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ABSTRACT OF THE DISSERTATION

Chemical Biology of DNA Guanine Quadruplex and its Binding Proteins

by

Zi Gao

Doctor of Philosophy, Graduate Program in Chemistry
University of California, Riverside, September 2023
Dr. Yinsheng Wang, Chairperson

Guanine quadruplex (G4) structures are nonconical DNA conformations that play
crucial roles in various cellular processes, including DNA replication and transcription
regulation. G4 structures are frequently found in promoter regions of oncogenes, which
render G4 structures promising therapeutic targets. However, the mechanisms through
which G4 structures regulate biological functions remain underexplored. This dissertation
focuses on the development of novel quantitative proteomic methods to identify putative
G4-binding proteins, to characterize novel G4-binding proteins, to explore cellular
modifiers of G4 stability, and to discover of novel biomarkers in breast cancer cells.

In chapter 2, we employed an affinity-based quantitative proteomics analysis to
identify novel G4-binding proteins. By utilizing three different biotinylated G4-forming
oligonucleotides as probes, | achieved a comprehensive analysis of proteins interacting

with various G4 conformations, which led to the discovery of over 30 G4-binding proteins.
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Building upon the pull-down experiments, | introduced, in Chapter 3, the use of
photo-crosslinking G4 probes to capture G4-binding proteins. This approach enabled the
capture of weak and transient interactions, where harsh washing conditions eliminate
protein-protein interactions during the pull-down process. By Using this method, |
identified 99 putative G4-binding proteins, and | also characterized one of these proteins,
HELLS as a novel G4 helicase.

In Chapter 4, | demonstrated, for the first time, that G4 DNA structures can undergo
phase separation. By utilizing immunofluorescence microscopy and ChlIP-seq analysis, |
observed that phase separation modulates the stabilities of G4 structures in vitro and in
cells. This discovery provides new insights into factors that modulate the formation and
stabilities of G4 structures in cells.

In Chapter 5, | identified novel small GTPases as biomarkers of radioresistance in
breast cancer cells through a multiple-reaction monitoring-based targeted proteomics
analysis. The study revealed ARFRP1 as a novel radioresistance biomarker in breast cancer
cells, where its downregulation promotes radioresistance.

In conclusion, this dissertation presents novel proteomic approaches for the
identification of G4-binding proteins, understanding G4 stability modulation, and the
discovery of potential biomarkers in breast cancer cells. These findings enhance our
understanding of G4 biology and offer new avenues for therapeutic interventions and

biomarker-driven cancer research.

X



TABLE OF CONTENTS

ACKNOWLEDGEMENTS ...ttt ettt ettt et st sbe e nbe e b nes v
COPYRIGHT ACKNOWLEDGEMENTS ... .oiiiiiiiiiiiie ettt Vi
DEDICATION L.ttt ettt bttt et e bt e be e be e sbeesbeenbeenbeenbeeneee e VIl
TABLE OF CONTENTS ...ttt ettt ettt sbe e st e st e bt e ebeesneesneesneesreeanee e X
LIST OF FIGURES ...ttt ettt ettt esb e e te e nae e sae e X1
LIST OF TABLES ...ttt ettt sttt ettt et be e nbe e nbe e nteesbeenteenteentee e XX
CHAPTER 1: INTRODUGCTION ...ttt ittt sttt st sreesnee st et e sneeaneesneesneeanees 1
1.1 DNA GUANINE QUADRUPLEX ...ccittiittiittesieesieesieesieesteessesssesssesssesssesssssssesssesssessessssssssssens 1

1.1.1 Characterizations of DNA G-qUAdrUPIEX........c.coiiviirieiereie e 2

1.1.2 FUNCEIONS OF DINA GAS ..ottt bbbt 3

1.1.3 DNA G4-targeting Small MOIECUIES............ooviiriiiriieee e 5

1.2. IDENTIFICATION OF G4-BINDING PROTEINS (G4BPS) ....................................................... 7

1.2.1 BiophySical MEtNOUS .......cvcuiiiiiiciee e 7

1.2.2 Genetic and bioinformatics Methods ............ocviiiiiii e 9

1.3 FUNCTIONS OF GABPS.....ooii ittt ettt stee e s bt e et e e e sbre e e s sbba e e e sabaee s sabaeeessabeeeeens 11

1.3.1 G4BPs in telomere MaiNtENANCE .........ccoviiiiiiiiie e 12

1.3.2 GABPS in DNA FepliCAtION .....c.oviviiiiiiiiisieiseee s 13

1.3.3 G4BPs in transcription regulation ... 14

1.3.4 G4BPs in epigenetic regUIatioN..........ccccoeiiiiiiiiie s 15

1.3.5 G4BPs in 3D genome 0rganization ..........ccccveiveieiieeieseesie e se e sre e saesae e 16

1.3.6 G4BPs in DNA repair and genome Stability .........cccccooviviiniiiiiineie e 16

1.4 CHARACTERIZATION OF G4 DNA-PROTEIN INTERACTIONS ......vvviiiiiiieeeiiieeecitreeeesinee e 17

1.4.1 Circular dichroism (CD) SPECIIOSCOPY ...vevvereereeieiieetesrisiestestestestestesaeseesesaesessessessessessesses 17

1.4.2 Electrophoresis mobility shift assay (EMSA) ........ccccviviieiieririeieneseseeseeee e e e 18



1.4.3 Fluorescence polarization/aniSOtroPy .........coveveivieeinesesesesesiese e se e e e sres e sresreses 19

1.4.4 Enzyme-linked immunosorbent assay (ELISA) ......ccccviieiiiiieiere e 19

1.4.5 Forster resonance energy transfer (FRET) .....coovriiininiienese s 20

1.4.6 Chromatin immunoprecipitation followed by sequencing (ChIP-Seq) ........ccccovevreinnne. 21

1.5 ROLES OF PHASE SEPARATION IN CELLS ...vveitieiieiteeieeieeieesieesteesteestessseesseesseesseeseesseesneas 21
1.5.1 Introduction of phase SEPAration...........cccoeieriiiriireee s 21

1.5.2 Phase-separated DIOMOIECUIES ..........coeiiiiiiiiiicce s 22

1.5.3 Phase separation in regulating biological functions.............ccccocevviriiniiniiicie 23

1.6 MASS SPECTROMETRY-BASED PROTEOMICS ANALYSIS .....uviiiiiiiieeeiitieeeeiteeeeestreeeesreee e 26
1.6.1 DiSCOVEIY PrOTEOMICS .....evvviieiieetirieteseeiesteest ettt ettt bbbt 26

1.6.2 TArgeted PrOTEOMICS ......eiuiitieeieieeie ettt sttt et e et se et e st e s e ne b e ebesnesneeeas 28

1.7 SMALL GTPASES ... .oiii ittt ettt e e st e e st e e e e e tb e e e s ba e e e s sbbeeeesabaeeesatbeeaesabanaens 30
1.8 SCOPE OF THIS DISSERTATION ......vtitieutertiateettetestesieestesbesieeeestesbesssessesbesseensesnesseeneenneseeans 31
REFERENCES ... oottt sttt ettt b et s bbbttt e e snbe e 47

OF DNA GUANINE QUADRUPLEX-BINDING PROTEINS ......oooviiiiieee e 61
2.1 INTRODUCTION ....vttrieiietesesests e tesesessebesese st st sese st s sesesessasesese e st et esese e st et esese s s sesesasnsns 61
2.2 MATERIALS AND METHODS .....cvitiieteietisiatessesssese e e tesessesessesessesessesessssensssessssesssseseses 63
2.3 RESULTS 1.ttt ite ettt ettt ettt e bt e et e se s e st e s et e s et e b et et e e e s et et et s e s et et enesrene e 68
2.4 CONCLUSION ...ttt sttt sttt sttt ettt ket et b ek e e sb e bt e s e bt sb e e se e b e ebesb e e besbeebeenbenbenneas 72
REFERENGCES. ... ..co oottt e e e s s st e e e e s st e e e e e s sastebaeeeeessannnbereeeesaannes 84

........................................................................................................................................................ 90
0 0 N 11 1211010 o3 1 T N 90
3.2 MATERIALS AND IMETHODS .....ecittteitiieiiee st e stee e steeesteeesteeesteessnteesnbessnsaesnseeessseesnseesnneesnns 93

xi



B TG 1 {1 U] i 1TSS 99

K 0] N[0 U 1] [ o] N PR TUP PR 104

REFERENCES. ... ..o e 121

CHAPTER 4: PHASE SEPARATION MODULATES THE FORMATION AND STABILITIES

OF DNA GUANINE QUADRUPLEX ... .ottt snaaae e s e e nnsnnnees 126
4.1 INTRODUGCTION .. .tttiete bttt st sttt ettt she st sbe et et e sb e bt e sb e s b e et e esbesbe s bt eb e et e nbe e st ennenbenee e 126
4.2 MATERIALS AND METHODS ....covuiiiiteriiieietesese et sssse e ssa e s sesesassssans 128
G B o e 5 ST 133
4.4 CONCLUSION ....ouitiuiiteststetestetes et te bt ese st et ebe e et e s e s e se st esessese s es e s es e s et e s e s eseebe s esensssenees 138
REFERENGCES ... ..o e e e e e e a e e e e e aaa e 150

