

I y4 - 446.2973+
B y5 - 560.3402+
B y6 - 673.4243+

y7 - 760.4563+
B yS - 946.5356+

y9 - 1047.5833-
Il y10 - 1176.625¢

WRN  si |

293T

NIST
library

[o
o

>
¥

dox-— I NS si

GM639

F

WRN  si |

293T

GM639



218

Supplementary figure 9
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Supplementary Figure A.9: Target protein-specific ion ratios are verified against NIST spectral
library, and maintained in samples expressing different amounts of WRN protein. Sample
nomenclature is explained in legend for Supplementary Figure 8.

Absolute and normalized ion ratios are demonstrated for WRN peptides CTETWSLNSLVK,
LLSAVDILGEK, and AAMLAPLLEVIK in panels (a - f), as well as GAPDH peptides
VPTANVSVVDLTCR and IISNASCTTNCLAPLAK in panels (g - j).
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Supplementary figure 10
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Supplementary Figure A.10: lon chromatograms depicting RNAi-mediated depletion of
accessory gland seminal fluid protein Acp70A from whole Drosophila. (a) SRM ion chromatograms
for Acp70A peptide LNLGPAWGGR at m/z 520.8. (b) corresponding ion chromatograms for control
protein Acp62F peptide KEDMLLGVSNFK at m/z 690.3. (c) quantitation of percent depletion of
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RNA.I target protein Acp70A versus Acp62F control based on SRM results. Peptide intensities
were normalized against internal standard Acp62F within each sample, then compared
between depleted and control samples to quantify Acp70A depletion. Residual signal in ion
chromatograms for peptide LNLGPAWGGR (*) is derived from contaminants that are not Acp70A-
derived (see text), and thus have been excluded from quantitation. Panels (d) and (e) show absolute
and normalized ion ratios for Acp70A peptide LNLGPAWGGR, and (f) and (g) show absolute and
normalized ion ratios for Acp62F peptide KEDMLLGVSNFK.
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Supplementary figure 11
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Supplementary Figure A.11: Western blot analysis of RNAi-mediated depletion of accessory
gland seminal fluid protein Acp70A from whole Drosophila. Left panel: Acp70A was detected in
control (tubulin-GAL4 driver-minus (—) flies but not in RNAi expressing (+) flies (see Methods).
Right panel: Internal control protein Acp62F, in contrast, was detected in both samples. A cross-
reacting band detected by the anti-Acp62F antibody is denoted by a dagger (1). The asterisk (*)
indicates percent Acp70A-specific depletion normalized to Acp62F in the same samples analyzed in
Supplementary Figure 10.
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Supplementary figure 12
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Supplementary Figure A.12: lon chromatograms depicting RNAi-mediated depletion of accessory
gland seminal fluid protein Acp53C14a from whole Drosophila. SRM ion chromatograms for (a)
Acp53C14a peptides AISSELDHYLR at m/z 652.3 and SSELDHYLR at m/z 560.3 in flies
expressing no (left column) or an Acp53C14a-specific siRNAI (right column), or for (b) control
protein Acp62F peptide KEDMLLGVSNFK at m/z 690.3. (c) quantitation of percent depletion of
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RNA.I target protein Acp53C14a target peptide versus Acp62F control peptide. Peptide intensities

were again normalized against internal standard Acp62F, then compared between depleted and
control samples to quantify percent depletion of Acp53C14a. Residual signal in ion chromatograms
for peptide SSELDHYLR (*) represents contaminants that are not Acp53C14a-derived, and thus
have been excluded from quantitation.

Panels (d) and (e) show absolute and normalized ion ratios for Acp53C14a peptide AISSELDHYLR,
(f) and (g) show absolute and normalized ion ratios for Acp53C14a peptide SSELDHYLR, and
panels (h) and (i) show absolute and normalized ion ratios for Acp62F peptide KEDMLLGVSNFK.
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Appendix B: Supplementary data from Chapter 4.

Contained here are all Supplementary data referenced in Chapter 4.

Supplementary tables:
Supplementary Table 1A: all nuclear proteins with SAINT score >0.9 in SH-WRN (+DMSO)

Supplementary Table 1B: all nuclear proteins with SAINT score >0.9 in SH-WRN (+CPT)

Supplementary figures:

Supplementary Figure B1:Full map of pFTSH-WRN plasmid

Supplementary Figure B2: complete GO_CC dendrogram (p-value cutoff 1E-2), as imported
from CompGO. Input data is from Supplementary Table 1A as sample (1) and Supplementary
Table 1B as sample (2).