CHAPTER 5: TARGETED PROTEOMIC ANALYSIS OF SMALL GTPASES IN

RADIORESISTANT BREAST CANCER CELLS ...t 155
5.1 INTRODUCTION ....ctuvettuteteieteseasesessesessesessesessasessesessesessasessasessnsessssessssesessesessesessasensasensases 155
5.2 MATERIALS AND METHODS .....ovetiiiteiiesisiesesieseseesessesessesessssessssessssesessesessesessesessasensases 156
D B RESULTS 1.tttttteiestete et ste et eseste st st e e s e sesbe st et e st e s e et e te e es e eneebess et e e eb e e seebenre e eneereenentenen 161
R @] N[0 I U 1] [ ] N SRR 165
REFERENGCES. ... . oottt et e e st e e e s bb et e e snbbeeesntbeee e e 177
CHAPTER 6: CONCLUDING REMARKS AND FUTURE DIRECTION..........cccoeeviiiieen 181
REFERENGCES . ...t ettt et e e et e e s st b e e e snbbeeesntbeee e e 185

xii



LIST OF FIGURES

Figure 1.1: G-quadruplex structures. (A) Hoogsteen-base pairs formed between guanines and
O°®G coordinate a metal ion. (B) four guanines form a G-tetrad and stack to form a G-
guadruplex. (C) G-quadruplex can form into various topology, including parallel,

antiparallel and NYDIId. ... e 35
Figure 1.2. A schematic diagram illustrating the functions of G-quadruplex DNA...........cc.ccu...... 36

Figure 1.3. Representative CD spectra of G4 structures c-MYC (parallel) and 22AG in 100 mM
NaCl (antiparallel) and 100 mM KCI (hybrid). (Adopted from Ref.2)........c.cccccoevvvvirinnnne. 37

Figure 1.4: G4-binding small molecules. Telomestation, TMPyP4, Pyridostatin, PenDC3 and CX-
5416 are G4 stabilizers. PhPC is a G4 diSTUPLET. ....ocvevevieiicieie e 38

Figure 1.5. Schematic of G-quadruplex ligand-mediated cross-linking and pull-down (G4-
LIMCAP) (adopted from REF.54) ... 39

Figure 1.6. a shceme of design of the genome-wide screening ShRNA silencing combined with
small molecular G4-stablization, identifies genes that when depleted compromise cell
viability. (Adopted from RET) ..o 40

Figure 1.7. G4 ChlP-seq workflow. The procedure of ChlP-seq is demonstrated sequentially from

a-h. (AdOPtEd FrOM RETD) ..ottt sttt aees 41
Figure 1.8. G4 CUT &Tag workflow. (Adopted from Ref®?) ..........ccccovviiviniiicieececees 42
Figure 1.10. Biomolecular condensates in cells. (Adopted from Ref7) ...........ccccoveviiieceninnnnn. 44

Figure 1.11. A schematic diagram of a SWATH-MS maeasuremnt, where a single precursor MS
scan was recorded followed by a serious of MS2 spetrum with a defined precursor isolation

window. Peptide query parameters (PQPs) are assigned for data analysis. (Adopted from

Figure 1.12. A schematic diagram of a QqQ-MS commonly used in MRM analysis. (Adopted
FIOM RET 158) Lot 46

Figure 2.1. The experimental workflow for the identification of novel DNA G4BPs. Shown in the

scheme is a reverse SILAC-labeling experiment, where the heavy- and light-labeled

xiii



nuclear protein lysates are incubated with 5'-biotinylated G4 DNA probe and the
corresponding single-stranded DNA probe (M4), respectively. The ‘B’ in green circle

denotes 5'-biotin IahEIING. ....ccove i 75

Figure 2.2. A Venn diagram displaying the overlap in interacting proteins among the three G4
folding patterns studied. Candidate G4BPs identified from SILAC-based affinity screening
are listed. Among the identified candidate G4BPs, unique peptides were detected for YY1,
the peptides detected for Y'Y2 are shared with YY1. Common peptides were detected for
ATF1 and CREB1,; for ANXA2 and ANXA2P2; and for EEF1A1, EEF1A1P5, and
EEF1A2. Proteins highlighted in red are known to bind to DNA G4 structures.................. 76

Figure 2.3. GRSF1 binds preferentially to G4 structures derived from the promoter of the c-MYC
gene. (a-b) ESI-MS showing the [M + 2H]2+ ions of light and heavy arginine-containing
peptide SSPVVNDGVVR with monoisotopic m/z values of ~ 564.8 and 567.8,
respectively, obtained from forward (a) and reverse (b) SILAC-based interaction screening
experiments. (c-d) MS/MS for the [M+2H]2+ ions of the light (c) and heavy (d) arginine-
containing peptide, SSPVVNDGVVR, derived from GRSFL. .........cccccooiiiiiniiiiiineniens 77

Figure 2.4. Fluorescence anisotropy for measuring the Ky values for the binding of the GRSF1

protein toward G4 structures derived from the promoter of c-MYC gene. .......c.ccoveevevnenene 78

Figure 2.5. A Venn diagram displaying the overlap in proteins that bind more strongly to mutated
single-stranded DNA probes (M4) over the corresponding G4 DNA probes derived from
human telomere (hTEL) and the promoters of c-MYC and c-KIT genes. Putative anti-
reader proteins for G4 DNA are listed. Proteins highlighted in red are known to bind to
DINA G4 SITUCTUIES. ...ttt ettt ettt ettt e be e sbe e be e be e s beenbeenbeenteeneeenes 79

Figure 3.1. Identification of putative G4BPs with photo-crosslinking o-NBA group conjugated
DNA probes. (A) a schematic workflow of the pulldown experiment for G4BPs
identification. (B) Structures of biotinylated DNA G4 forming oligonucleotides with an
internal amino modifier C6 dT (IAMMCET), consist of a C6 linker on a thymidine and the
structure of the o-NBA (ortho-nitrobenzylamine) photo-activating group conjugation
through amide coupling. (C) The primary amine in G4BPs in a proximal will be captured
by 0-NBA group after photoactivation. (D) o-NBA group was placed at two different
positions. 5°T G4 probes with the o-NBA group placed on the 5'end thymidine of the G4

X1V



structure and LoopT G4 probes with the o-NBA group located on the thymidine in the loop
region Of the G4 SITUCTUE. ....ocieeeecice et et ee e 107

Figure 3.2: ESI-MS showing the [M + 10H]*** ions of successful synthesis of 5°T o-NBA G4/M4
as Well as LOOPT 0-NBA GA/MA. .......coiiiiieeiiiee ettt 108

Figure 3.3: Putative G4-binding proteins identified in two sets of photo-crosslinking pulldown
experiments. (A) volcano plot of identified G4-binding proteins in pulldown experiments
using probes with 0-NBA group placed at the thymidine in the loop region of the G4
structure. (B) Venn diagram of putative G4-binding protein identified in two sets of pull-
down experiments with G4/M5 ration larger than 1.5. (C) A scatter plot of the common
putative G4BPs identified in both 5°T and LoopT pull-down. Previously reported G4BPs
are highlighted in orange. (D) Gene ontology (GO) enrichment analysis was performed
using g: Profiler, providing GO terms including molecular functions, biological process

and cellular COMPONENL. ..o 109

Figure 3.4. HELLS binds preferentially to G4 structures verses the mutant M4 sequences. ESI-
MS showing the [M + 2H]2+ ions of light and heavy arginine-containing peptide
LVTANTIDQK with monoisotopic m/z values being ~ 551.81 and 555.82, respectively,
obtained from forward (A, C) and reverse (B, D) SILAC-based photo-crosslinking
experiments with A and B from LoopT pulldown, C and D from 5’T pulldown. MS/MS for
the [M+2H]2+ ions of the light (E) and heavy (F) lysine-containing peptide,

I AN I 115 1 ] PP 110

Figure 3.5: HELLS binds directly to G-quadruplex. (A) SDS-PAGE gel of purified Flag-tagged
HELLS. (B) Fluorescent anisotropy for monitoring the binding of HELLS with G4 and M4
DNA probes. (C) Competitive binding assay with addition of 15 nM TMPyP4 in the
HELLS-G4 binding samples. (D) Western blot analysis of HELLS in chromatin fraction of
U20S cells after treatment with 5 UM TIMPYPA.........ooiiiiiiiie e 111

Figure 3.6: Knockdown of HELLS led to elevated numbers of G4 foci in U20S cells. (A)
Western blot analysis for monitoring the knockdown efficiencies of HELLS in U20S cells
with two different sequences of sShRNA. (B) Immunofluorescence images of G4s in control
and HELLS knockdown cells. (C) Quantification data of the numbers of G4 foci per
nucleus in cells treated with shCtrl and sShHELLS. (Scale bar:10 pm)........cccccovvivnennne. 112

XV



Figure 3.7: HELLS co-localized with G4 structure in mouse cells. (A) A venn diagram showing
overlap of ChIP peaks in HELLS ChIP-seq and G4 ChlP-seq. (B) representative IGV plots
of ChIP peaks in HELLS ChIP- seq and G4 ChIP-seq results..........ccccoovevvvivicviineriennnnnnn, 113

Figure 3.8: Knockdown of HELLS results in elevated enrichment of G4 structures at promoter
regions in U20S cells. (A) IGV plots showing the enrichments of HELLS binding sites and
G4 structures near the transcription start site (TSS) of the genes (KRAS, ZNF76, HSPD1).
(B) G4 ChIP-gPCR results showing enrichment of G4 structures in the promoter regions of
KRAS, ZNF76, and HSPD1 genes; and knock-down of HELLS results in augmented

enrichment of G4 at these specific G4-containing regions. .........ccoceoeirerenereieseseneennens 114

Figure 4.1. CD spectra of G4 DNA derived from the promoters of cMYC and KIT genes. The
DNA probes were annealed in 10 mM KCI and diluted by 10-fold before measurement. 139

Figure 4.2. G4 DNA undergoes phase separation in vitro. (A) Images of 10 uM mixture of 5'-
TAMRA-labeled and unlabeled (1:50) G4 oligodeoxynucleotides acquired from
fluorescence microscopy and differential interference contrast (DIC) microscopy (scale bar
=10 um). (B) Turbidity of 10 uM G4 DNA derived from cMYC promoter in the presence
or absence of 2 uM PLL. (C) Matrix diagram showing the phase separation of different
concentrations of cMYC G4 DNA in the presence of various concentrations of NaCl.

Droplets are round shaped, whereas aggregates are of irregular shape (Figure S2). ......... 140

Figure 4.3: Droplet formation in solutions containing different concentrations of cMYC G4 DNA
(labeled on the left) and NaCl (labeled on the top). Scale bar = 10 pum. ........ccccvevvenennen 141

Figure 4.4. DNA G4 droplets are disrupted by 1,6-HD treatment. (A) Images of 10 uM 5'-
TAMRA-labeled cMYC G4 DNA in a buffer containing 50 mM NacCl, and images of the
corresponding samples after incubation with 20% 1,6-HD (scale bar = 10 um). (B)
Normalized turbidity of 10 uM cMYC DNA G4 in the presence of various concentrations
0] NN =T TSP RSP 142

Figure 4.5. Disruption of phase separation led to diminished G4 structure foci in cells. (A)
Immunofluorescence microscopy images showing the presence of G4 structure foci in
control, as well as in 1,6-HD- and JQ1-treated U20S cells. Nuclei were stained with DAPI,

and G4 structures were monitored using BG4 antibody (scale bar = 20 um). (B)

XVl



Quantification of G4 structure foci after 1,6-HD and JQ1 treatment. The p values were

calculated by using two-tailed, unpaired Student’s t-test: **** p < 0.0001. .................... 143

Figure 4.6. CCKS8 cytotoxicity assay for assessing the effects of JQ1 and 1,6-HD treatment on
survival of U20S cells. (A) U20S cells were treated with 1.5% 1,6-HD for 2 min and 6%
1,6-HD for 1 min. (B) Cells were treated with 1.0 uM JQ1 for 12 hr; and control cells was
treated With 0.019% DMSO. .....cuciiieiieeceie ettt enens 144

Figure 4.7. BG4 ChlP-seq results of U20S cells with and without 1,6-HD treatment. (A) A Venn
diagram depicting the numbers of significant BG4 ChlIP-seq peaks in U20S cells with
(1,6-HD) or without (Ctrl) 1,6-HD treatment, and pie charts showing gene annotation of
these peaks. (B) Genome-wide profiles of BG4 ChlP-seq peaks for control and 1,6-HD-
treated cells showing diminished peak intensity after 1,6-HD treatment. (C) Heatmap of

peak distribution and intensity in control and 1,6-HD-treated cells. ........c.ccceeeviiinnnnnnn. 145

Figure 4.8. 1,6-HD treatment led to diminished G4 structures in cells. (A) ChlP-seq tracks
showing the transcription start site (TSS) of CCDCB88A gene in control and 1,6-HD-treated
U20S cells. (B) ChIP-gPCR results showing diminished enrichment of G4 structures in the
promoter regions of HYAL3, CCDCB88A, PRR14, and RPA3 genes in U20S cells upon 1,6-
HD treatment. The enrichment was assessed using primers derived from the genomic
regions around the TSS where the BG4 ChIP-seq peaks are located. ESR1, which has no
G4 peak in the promoter region, served as a negative control to calculate the changes in
enrichment fold. The data represent mean + S.D. of results from three independent
experiments. The p values were calculated by using two-tailed, unpaired Student’s t-test: *,
p < 0.05; ** 0.001 <p < 0.01. (C) Comparison of overlapping percentage of transcription
factors occupancy at G4 sites in control and 1,6-HD-treated cells. Dash lines connect the
same TFs in both groups. The p values were calculated by using two-tailed, paired
Student’s t-test: **** p < 0.0001. (D) Profiles of fold enrichment of G4 signals in control
and 1,6-HD-treated cells at CTCF-binding sites with G4 structures and all CTCF binding
SILES, TESPECTIVEIY. ..viiiiieee e 146

Figure 4.9: IGV plots showing the ChlP-seq signals near the TSS of HYAL3, RPA3 and PRR14
genes in control and 1,6-HD-treated U20S Cells.........ccoeoveiiiiii i, 147

xvil



Figure 4.10: Profiles of fold enrichment of G4 signal in control and 1,6-HD-treated U20S cells at
all ZBTB48/MY C binding sites (All peaks) and ZBTB48/MYC sites with G4 structures
(G4 Peaks), FESPECTIVEIY.......cuiiiiieiieieie et 148

Figure 5.1: A scheduled LC-MRM method for interrogating the differential expression of small
GTPases in breast cancer cells and the corresponding radio-resistant cell lines. (A) A
schematic diagram illustrating the workflow of the LC-MRM method for discovering small
GTPases that modulate radioresistance. (B) A Venn diagram showing the numbers of
quantified small GTPases in MDA- MB-231/C5 and MCF7/C6 pairs of breast cancer
cells. (C) Hierarchical clustering displaying the Log-transformed expression fold changes
of small GTPases in radioresistant C5 and C6 cells relative to the corresponding parental
MDA-MB-231 and MCF7 cells. Hierarchical clustering was generated using Perseus,
where red and blue boxes designate proteins up- and down-regulated, respectively, in
radioresistant breast cancer cells relative to the corresponding parental lines. Genes were

clustered using EUCHAEAN ISTANCE. .........ccoiiviiiiiiiierie e 167

Figure 5.2. Quantification of differential expression of small GTPases in MDA-MB-231/C5 and
MCF7/C6 pairs of breast cancer cells. (A, B) Bar graphs showing the MRM quantification
results of small GTPases with differences in expression being over 1.5-fold in
radioresistant/parental pairs. (C) A bar graph illustrating the proteins commonly altered in
the two pairs of radioresistant/parental breast cancer cell lines. Relative expression level is
plotted as Log: ratio of radioresistant/parental cells. (D) A scatter plot illustrating
significantly up- and down-regulated small GTPases in the two pairs of breast cancer cells.
Seven commonly altered small GTPases are highlighted in red (for up-regulated small

GTPases in radioresistant cell lines) and blue (for down-regulated small GTPases). ....... 169

Figure 5.3. ARFRP1 is down-regulated in radioresistant lines of both MDA-MB-231/C5 and
MCF7/C6 pairs of breast cancer cells. (A) The MRM traces of a representative peptide
(DCLTQACSALTGK, where underlined C represents carbamidomethylated cysteine)
from ARFRP1 in MDA-MB-231/C5 and MCF7/C6 pairs of breast cancer cells. The traces
of the unlabeled peptide in parental and radioresistant cell lines are shown in red, and the
spiked-in isotope-labeled peptide are depicted in blue. (B) Western blot for validating the
MRM results for ARFRP1 in MDA-MB-231/C5 and MCF7/C6 cells. (C) Quantification

Xviii



results for the relative levels of expression of ARFRP1 protein in the two pairs of cell lines
obtained from MRM and Western blot analyses. Error bars represent S.D. (n=3)............ 170

Figure 5.4. IFT27 is up-regulated in the radio-resistant lines of MDA-MB-231 and MCF7 cells.
(A) MRM traces of a representative peptide (CILAGDPAVGK), where the underlined C
represents carbamidomethylated cysteine, from IFT27 in MDA-MB-231/C5 and MCF7/C6
pairs of breast cancer cells. (B) Western blot for validating MRM results for IFT27 in
MDA-MB-231/C5 and MCF7/C6 pairs of cells. (C) Relative levels of expression of IFT27
protein in the two pairs of cell lines as obtained from MRM and Western blot analyses.
Error bars represent S.D. (NT3). ..o s 171

Figure 5.5. Real-time qPCR showing the mRNA expression levels of IFT27 and ARFRP1 genes
in MDA-MB-231/C5 and MCF7/C6 pairs of breast cancer cells. Shown are Log ratio of
expression levels in radioresistant over parental cell lines. The data represent the mean +

S.D. of results obtained from three biological replicates. ..........c.ccocevviiiieneiciiceee 172

Figure 5.6. ARFRP1 modulates radioresistance in breast cancer cells. (A) Western blot for
validating the knockdown efficiency of ARFRP1 in MDA-MB-231 cells. (B) Survival
rates of MDA-MB-231 cells treated with control or ARFRP1 shRNA and exposed with the
indicated doses of X rays. Error bars represent S.D. (n = 3). The p values were calculated
using two-tailed, unpaired Student’s t-test: *, p < 0.05; *** p < 0.001.......ccceervrvrrrrnnne. 173

Figure 5.7. Down-regulation of ARFRP1 led to elevated radioresistance in MCF7 cells. (A)
Validation of knockdown efficiency of ARFRPL1 in MCF7 cells by Western blot analysis.
(B) Survival rates of MCF7 cells treated with control or ARFRP1 shRNA and exposed
with the indicated doses of y rays. Error bars represent S.D. of results from three
independent experiments. p values were calculated using unpaired, two-tailed Student’s t-
TESE 7% P < 0.00L. it nr et nre e 174

Figure 5.8. Scatter plots showing the correlation between mMRNA expression level of ARFRP1
gene and those of RAC1/RALB genes, which have been reported to be involved in
regualting radioresistance in different breast cancer cell lines, including MDA-MB-231 and
MCF7 cells highlighted iN 1. .......ccoiiiiiee e 175

X1X



LIST OF TABLES

Table 2.1. The DNA sequences employed for the affinity purification pull-down of cellular
proteins that can bind to G4 DNA. The differences in sequences between the G4 and the

corresponding single stranded DNA are underlined. ..........ccceveieiieiene s 80

Table 2.2. A complete list of G4BPs identified from the SILAC-based interaction screening and
their G4/M4 ratios. ‘N.D.”, not detected. ......ceveviiiiiiiiiii e 83

Table 3.1 Common proteins show G4/M4 ratio over 1.5 in both 5°T and LoopT pulldown

EXPEITIMEIES. ...ttt bbb bbbt b bbbt b e b e b et b et 119
Table 3.2 A list of G4 DNA sequences and ChIP-qPCR primers used in this study. .................. 120

Table 4.1: A list of fluorescently labeled G4 DNA sequences and ChIP-gPCR primers used in this
] (1 ) P 149

Table 5.1: Primers and Oligonucleotide SEQUENCES ........ccveieiereeiere e 176

XX



Chapter 1: Introduction

1.1 DNA Guanine Quadruplex

DNA encodes genetic information necessary for the survival and functions of
organisms. The classic B-form DNA structure is well-known, and is characterized by a
double helix stabilized by Watson-Crick base pairing (Figure 1.1A). Aside from the B-
form DNA, it has been revealed that non-canonical DNA structures, such as guanine-
quadruplexes (G4s), i-motifs, and Z-DNA also play important roles in cell biology as well
as cancer and neurogenerative diseases® 2. Among them, G4 is formed from stacking of
two or more layers of guanine-tetrads, which consist of a plane of four guanines stabilized
by Hoogsteen-base pairing and a monovalent metal ion, such as K* or Na* (Figure 1.1B).
G4s can exhibit diverse topologies dictated by the arrangement of G-tetrads, the presence
of bulges or loops, and the orientation of the DNA strands. The primary topological
variations observed in G4 structures are parallel, anti-parallel, and mixed forms® (Figure
1.1C).