Supplementary Figure B3: complete GO_BP dendrograms (p-value cutoff 1E-5), as imported
from CompGO. Input data is from Supplementary Table 1A as sample (1) and Supplementary

Table 1B as sample (2).



233

560 £ 174 4% waedodanuog RNy Bosniay AVANENH £/ eeT . WIE LESFELOMAI LER
7560 £ 747 TT quia Ajnue) usaun TN E S TTT . TEEE EFTSOE0M! LER
PS6'0 £ 31 epudadijod Jud eles ‘paienDe-wNG "sseun) wiaiosd HAdd EVE/WIT 1658 LEEISTOMI NYM
‘spudadiyod b je1ed ‘pales1IE-TNG "aSEUN R0 01 JEpUNS
PSE0 £ &1 pajuit-4 ‘g apudadijod xoq (dsy-erv-nio-dsv) avaa AEXQQ EVE/9ET £508 STIEETOMI NdM
o= ] £ g 9 urcopasmosad SO £vE [ o8 . 1956 TOEOTTO0N] T
SEED E BT w Sojowoy auaSocuo [eas SIEOIRYI0PUSOININEI [BU-h wi3d EVEST . DLES FEOSTTOONI N
SE0 E T ¥ Jequia .;Eﬂmgdﬂ: MAVTH EVE S TLE rioE LEOSTTON] NYM
o0 £ £1T T wijyosd THad EVE/E6 . El£43 TEIITTOMI ['EREN
60 € 1 [za/12) 2 wanidoapnuogu seapnu snosualosalay JANENH EVEJ LTT N (31343 TESITTOON! NEM
9460 £ 3 TV waiosd seapnu snosualosatay TPdNENH £vE /S T0T . BLTE S965TT00NI LT
SLED £ (44 T @51 aaeisqns Aemiped soydedas soive) yimosd jewuspids TI5T543 . 144419 EFREITONI NeM
260 £ 6 TSETETOOTION [ednayiedly ‘g wecsd Bupuig wng papuens aus £4055 . BPIET TOELSTOMN! NEM
260 £ 14 (ne3 3 Bojowoy viey) Soppwoy TSavy TSavY EFEST 8885 TOTTE00MI NYM
2260 £ 111 T-0 Joye) uondisues Tad4L e/ N LT0L SEDETO00MSI NEM
8860 £ 8T 7 uiaoad saduy Juu TNy EFE/IT . P09 TEEITOO0I NEM,
60 £ s (wersiaauan 5] Jojowey 91 AL jo sossauddng HETLINS WFE /66 BETTIT QLESTO0N4! LER
&60 £ &5 BETINN WIRI0Ud ‘T 5190 MEBEINU-UOU TANN EFE /56 . 166F CHTHTO0MI NEM,
TEE0 £ & BON0AT ‘T Jo1e) Mynads vonepiuapeljod pue adeseap 14543 EVE [ EE . TEEET SETTHTO00! LER
660 £ st 9 y1e2p 120 pawwesdosd ossasdal scidaze) voquesouply- e 9a30d EVE/ET . ST00T LLTSTO0MI NYM
TEED 3 9z 2Dads-vNY ‘FTEUNUEID MNT0UIPE wway Ve fOE . £0T LSOSTO00NdI NEM
96670 £ 3 |PUpUYIONW 'y J013e) uandunsuen WivdL EVE/ET (2013 FTEOTO0MI LER
966°0 £ 111 (wayoud Aossaade-9TdA) T J00ey |23 150y TI4IH £wE 8T . TE0E EFESTO00II WA
9660 £ 14 T Jaquaw ‘3 Awegns uewo.yy TIVEVING EVE/ET . S099 FIILTO0] NdM
40 soaeniEau wapuadap unde ‘pAiEOsTE XUlEW ‘PAETR NS IS
9660 £ 4 Tz apudadijod xoq (dsy-erv-npo-dsv) avaa TZHaa £VE / ETT EETE ESESTO0MI NdM
9660 E 6T wiEoudos|INUogL SUNNEIUDD WBWOP 4V dNETS EVE STV ¥ TTEVE BEGPTODONd] NdM
BEED 4 I 75 wanoud [ewosoqu T5dd EVE/EPT . LTS SEFETOOMI HiM
BEE'D 4 14 5 sonoey Sunids 84545 e/ ve . TErS SPETTOOMI NiM
Yu-SuLEs faunEe o1 Jepus 5 yRu-suues suiidse owe; Junnds
2660 £ ™ & ani-£ uadnue jewons °7 wagosd TNIY EPE /56 . S9EL STETTOOMNI NYM
Jevorpunynw Jundessqu-xedwod aselayuis wHE Posowwe
8660 £ w T 0qoRUoY SR TSI . nIr FSLTTOOMI NEM,
8660 £ 9T (Sopowoy mojpt ATed W /LR §T8IT SHTTTOO0! LER
18432 Yara paue ULENIERE ‘waieud Jupug TNY
$66°0 £ 08T 7 wRioud Suipung UL TdaLd FES9 . FEFT OTTOTO0M! LER
8660 £ 0% £ 0158} uondUISURL PAIRIA £-GRI PUR XISIHGNOP £LdNa . PISES LTLE000M] NdM
SE60 £ 19 & 000-(4 woiSa Sumnwusaep KEs) Ads EXO0S & 7900 ETLE0000Id] NEA
T £ I 627455 uraioad ‘uraiosd ZIdvHd ‘3 sRquisw ATEANY EFE /LT . TPS0T ETRLODOM] NeM
Apwey 7¢ uisioudoydsoyd JESINU YIU-SUIZNG] NIV OF JEIUNS
T E L a apidadijed (papanp vnal 1 (vig) @semwiod azdiod eS8 ' EEFS ERT L0000 Ny
T E =z wuoyon ewwes ‘yungns mAEle ‘T aseleydsoyd uyosd 20Tddd EFE [SL . oSS ‘SOL SO0 Ny
1 £ 13 T wisgoud uonIuEmas JyIeds SIS TdHSS EVE/S TP ] FETSO000M] HiM,
T £ 49 Fserauls wygl-puidie SHvd eve /79 . Fa {9 OSETO000IdI NdM
T £ ¢ egye €T ' aprdadiod (pananp wna) 1 (vd) Freswiod TEI0d EFESS N 6EPS OTEEO000IdI NaM
1 4 e T usda THd3 EPEST . SETTO00MI HEM
1 £ 12T L UIBUUE LYENY EFE/L . otg CITT0000] NEM
w00s INMTs  day sequiny Jads vondiosag pwenua i UORINAP WYY jo Aouanbay a1 man arruaniaig 141 neq Juies
[oswa+) €301 [OSWa+)