Putative G4-forming sequences have been identified in important genomic regions,
including replication origins, promoters, and telomeres, indicating the crucial regulatory
roles of G4s in DNA replication, gene expression, and telomere maintenance*®.
Furthermore, numerous studies have revealed that G4s are also involved in regulating DNA
damage repair, chromatin remodeling, and DNA methylation (Figure 1.2). Additionally,

G4 structures can exhibit high polymorphism, where they can adopt different



conformations depending on their environment’. These various topologies of G-
quadruplexes contribute to their structural diversity and functional versatility. The specific
topology adopted by a G4 structure can influence its stability, interaction with binding
partners, and biological activities. Therefore, it is essential to employ comprehensive
methods that can effectively characterize G4 and provide insights into their structural and
functional properties as well as elucidating the relationship between G4s topology and
function. Such studies are crucial for understanding their roles in cellular processes and

exploring their potential applications in therapeutics.

1.1.1 Characterizations of DNA G-quadruplex

Since the first report of the formation of a stable guanine tetrad structure in 1962, the
discovery and identification of G4 structures were not demonstrated until 19878 °
Subsequently, significant efforts have been devoted to studying the formation of G4
structures both in vitro and in vivo, spanning various organisms from plants and bacteria to
eukaryotes'®. Computational prediction was employed to detect putative G4 forming
sequences with the motif of G3+N1.7 Gs+N1-7G3+N1-7Gs+!1. Through these predictions, more
than 376,000 putative G4-forming sequences have been identified from the human genome.
Many of these sequences have been experimentally shown to have the ability to adopt G4
structures under physiological conditions in vitro!>24,

X-ray crystallography and nuclear magnetic resonance (NMR) spectroscopy have
been utilized to gain insights into the structures of G4 DNA'> 16, While the crystallization
of G4s poses challenges for X-ray crystallography, NMR spectroscopy employs magnetic

field to examine specific atomic nuclei, such as *H, 3C, or *N, with high resolution in a



solution under physiologically relevant conditions. In addition to X-ray crystallography
and NMR spectroscopy, various other techniques have been employed to investigate G4
structures and their formation.

Circular dichroism (CD)*, which measures the differential absorption of left- and
right-circularly polarized light by G4 DNA, provides valuable information about its
secondary structure. G4 structures with different topologies show different spectral
patterns. For instance, parallel G4 shows a positive band at 264 nm and a negative band at
245 nm, and antiparallel G4 shows a positive band at approximate 295 nm and a negative
band at 260 nm'® '? (Figure 1.3). The dimethyl sulfate (DMS) protection assay?° is another
technique used to identify G4 regions within DNA sequences by assessing the
susceptibility of single-stranded regions to chemical modification. Furthermore,
fluorescent small molecules like thioflavin T (ThT)? and N-methyl-mesoporphyrin IX
(NMM)?2 have been utilized as probes to detect and visualize G4 structures due to their
abilities to bind selectively to G4 DNA and emit fluorescence signals; while ThT
recognizes all forms of G4 DNA, NMM only binds to parallel G4s. These complementary
approaches offer valuable insights into the folding and stabilities of G4 structures, which
are important for understanding their biological functions.

1.1.2 Functions of DNA G4s

G4s have been found to influence DNA replication and gene expression depending
on their specific genomic locations?® 24, G4-forming sequences can be found at 80% of
mapped replication origins in human and mouse cells?®. In addition to their presence in

promoters and 5'-untranslted regions (5’"UTRs) of oncogenes, such as KIT, MYC and KRAS,



where they can act as transcriptional repressors or activators?5-28, G4s have been implicated
in various other important biological functions, highlighting their diverse roles in cellular
processes. One notable role of G4 structures is their involvement in chromatin modulation
and epigenetic regulation?®. The formation of G4 structures in regulatory regions can affect
the accessibility of DNA to transcription factors and other regulatory proteins, leading to
alterations in gene expression patterns and cellular phenotypes®. Understanding the
intricate interplay between G4 structures and chromatin dynamics is important for
unraveling the complexity of gene regulation.

G4 structures have also been shown to be associated with DNA repair processes.
Studies have suggested that, other than induction of DNA damage?®!, G4s may participate
in DNA damage recognition and repair, potentially acting as signaling elements to recruit
repair proteins to damage sites®> 33, The presence of G4 structures in close proximity to
DNA lesions can influence the efficiency and accuracy of DNA repair, contributing to
genome stability and integrity®*. Elucidating the molecular mechanisms underlying the
interplay between G4 structures and DNA repair pathways holds great promise for
advancing our knowledge of genome maintenance and for developing targeted therapies.

Another intriguing aspect of G4 biology is their involvement in telomere
maintenance. Telomeres, composed of tandem repeat sequences, play a critical role in
protecting the ends of chromosomes. G4 structures formed by the telomeric repeat
sequence of (TTAGGG)n help to stabilize and regulate telomere length®®. These G4
structures contribute to the prevention of telomere erosion, end-to-end fusion, and genomic

instability, thereby maintaining chromosomal integrity and cell viability36-3,



Understanding the mechanisms by which G4 structures regulate telomere biology can
provide valuable insights into aging, cancer development, and potential therapeutic
interventions targeting telomerase activity.

Together, the functional repertoire of G4s range from replication and transcription to
chromatin modulation, DNA repair, telomere maintenance, and G4s hold potential as
therapeutic targets. Due to their unique structural characteristics and prevalence in disease-
associated regions of the genome, G4s have emerged as attractive targets for drug
development. Small molecules designed to selectively bind and stabilize or disrupt G4
structures have shown promise in modulating gene expression and inhibiting the growth of
cancer cells. The development of G4-targeting therapeutics opens up new avenues for
precision medicine and personalized treatment strategies, particularly in the field of cancer

therapy.

1.1.3 DNA G4-targeting small molecules

Small-molecule G4 stabilizers have emerged as promising tools for studying and
targeting DNA G4s. It has been observed that, when cells are treated with G4 stabilizers,
there is a higher occurrence of double-strand breaks and aberrant DNA replication and gene
expression. This suggests that G4 structures play a role as epigenetic regulators,
influencing transcriptional control of genes*®. The stabilization of G4 structures in non-
telomeric regions, such as proto-oncogenes and promoter regions, has shown anti-
proliferative and anti-tumor activities in various in vitro and in vivo models of human

cancers.



Recent research has also shed light on the involvement of G4s in regulating
autophagy in neurons %1, This highlights the potential of G4 structures as targets for
modulating cellular processes beyond cancer-related pathways. Thus, small molecules that
specifically bind to G4 structures with high affinity have the potential to be anti-cancer
drugs and contribute to maintaining and protecting genome stability.

Numerous small-molecule ligands have been designed to target G4 structures. Here,
we present several notable examples (Figure 1.4). Telomestatin, for instance, binds
selectively to telomeric G4 DNA, and was able to cause telomere dysfunction by inhibiting
telomerase activity and disturbing the shelterin complex*?. Another example is meso-
Tetra(N-methyl-4-pyridyl) porphrine (TMPyP4), which binds to G4s by stacking on top of
the G-tetrad, resulting in the downregulation of the MYC gene transcription*. Pyridostatin
(PDS) and PhenDC3 could inhibit the transcription of G4-related genes through interacting
with G4 structures via nt- stacking with the top G tetrad, showing great enhancement on G4
thermal stability and selectivity towards G4 over other secondary structures*+-48, In addition
to small molecules aimed at stabilizing G4 structures, there have also been discoveries of
small molecules designed to unfold G4 structures. One such example is the
Phenylpyrrolocytosine (PhpC)-based G-clamp analog, a small molecule that has been
investigated for its ability to disrupt G4 structures and alleviate helicase impairment*’.
Small molecules that specifically target DNA G4 structures provide valuable tools for
studying the functions of G4s and exploring their potential as therapeutic targets. In fact,
some of these molecules are currently in clinical trials as potential anticancer drugs. CX-

5461, a G4 stabilizer, exhibits specific toxicity against BRCA-deficient cancer cells*,



highlighting its potential as a novel therapeutic option. The development of G4-targeting
small molecules holds promise for cancer treatment, genome stability maintenance, and

understanding the intricate mechanisms of G4-mediated biological processes.

1.2. Identification of G4-binding proteins (G4BPs)

To gain a comprehensive understanding of the functional roles of G4 structures, one
has to investigate their interactions with proteins. In this section, we will direct our
attention to the methods and approaches utilized for the identification and characterization
of these pivotal players in G4 biology. By employing various techniques, researchers have
endeavored to unravel the intricate landscape of G4-protein interactions, shedding light on

the molecular mechanisms underlying G4-mediated processes.