"# YUM payJew pue ‘pajuasald si dejiasc ay] ‘siusiiiadxs solwoalold Ul suisjosd paldalap Ajuanbaly yum depaao

aujwialep o} awodyyD Buisn pajepljea-ssolo alam synsal uaload sy °, B Yum paylew ase pue ‘, q| Map,, ULWIN|OD Ul Paliuapl aie NYAM Ym 1oesaiul
0} payodal Ajsnojaaid jJou alam pue [aaou ase jeyl sulajold ‘Buuayy ABojojug auag Aq paujwialap sem UoREZ|es0] Jeajanp g 0=< 21095 INIYS

Xe Jo ploysaiyl asueaiubis e passed eyl sisuned Bunaesayul Hnuapl o) wedbBoid | NIYS Ag pazdjeue uayy pue ‘sisAjeue Buijyosd ul paynuapl
alam suiajoad asay) "OSING Yum paleasl sem ajdwes usym NYM-HS Yim 19e131Ul 03 punoy asam eyl suielosd Jeajany iy 3jqel Aeuswsiddng



234

e I I T T T T T T

] "
A348m

248388 wdEhrheage]g

JEHLY TW/TIN 53WAT0S) ‘a5EUD) 31BANIAS 01 JEJILIS

T wosdaydsoyd Apog-pa)103 pue JejoIanu

T Wuzsue) pAIeIOssE §-v1H

£ uuew

T 1duUIsUR] PAIETOSSE G-YTH

T uniSoas-u uavodwod £3 29ed uaiosd upnbign

£ yungns x3jduwod Jotepaw

wopod eyde ‘wungns JuAeied ‘T asereydsoyd wiagoud
T upplsuen

[#1) €71 wesoud wosoqu 509 03 Jepuws 5] ueosd jpwosoqu
T PAIMZOTTE 31247 UGEIMP 1122

[eydie] 't asejous

£H T 91503 3UOIEY

T WIBWOP L3295 PUE J110W DI

VES ukstoud Ewosoqu

v apndadiod xoq |dsv-epe-no-dsw) avaa

TE/T7 UI91000INUOGU JrINU SNosUAI0IRIaY

T ey

+ duddesap wNEW jo JacueyuR

976 wiaaoud saduy uiz

Wd
TION
iva
EHLTA
a5exaa
rean
raIN
VITddd
TNIDYL
£1dd
Va0
ToNE
JEHTLSIH
TIE5D
VESdY
Fag (ele]
TRTVANENH
TrLEA
¥oai
BTEANZ

EFEST9

EFESOIT
£FE /e
EFESIT

EVE S SL
EFE /96
EFE/SETT
EPESL
EFE /SST
€FE /88
EFEST
EFESTPT
£ fo2
EVE S LET
EVE /06T
TFE/PT
e/ I8

L1447

{1174
F4=314
BLOG6T

e
ETELST
gT0T

ies

6319
STETT
HiE

TERET

OSSEDE00Id|
ELEB0G00ID)
SRLYSEDO|
TSE6RL00Id
STATTO00Id|
TRE0Tpd|
FEFISS00Id|
TSTOSSRod
ESE0SSO0
TTO0SS00Id!
LEESOTOONd)
SPTEOTO0
OLOSOT00Id|
FITLOT00N)
0285TTONd
TLHEOT00Id!
SLEPELOOY
FEETEIOO
LTESLT00D!
TOPLETO0Y



235
Table B.1: List of all nuclear proteins with SAINT score >0.9 in SH-WRN (+DMSOQ)
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Table B.2: List of all nuclear proteins with SAINT score >0.9 in SH-WRN (+DMSO)
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Supplementary Figure B.1: Nuclear proteins that were found to interact with SH-WRN when
sample was treated with DMSO. These proteins were identified in profiling analysis, and then
analyzed by SAINT program to identify interacting partners that passed a significance
threshold of Max SAINT score >=0.9. Nuclear localization was determined by Gene Ontology
filtering. Proteins that are novel and were not previously reported to interact with WRN are
identified in column "New ID", and are marked with a *. The protein results were cross-
validated using CRAPome to determine overlap with frequently detected proteins in proteomics
experiments. The overlap is presented, and marked with #.
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Supplementary Figure B.2: Full-size dendrogram demonstrating the dominant gene ontology
categories by cellular component between WRN-enriched samples that were treated either with
control DMSO (trending blue) or CPT (trending red).



241




242

Supplementary Figure B.3: Full-size dendrogram demonstrating the dominant gene
ontology categories by biological process between WRN-enriched samples that were

treated either with control DMSO (trending blue) or CPT (trending red).

Appendix b fold changes
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Supplementary Figure B.4: all data as exported from MSstats on protein association dynamics

between WRN and its potential interaction partners
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Appendix C: Preliminary data showing localization patterns of WRN

domain delection mutants

All images show anti-HA staining for target protein and overlay with DAPI

Localization of domain-deletion mutants of WRN show unique distribution patterns, some of
which closely mimic the distribution of SH-tagged wild-type WRN, and some localizing to other
cellular compartments.This is important preliminary data for using these constructs for
comparative studies.
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SH-nlLacZ

- Appears to localize mostly to the nucleus, but
cytoplasmic staining is also very visible
- Uniform staining in most cells

SH-nlLacZ




SH-nlLacZ

SH-WRN (WT)

- Localizes to the nucleus, in focal pattern
- ~30-35% of all cells showed staining
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SH-WRN (WT)

SH-WRN (WT)
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SH-WRN ExoA

- Localizes to the nucleus, in very clear focal pattern
- ~35% of all cells showed staining

SH-WRN ExoA




SH-WRN ExoA

SH-WRN MultiA

- Diffuse staining in the nucleus, and strong staining in the
cytoplasm
- ~80% of all cells showed staining

e‘
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SH-WRN MultiA

SH-WRN MultiA
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SH-WRN HRDCA

- Mostly cytoplasmic staining
- >80% of all cells showed staining
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SH-WRN HRDCA

SH-WRN HRDCA
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