1.2.1 Biophysical methods

One commonly employed method for identifying novel G4BPs is through pull-down
experiments using biotinylated oligonucleotides as bait. This approach takes advantage of
the strong non-covalent interaction between biotin and streptavidin, allowing for sample
incubation and washing under desired conditions. Control oligonucleotides with
substitutions of guanines with other nucleobases are used to prevent G4 folding. Cells are
subjected to lysis directly to obtain whole-cell lysate or separation into cytoplasmic and
nuclear fractions, depending on the research objectives. The eluted proteins from the bait
are then digested and the resultant peptide mixture analyzed using LC-MS/MS, which

enables the identifications of G4BPs.



Several quantitative proteomics approaches can be employed to identify and
characterize G4BPs. One widely used method is label-free quantitative proteomics, known
for its cost-effectiveness and broad applicability. In label-free studies, G4BPs such as
nucleolin and PARP have been identified by their exclusive detection in G4 probe pull-
down samples, but not in the corresponding control samples 49 %0,

Stable isotope labeling by amino acids in cell culture (SILAC) is one of the most
robust methods in quantitative proteomic analysis. Cells are cultured in media containing
heavy (**C and *N)- or light (*2C and '*N)-labeled arginine and lysine, and these amino
acids are incorporated into newly synthesized proteins. By applying the method, G4BPs,
such as SLIRP, YY1 and VEZF1 were identified®®. Isobaric tandem-mass-tag (TMT)
labeling expands the number of labeling samples to 16 at the peptide level, as opposed to
protein-level labeling in SILAC. This approach led to the identification of SMARCBL1 as
a cMY C-G4 binding protein®2.

While label-free quantitative proteomics, SILAC, and TMT labeling have improved
peptide identification and quantification, these methods rely on affinity capture of proteins,
which may result in the detection of indirect binding through protein-protein interactions
and may not identify those proteins with transient and/or weak interactions with G4 DNA.
To address this limitation, crosslinking probes have emerged as a potential solution. These
probes are designed to form covalent bonds between oligonucleotides and their interacting
proteins, thereby stabilizing the interaction and enabling their subsequent identification.

Recently, Zhang et al.>3 developed a co-binding-mediated protein profiling (CMPP)

method to identify the G4 binders in live cells. Briefly, they designed a small-molecule



probe based on a G4-binding ligand, PDS, conjugated with a linker, a diazirine and an
alkyne group. The probe can be photo-crosslinked to putative G4BPs mediated by
proximity in cells. A biotin group can be attached to the probe for pulldown purpose after
the ligand-protein crosslinking and nuclear protein extraction. The samples were
subsequently subjected to a label-free proteomics analysis, which led to identification of
over 200 putative G4BPs. Similarly, a new method named G4-LIMCAP, which utilizes a
probe consisting of a derivative of pyridostatin (N,N'-bis(2-quinolinyl)pyridine-2,6-
dicarboxamide), a diazirine group with photo-crosslinking ability and an alkyne group that
is used for the Cu(l)-catalyzed azide—alkyne cycloaddition (CUAAC) reaction®*(Figure
1.5). With this method, not only a list of putative G4BPs were identified, but also confirmed
the direct binding of newly identified G4-binding protein, SERBPL1.

Human protein microarray was also used to identify G4BPs. By running G4 oligos
through plates fixed with over 10,000 proteins, BRD3 was identified as a G4 binding
protein.®
1.2.2 Genetic and bioinformatics methods

A genome-wide screening of human genes that are silenced by shRNA after the
treatment with a small-molecule G4-stabilizer reveals the G4-involving pathways and G4-
associated proteins® (Figure 1.6). In the study, cells were transfected with a genome-wide
pool of shRNAs targeting the protein-coding genes followed by G4 ligand treatment to
stabilize DNA and/or RNA G4 structures. In this respect, if a gene is not required in a G4-
dependent process, there is no effect on cell viability upon its knockdown. On the other

hand, gene silencing results in cell death either due to loss of a direct G4 interaction (e.g.,



binding/unwinding) or indirectly through gene loss in a G4-dependent pathway. In this
case, in absence of ligand, cells are viable in presence of the sShRNA. The genes were
further identified by PCR and sequencing. The authors identified 758 genes whose losses
sensitize cells toward PDS. Further analysis using Gene Ontology (GO) revealed that these
genes are involved in biological processes including DNA replication, cell cycle, ubiquitin-
mediated proteolysis, spliceosome and ribosome.

Computational analysis has emerged as a valuable approach for the identification of
putative G4 binding proteins. As the discovery of novel G4BPs continues to expand,
various G4-binding motifs have been uncovered. One such motif is the arginine/glycine-
rich domain (RGG domain), which is commonly found in RNA-binding proteins and has
been observed in numerous G4BPs. For instance, CIRBP was recently identified as a G4-
binding protein through the investigation of its interaction with G4 nucleic acids,
specifically involving the RGG domain®’. Furthermore, a recent statistical study based on
the analysis of 77 known human G4BPs showed that besides the known RG rich domain,
a 20-amino acid G4-binding motif is conserved among G4BPs®®,

The development of G4-specific antibodies and genome-wide sequencing techniques
have significantly advanced our ability to map the localization of G4 structures throughout
the entire genome. G4 ChIP-seq, using the single-chain antibody BG4, enables the precise
mapping of G4 loci in the genome®®. Subsequently, other antibodies, such as D1, which
specifically target parallel G4s, have been developed, expanding our repertoire of G4
mapping tools® (Figure 1.7). Additionally, the application of the CUT&Tag method has

further enhanced our ability to detect G4 peaks with superior signal-to-noise ratio
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compared to other G4 mapping methods, which results in higher reliability in identifying
G4-rich regions in cells®®: 62 (Figure 1.8). By combining the existing G4-ChlIP data with the
ChIP-seq results of putative G4BPs, the overlap in peak regions between the G4 structures
and the proteins of interest (POI) can be calculated. This approach allows for assessing the
potential interactions between the putative G4BPs and the G4 structures. Notably,
comparing G4 structure loci with transcription factor (TF) binding sites revealed significant
enrichment of TFs at G4 sites, including known G4BPs such as TAF15, FUS, and SP13,
However, it is crucial to validate these predicted interactions using biochemical
experiments by confirming the observed associations between the candidate G4BPs and

G4 structures, ensuring the accuracy and reliability of computational predictions.

1.3 Functions of G4BPs

To gain a more comprehensive understanding of how G4s regulate biological
functions within cells, it is crucial to study G4BPS. Exploring the interactions between G4
structures and specific proteins can provide insights into the complex regulatory networks
and unravel the puzzle of G4-mediated cellular processes.

The discovery and characterizations of G4BPs have yielded significant insights into
the intricate relationship between DNA G4 structures and cellular processes. In the
following sections, we will discuss the functions of various known G4BPs, highlighting

their involvement in specific biological processes.

11



1.3.1 G4BPs in telomere maintenance

G4BPs play crucial roles in regulating biological functions related to telomeres.
Several proteins have been found to interact with G4s in the telomeric region. These
proteins interact with G4 structures in the telomeric region and contribute to the
maintenance of telomere integrity and function. One key protein involved in telomere
regulation is TRF2, which is part of the telomere shelterin complex. TRF2 exhibits high
affinity in binding to double-stranded telomeric DNA and protects chromosome ends .
Depletion of TRF2 in cells leads to telomere dysfunction, including the loss of telomere
overhang, end-to-end chromosome fusions, and apoptosis induced by ATM and p53 6%,
TRF2 also interacts with telomere DNA and telomeric repeat-containing RNA (TERRA)
through G4 structures ¢7. Another important G4BP in the telomeric region is POT1, which
IS also a component of the shelterin complex. POT1 binds strongly to the telomeric G4
with a dissociation constant (Kd) of 26.4 nM?3®, It also forms a complex with TPP1 and
consequently induces dynamic folding and unfolding of G4 in the telomeric region 8. The
sliding motion of POT1-TPP1 complex plays an essential role in the dynamic regulation
on the telomere structure 3.

Replication protein A (RPA), a single-stranded DNA binding protein, has also been
shown to interact with G4 structures in the telomeric region. RPA1 and RPA2 bind to
human telomeric G4 structures and unfold these structures ®. RPA is involved in
telomerase activation, and mutations in RPA can lead to telomere shortening 7.
Furthermore, BRCAL, a well-known tumor suppressor gene associated with breast cancer,

has been implicated in telomere regulation. Overexpression of BRCA1 in cells resulted in
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telomerase inhibition and telomere shortening’!. Mutations in BRCA 1 increase notably the
risk of female breast and ovarian cancers, which may be attributed to its role in DNA repair
and transcription regulation’. A telomeric ChIP assay showed that BRCA1 is localized at
the telomere, and knockdown of BRCA1 caused elevated HTERT expression and increased
telomerase activity and telomere length 773, TRF1 and TRF2 interact with BRCA1 in the
telomere region in a DNA-dependent manner, which is associated with the length

regulation of the 3’ G-rich overhang ! 73

1.3.2 G4BPs in DNA replication

Loss-of-function studies of a helicase involved in recognizing and resolving G4
structures in vitro provided the initial evidence that replication fork function can be
compromised by G4s. Studies of helicases (e.g., FANCJ and Pif1) have shed light on their
roles in resolving G4 DNA structures and maintaining genomic stability. FANCJ, a
member of the Fanconi anemia (FA) pathway, plays a critical role in the repair of DNA
interstrand crosslinks and is involved in maintaining the stabilities of replication forks.
Deletion of the Fancj gene in Caenorhabditis elegans resulted in the accumulation of small
deletions upstream from G4 structures, indicating that FANCJ is essential for the proper
replication of G4-rich regions’. Additionally, human cells lacking functional FANCJ
exhibit an increased susceptibility to genomic instability and the accumulation of large
deletions in the vicinity of G4 structures’. These observations suggest that FANCJ helicase
is crucial for resolving G4 structures during DNA replication and preventing replication

fork stalling or collapse.
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On the other hand, the Pifl helicase, found in various organisms including yeast and
humans, is known for its ability to unwind G4 DNA structures in vitro. Deletion of the Pifl
gene in Saccharomyces cerevisiae induces rearrangements within guanine-rich
minisatellites, underscoring its role in maintaining the stabilities of G4-prone regions.
Furthermore, studies using potent G4 ligands, such as Phen-DC3, which inhibit Pifl-
dependent G4 unwinding in vitro, have phenocopied the genomic instability observed in
the absence of Pifl. These findings highlight the functions of Pifl helicase in preventing
G4-induced genomic instability and suggest that its activity is crucial for the faithful
replication of G4-containing DNA regions.

Together, the roles of FANCJ and Pifl helicases in resolving G4 structures and
maintaining genomic stability underscore the importance of G4BPs and helicases in
preserving genome integrity. The loss or dysfunction of these helicases can lead to

replication fork stalling, DNA damage, and genetic instability.

1.3.3 G4BPs in transcription regulation

G4BPs play crucial roles in regulating transcription of key oncogenes. MYC is a
proto-oncogene that participates in normal cell growth and differentiation 76. As a common
feature of malignant human tumors, aberrant expression of MYC caused chromosomal
translocation, gene amplification and abnormal transcription 7®. The DNA sequence
derived from the promoter of MYC was shown to form G4 structures in cells*’. Mao et al.*
found that nucleolin binds to G4 structure in the MYC promoter, which promotes G4
formation in vivo, thereby regulating MYC expression. Cellular nucleic-acid-binding

protein (CNBP) harbors zinc finger and RGG domains. A previous study revealed that
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CNBP could bind specifically to the G4-forming sequence of the MYC promoter and
promote the G4 formation ”7. Nucleophosmin (NPM 1) plays important roles in a variety of
fundamental biological processes and tumor malignancies '8, which could bind to G4
structure derived from MYC promoter in vitro 7. Moreover, helicase DDX5 has been
shown to bind and unwind G4 structure at MYC promoter to facilitate its expression %,
Two stable G4s in equilibrium can be formed in the promoter of KRAS, which is the most
mutated oncogene®!. Cogoi et al.?’ reported that Myc-associated zinc finger (MAZ) could
bind specifically to the duplex and quadruplex conformations of the G4-forming sequence,
whereas poly (ADP-ribose) polymerase 1 (PARP1) binds specifically to the G4
conformation. Abrogating G4 formation by mutating G4-forming sequence in the KRAS
promoter led to its reduced transcription 2. Notably, it was also reported that PARP1 could
bind to G4 derived from VEGF promoter, cKIT promoter and human telomere, MAZ could
bind to G-quadruplex derived from HRAS promoter 3% 83,

Through an integrated analysis of ChIP-seq data set, Raiber et al.3* reported that 87%
of specificity protein 1 (SP1) binding sites overlap with the G4-forming sequences,
indicating that SP1 may be a generic G4-binding protein. /n vitro experiments revealed that

SP1 binds to G4s derived from ¢KIT and HRAS promoters®® 8. Overexpression of SP1
activates HRAS transcription, whereas knockdown of SP1 represses it 884,
1.3.4 G4BPs in epigenetic regulation

5-methylcytosine in DNA is an essential epigenetic mark in chromatin, which
assumes roles in modulating gene transcription and disease development®>. Bioinformatic

analysis showed that G4 structures are associated with hypomethylation at CpG islands.
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Mao et al.® demonstrated that DNMT]1 binds directly with G4 at CpG islands. In vitro
experiments showed that the interaction between DNMT1 and G4 structure impaired the
methylation activity of DNMT1%’. It was hypothesized that G4 formation at CpG islands
is recognized by DNMT1, which inhibits the latter’s methylation activity and protects the
CpG islands from methylation 3¢

1.3.5 G4BPs in 3D genome organization

Yin Yang-1 (YY) is a ubiquitously expressed and multifunctional transcription
factor®®. Aside from its binding with a double-stranded consensus motif, YY1 binds
strongly to G4 structures across the genome, with comparable binding affinity. Notably,
YY1-G4 interaction also participates in the DNA looping formation and regulates
downstream gene expression®’.

Similarly, CCCTC-binding factor (CTCF) is architectural protein that can mediate
chromatin loops, enhancer—promoter interactions, transcriptional pausing and alternative
mRNA splicing®. It is highly co-localized with G4 sites in cells®!. Evidence suggests that
G4 structures at CTCF-binding sites contribute to the establishment and maintenance of

long-range chromatin interactions through facilitating the formation of chromatin loops,
which are essential for proper gene regulation and genome organization.
1.3.6 G4BPs in DNA repair and genome stability

G4s act like a roadblock for replication fork progression, leading to fork stalling
followed by DNA double strand break (DSB) induction. Treatment of cells with PDS, a
G4 stabilizer, led to significantly increased formation of YH2AX, which are indicative of

DNA damage, and activate the ATM and CHKI signaling pathway involved in the DNA
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damage response *°. G4 helicases (e.g., BLM, WRN) can unwind G4s and prevent G4-
induced replication stalling and recombination events’? °2. For example, mutations in BLM
are associated with Bloom syndrome, a rare genetic disease. It was shown that BLM
helicase is responsible for G4 structure unwinding, and the loss of its helicase activity
results in a marked increase in recombination events, particularly at transcribed genomic
loci** 3. These observations underscored the crucial role of proper G4 structure regulation
in maintaining genomic stability, as the stabilization of G4 structures can induce DSBs and
promote recombination, ultimately leading to genome instability®®. Together, these
findings highlight the detrimental consequences of perturbation G4 dynamics and
emphasize the significance of understanding and maintaining the delicate balance in G4-

mediated epigenetic modulation for cellular homeostasis.

1.4 Characterization of G4 DNA-protein Interactions

1.4.1 Circular dichroism (CD) spectroscopy

Since the first interpretation of G4 structures by circular dichroism by Spada GP et
al. °*, CD has been a well-adopted technique for G4 structure detection. CD is also used to
monitor the interaction between G4 nucleic acids and their binding proteins. Since proteins
only give relatively small signal intensity emanating from some aromatic amino acids,
conformational changes of G4 structures induced by interaction with G4BPs can be
detected. The interactions of proteins, including hRPA and nucleolin, with DNA G4 were
demonstrated by CD spectroscopy, in which proteins alone do not have strong signal; while

the CD spectra are altered after the addition of proteins to G4 DNA probes.!”*° The assay
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can be conducted under near-physiological conditions with preferred buffer. One of the
limitations of CD spectroscopy on characterizing the G4-protein interaction is that it is not

a direct observation of protein-G4 interaction.

1.4.2 Electrophoresis mobility shift assay (EMSA)

Electrophoresis mobility shift assay (EMSA), also known as ‘gel shift assay’, is a
robust and widely used tool to study the interaction between proteins and nucleic acids.
EMSA not only can be used for qualitative analysis, but also, because of the high
sensitivity, can be employed for quantitative analysis of protein-DNA interactions to derive
dissociation constants. In EMSA, purified candidate G4BPs are incubated with G4-forming
nucleic acids and the samples are resolved on TAE (Tris-acetate-EDTA) or TBE (Tris-
borate-EDTA) native polyacrylamide gels. The G4-forming nucleic acids can be labeled
with fluorophores or radiolabeled ATP for detection purposes. By exploiting the
differential mobility of free DNA and protein-DNA complexes, EMSA enables the
separation of these species on the gel®®. Bona fide G4BPs will form a complex with G4
DNA and run more slowly than unbound G4 DNA. EMSA was adopted in most of the
identification of protein-G4 binding studies, such as TFAM, hnRNPA1l and
hnRNPA2/B13% % 97 EMSA provides a straightforward approach for accessing the
interactions between proteins and the nucleic acids. However, it is important to note that
EMSA does have a limitation wherein the running of samples on gels can potentially

disrupt the stability of protein-G4 DNA complexes.
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1.4.3 Fluorescence polarization/anisotropy

Fluorescence anisotropy is a powerful technique used to investigate changes in the
rotational diffusion of fluorophores labeled on oligonucleotides®®. By assessing the
rotational mobility of the fluorophore, fluorescence anisotropy can provide valuable
insights into protein-DNA interactions. When proteins bind to the fluorophore-labeled G4
probes, the rotational motion of the G4 probes becomes restricted, resulting in a decrease
in the rotational diffusion rate. Compared to EMSA, fluorescence anisotropy offers several
advantages®. Firstly, it can be performed under near physiological conditions, allowing for
the study of protein-DNA interactions in more biologically relevant settings. Secondly,
fluorescence anisotropy measurements can be conducted in real time, providing dynamic
information about the kinetics of the binding process. This real-time monitoring enables
the detection of rapid binding events and facilitates the investigation of binding kinetics
and mechanisms. In addition, the dissociation constant can be derived from such
measurements. Anisotropy was used in analysis of the interaction between G4 and proteins,
including SLIRP, GRSF1, PC4 and Rif].>!> 100-102
1.4.4 Enzyme-linked immunosorbent assay (ELISA)

The binding affinities of proteins towards G4s can also be analyzed by ELISA. This
method has been increasingly adopted in recent G4BP studies due to its versatility and
high-throughput capabilities.® 53 39 Briefly, biotinylated G4 probes are conjugated to
streptavidin-coated plates and incubated with proteins of interest. The protein of interest is
then recognized by its specific antibody. The measurement is achieved by assessing the

activities of the conjugated enzyme (e.g., horseradish peroxidase) upon incubation with a
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substrate (e.g., 3,3',5,5' tetramethylbenzidine (TMB)) to produce a measurable product.
ELISA offers several advantages for characterizing protein-G4 interactions. Firstly, it is a
plate-based assay, allowing for the analysis of multiple samples simultaneously, which
enhances experimental throughput. This feature is particularly useful when screening large
numbers of proteins for their binding affinities towards G4 structures. Additionally, ELISA
offers high sensitivity and specificity due to the use of specific antibodies for protein
detection. The signal generated by the enzyme-substrate reaction can be easily quantified

using spectrophotometric or fluorometric measurements.

1.4.5 Forster resonance energy transfer (FRET)

FRET is a robust qualitative and quantitative tool for studying protein-ligand,
protein-nucleic acids, and protein-protein interactions. In FRET, a donor fluorophore is
excited by incident light, and if an acceptor is in close proximity, the excited state energy
from the donor can be transferred to the acceptor. This leads to a reduction in the donor’s
fluorescence intensity and excited state lifetime, and an increase in the acceptor’s emission
intensity'®. In this vein, G4 fluorescent probes were constructed to study the interactions
between target protein and G4s. Both the interactions and the G4 unwinding activities can
be illustrated. Mainly, two different FRET based assay were employed to study the
unwinding kinetics of protein of interest on G4 structures, including single molecule
Forster resonance energy transfer (smFRET) assays and bulk FRET assays'* (Figure 1.9).

The G4 unwinding activity of BLM, DDX5 and DHX36 were demonstrated by FRET. 3%

105, 106
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1.4.6 Chromatin immunoprecipitation followed by sequencing (ChlP-seq)

Interrogation of DNA G4-protein interactions through ChIP-seq has provided
valuable insights into the role of G4 structures in gene regulation and genome organization.
By utilizing specific antibodies targeting G4BPs, such as SMARCA4% and Y'Y 18, ChlIP-
seq allows for mapping of interacting DNA sequence of the protein. The binding motif of
the G4BPs can be found uncovered by such analysis. Furthermore, overlapping the
sequencing results with G4 ChlIP-seq, which utilizes G4 structure-specific antibody to map
the G4 sites at the genome-wide scale will reveal whether the protein binding site is
colocalized with G4 sites. In the meanwhile, perturbing protein expression and monitoring
the G4 sites in cells or treating the cells with G4 targeted small molecules (e.g., PDS and
TMPyP4) can also contributes to understanding the cellular functions of the G4 DNA-
protein interactions®. This technique has shed light on the involvement of G4 structures in
diverse biological processes, including transcriptional regulation, chromatin remodeling,
and DNA replication. The integration of ChlIP-seq with G4-specific antibodies has
significantly advanced our understanding of the intricate interplay between G4 structures
and proteins, providing new avenues for exploring the biological significance of G4s and

their potential as therapeutic targets.

1.5 Roles of phase separation in cells

1.5.1 Introduction of phase separation
In eukaryotic cells, macromolecules are segregated into distinct compartments or

organelles surrounded by membranes, such as nucleus, lysosome, endoplasmic reticulum,
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etc. However, some cellular components adopt alternative non-membrane-bound
structures known as membraneless organelles. These organelles, such as nucleoli, stress
granules, and P bodies, are assembled by proteins, nucleic acids and other molecular
components. It has been discovered that these dynamic, liquid-like organelles play essential
roles in various biological processes!?’ (Figure 1.10). For example, nucleoli, which are
formed by the liquid-liquid phase separation of ribosomal RNA (rRNA) and its associated
proteins, are responsible for ribosome biogenesis!®®. Similarly, stress granules, formed in
response to cellular stress, function as storage sites for untranslated mRNAs, allowing cells
to quickly resume translation once stress is alleviated'”. The formation of the
membraneless organelle is driven by liquid-liquid phase separation (LLPS)!!°.
1.5.2 Phase-separated biomolecules

Phase separation in cells relies on weak, multivalent, and dynamic interactions
between proteins and nucleic acids. It also occurs through the self-assembly of components
driven by multivalent interactions and clustering. The assembly of these condensates and
the partitioning of biomolecules can be attributed to the interactions including electrostatic
interactions, m-7 interactions, cation-m interactions, and hydrophobic interactions!?’.
Proteins with intrinsically disordered regions (IDRs) or repetitive motifs, which are prone
to oligomerization, have been observed to undergo condensate formation''’> 2. Low-
complexity domains (LCDs) are IDRs that contain limited types of amino acids. These
regions, a.k.a. prion-like domains (PLDs), are frequently found in RNA-binding proteins
(RBPs). An example of an RBP with an LCD is FUS (Fused in Sarcoma), which can

undergo phase separation and further disrupt RNP granule function and impair new protein
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synthesis in neuron terminals'!3. TDP-43 (TAR DNA-binding protein 43) is another IDR-
containing RBP protein. It is demonstrated that TDP-43 mutations associated with
amyotrophic lateral sclerosis (ALS) significantly enhanced phase separation'!“.

Aside from proteins, DNA and RNA can also undergo phase separation. For instance,
Shakya et al.!'> found that certain sequences of DNA, e.g., poly(GC), can form phase-
separated condensates. Intermolecular RNA-RNA interactions leads to self-association and
phase separation, resulting in the formation of distinct condensates enriched in nucleic
acids and determining the composition of certain RNP granules 6. It was also found that
RNA with specific secondary structures, such as RNA G4s can assemble into phase-
separated droplets under physiological conditions!!”. This highlights the dynamic and
responsive nature of phase separation in orchestrating complex cellular activities,
emphasizing its significance in cellular regulation and function. Overall, the phenomenon
of phase separation in both proteins and nucleic acids provides a versatile framework for
modulating cellular processes. It underscores the importance of LLPS as a fundamental
mechanism in cell biology.

1.5.3 Phase separation in regulating biological functions

Recent studies revealed that, other than facilitating the formation of the
membraneless granules, phase separation also plays a critical role in regulating a wide
range of biological functions, including gene expression, cell signaling, cell division, and
stress response! #8120, For example, transcription factors can undergo phase separation to

121

form transcriptional condensates called super-enhancers'~', which bring together necessary

components, including transcription factors, coactivators, chromatin regulators and core
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transcription apparatus for control of expression of important genes!?2. The formation of
transcriptional condensates enhances the local concentration of transcription machinery'%3,
modulates chromatin architectures and promotes cooperative interactions among
proteins!?4,

Phase separation has also been implicated in the assembly of protein complexes
involved in cell signaling. Signaling complexes, such as signalosomes and receptor
clusters, can assemble through phase separation, bringing together key signaling molecules
to enhance signal transduction and cellular responses!?. It has been shown that LLPS
drives the formation of signaling condensates and participates in many immune signaling
pathways including T cell receptor (TCR)!?® and B cell receptor (BCR)!?’, cGAS-
STING!'?® and insulin/IGF signaling!?. Signaling regulation at the synapse, such as the
postsynaptic density in neurons, is another example where LLPS may regulate multi-step
biochemical processes. By organizing and concentrating signaling molecules, LLPS
provides a mechanism for postsynaptic neurons to suppress signaling noise and avoid
overexcitation'??. It highlights the roles of LLPS in not only dense protein complexes but
also synaptic signal transmission.

Phase separation also assumes a crucial role in regulating cell division. During cell
division, phase separation contributes to the formation of mitotic spindle, heterochromatin
and centrosome'3% 13, Microtubules, such as y-tubulin, undergo phase separation to
promote efficient microtubule growth and establishment of bipolar spindle geometry,
ensuring proper chromosome alignment and segregation during mitosis '32. Moreover,

phase separation regulates the spatial distribution of key cell cycle regulators, e.g., cyclins
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and cyclin-dependent kinases (CDKs), which govern cell cycle progression'®3. This phase-
separated compartment facilitates proper cell growth and division.

Importantly, phase separation is not only involved in cellular processes but also
associated with many human diseases, including cancer, neurodegeneration, and infectious
diseases. For instance, dysregulation of phase separation of transcription factors and
coactivators can disrupt gene regulatory networks and promote uncontrolled cell growth.
Mutations in proteins involved in phase separation, such as FUS, DAXX, and hnRNPAI,
have been associated with certain types of cancer’”> '3 134 Cancer cells generate super-
enhancers at oncogenes and other genes important in tumor pathogenesis. Moreover,
disease-associated variation is especially enriched in the super-enhancers of disease-
relevant cell types'3®. Dysregulation of phase separation can lead to the formation of
pathological aggregates, such as amyloid fibrils, which are associated with
neurodegenerative disorders like Alzheimer's and Parkinson's diseases. Proteins with IDRs
or LCDs can undergo phase separation and form liquid-like droplets. However, under
certain conditions, these droplets can transition into more stable and insoluble aggregates,
leading to pathological accumulation of proteins, including tau and AP in AD, a-synuclein
in Parkinson's disease, huntingtin protein in Huntington's disease, and FUS/TDP43 in
ALS!3,

In summary, phase separation is a rapidly advancing field that has transformed our
understanding of cellular organization and function. It is involved in cellular
compartmentalization, gene regulation, cell signaling and many other important biological

processes. Dysregulation of phase separation can contribute to the development of various
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diseases. Further research will deepen our understanding of phase separation mechanisms
and its implications in human diseases, potentially leading to new therapeutic approaches

for phase separation-related disorders.

1.6 Mass spectrometry-based proteomics analysis

Proteomics is a rapidly advancing field that aims to understand the functions and
interactions of proteins in biological systems'®’. MS is a powerful tool used in proteomics
to identify and quantify proteins from complex biological samples. Here, we will discuss
the different MS-based protein identification and quantification strategies, including
discovery proteomics and targeted proteomics.
1.6.1 Discovery proteomics

Discovery proteomics is a powerful technique for the identification and
characterization of proteins in biological samples. MS-based protein identification is a
prevalent method used in discovery proteomics. The objective of discovery proteomics is
to identify as many proteins as possible in a sample, which can offer valuable insights into
the role and interactions of proteins in biological systems.

Discovery proteomics is also called shotgun proteomics or bottom-up proteomics*3e,
In this technique, proteins are digested into peptides using proteases, then subjected to LC-
MS/MS analysis. Peptide identification involves comparing experimental tandem mass
spectra with theoretical spectra generated from in silico digestion of a protein database.
Data-dependent acquisition (DDA) and data-independent acquisition (DIA) are two

commonly used approaches for MS-based protein identification in discovery proteomics.
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DDA entails the selection of the most abundant ions from the precursor ion scan for
fragmentations, which generate tandem mass spectra (MS/MS) that are then used for
peptide identification!3®. While this approach is sensitive and can identify numerous
peptides and proteins in a single experiment, its reproducibility and selectivity are limited
since the selection of precursor ions for fragmentation is dependent on their relative
abundances.

A groundbreaking technique was developed by Gillet et al.**° called SWATH-MS, a
variation of data-independent acquisition (DIA) techniques, and the method yields over
89% peptide coverage vs. ~7% from DDA analysis of the same sample. SWATH-MS is
capable of effectively integration of extensive proteome analysis with precise
quantification, and reliable accuracy. With SWATH-MS, the mass spectrometer fragments
the peptides within a defined m/z range using a user-defined retention time window. (Figure
1.11) This approach is highly reproducible due to its comprehensive and unbiased
sampling. However, DIA is more complex and requires specialized software for data
analysis due to its larger and more complex dataset. Peptide-centric scoring analysis was
introduced, which requires prior knowledge about the chromatographic and mass
spectrometric behaviors of all queried peptides in form of peptide query parameters
(PQPs). 1t then tests every peptide queried and assigns a p value for each peptide for a
confidence estimate of detection.

Softwares were developed for the analysis of DDA and DIA data, including
MaxQuant'42, Proteome Discoverert*3, Skyline!*, MaxDIA® and DIA-NN4, These tools

provide essential information on protein abundance, modifications, and interactions and
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can be used for a wide range of applications, including biomarker discovery, drug target
identification, and systems biology.
1.6.2 Targeted proteomics

Targeted proteomics is a powerful approach for the quantitative analysis of specific
proteins or protein modifications in complex biological matrices. In contrast to shotgun
proteomic methods, targeted proteomics focuses on achieving highly reproducible and
sensitive measurements of specific peptides, which requires prior knowledge about the
analytes of interest.

Multiple-reaction monitoring (MRM), also referred to as selected-reaction
monitoring (SRM), is a targeted proteomics technique that has now been widely used for
the quantification of specific peptides or proteins in complex biological samples. Before
its application on proteomics, MRM has been used for small-molecule measurements since
197717, The introduction of triple-quadrupole (QqQ) mass spectrometers with extended
mass ranges allows for MRM-based proteomic analysis, enabling selective detection of
specific precursor-product ion transitions of interest.

The design of MRM involves the selection of precursor and product ions based on
their unique m/z ratios, which allows for the selective detection and quantification of
specific peptides. The first quadrupole is used to selectively isolate the precursor ions of
interest. The second quadrupole is operated in radiofrequency (RF)-only mode and serves
as a collision cell for fragmenting the precursor ions. The third quadrupole is used to
monitor the product ions that are generated by the fragmentation of the selected precursor

ions (Figure 1.12).
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One of the major advantages of MRM is its high sensitivity and reproducibility,
which allows for the accurate and reproducible quantification of specific peptides or
proteins in complex biological samples. However, one of the main challenges of MRM is
the limited number of transitions that can be monitored in a single LC-MS/MS run, which
can limit the number of peptides or proteins that can be analyzed simultaneously. To
overcome this limitation, Escher et al.**® introduced normalized retention time (iRT) in
2012. iRT facilitates the multiplexing of experiments by shortening the scheduled window,
allowing for the analysis of a greater number of peptides without sacrificing cycle time.

Parallel-reaction monitoring (PRM) is a new targeted proteomics technique that has
emerged as a promising alternative to traditional MRM-based methods. One major
difference from MRM resides in that all the peptides within a predefined m/z range are
simultaneously fragmented, generating a full-scan MS/MS that contains all the product
ions'#?, which can be used for the accurate and reproducible quantification of specific
peptides or proteins.

One of the major advantages of PRM over MRM is its high selectivity, which allows
for the detection and quantification of low-abundance peptides and proteins in complex
biological samples, due to its utilization of a high-resolution mass spectrometer for MS/MS
analysis. Unlike MRM, PRM does not require prior knowledge of the peptide transitions
because it acquires full-scan MS/MS of the targeted peptides. PRM also offers improved
reproducibility and accuracy compared to MRM, as all the transitions of interest are
monitored simultaneously in a single acquisition, minimizing the effects of sample

variability and drift in instrument conditions.
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1.7 Small GTPases

Small guanosine triphosphatases (Small GTPases) are enzymes that catalyze the
hydrolysis of guanosine triphosphate (GTP) to guanosine diphosphate (GDP)!*?. They act
as molecular switches, cycling between an active, GTP-bound state and an inactive, GDP-
bound state, thereby regulating downstream signaling pathways!>!. Small GTPases,
comprising over 150 members in humans, are GTP-binding proteins with low molecular
weight, with 5 subfamilies including Ras, Rho, Rab, Ran, and Arf'*’. These GTPases play
crucial roles in various cellular processes and are involved in signal transduction, gene
expression, cytoskeletal organization, receptor internalization, vesicular trafficking, and
nucleocytoplasmic transport!>? 133, Aberrant expression of small GTPases has been
observed in different types of cancer, such as hepatocellular carcinoma, non-small cell lung
carcinoma, pancreatic carcinoma, colorectal cancer, and prostate cancer'’*. Their
dysregulation is associated with promoting or suppressing cancer cell migration, invasion,
and metastasis.

Tumors were also found to harbor mutant RAS genes, including KRAS, HRAS and
NRAS. There are specific associations between the various RAS oncogenes and particular
types of human cancer!>. Proteins in the Rho family, including Racl, RhoA and Cdc42,
were found to be involved in modulating the formation of cytoskeleton, cell polarity, cell
cycle progression, membrane transport pathways and transcription factor activity'3°.

Overall, small GTPases are key regulators of cellular processes and play vital roles
in development, homeostasis, and disease. Their dysregulation can contribute to various

human diseases, including cancer. Understanding the functions and mechanisms of small
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GTPases is essential for deciphering the complexities of cancer biology and identifying

potential therapeutic targets.

1.8 Scope of this dissertation

G4 structures, noncanonical DNA conformations, are intricately involved in
fundamental cellular processes such as DNA replication, transcriptional regulation,
epigenetic modulation, and chromatin remodeling. These structurally unique motifs are
frequently present in the promoter regions of oncogenes, including KRAS, MYC, and KIT,
as well as in telomeric regions. G4BPs, exemplified by WRN and BLM, are pivotal players
in genetic diseases, underscoring the therapeutic potential of targeting G4 structures.
However, despite their diverse and pivotal biological functions, the precise mechanisms
through which G4 structures modulate cellular processes remain largely elusive. In order
to gain insights into the functions of G4s, investigating the proteins that interact with them
becomes imperative. Leveraging LC-MS analysis, we have devised a novel quantitative
proteomic approach aimed at unraveling putative G4BPs. The identified candidate G4BPs
were subjected to rigorous purification and thorough characterizations to validate their
specific DNA-protein interactions. Moreover, we have explored the dynamic behavior of
G4 structures in cellular environments, wherein protein-mediated phase separation
emerges as a critical determinant influencing G4 stability both in vitro and in cellular
contexts. Additionally, we have harnessed targeted proteomics strategies to unveil novel

biomarkers with potential relevance to breast cancer cells. These comprehensive
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investigations contribute to a deeper understanding of G4-mediated processes and their
implications in disease contexts.

In chapter 2, we presented a comprehensive investigation involving the development
and implementation of an affinity-based quantitative proteomics analysis. To facilitate the
identification of proteins interacting with different G4 conformations, we employed three
distinct biotinylated G4-forming oligonucleotides as probes. Robust and accurate protein
quantification was achieved through the utilization of SILAC. To ensure high confidence
in the identified protein candidates, a stringent cutoff criterion was imposed, resulting in a
refined list of putative G4 binding proteins. Among them, three proteins exhibit binding
affinities to all three DNA G4 structures, while 78 other proteins bind selectively to one or
two of the three DNA G4 structures. Notably, additional validation experiments were
conducted to confirm the DNA G4 binding abilities of selected proteins, including SLIRP,
YY1, VEZF1, and GRSFL1. These findings provide a better understanding of the repertoire
of proteins involved in G4-DNA interactions and provide insights into their biological
functional implications.

In Chapter 3, we present a novel approach using photo-crosslinking G4 probes to
capture G4BPs through the formation of covalent bonds. Building upon the methodology
employed in the affinity pull-down experiments described in Chapter 2, we implemented a
rigorous washing condition to enhance the capture of weak and transient interactions, while
effectively eliminating non-specific proteins that were pulled down through protein-protein
interaction. Specifically, we introduced an o-nitrobenzyl alcohol (0-NBA) photoreactive

group, conjugated to a thymine residue of a biotin-labeled G4 DNA probe. A T-linker was
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incorporated to confer flexibility, facilitating the PANAC photoclick reaction with primary
amines in close proximity to the G4 probe. Through the utilization of this methodology,
we successfully identified 99 proteins as putative G4 binding proteins, employing the same
stringent cutoff as described in Chapter 1. Notably, HELLS, a protein of interest, was
subsequently purified and validated as a novel G4 helicase.

In Chapter 4, we present a groundbreaking observation regarding the phenomenon
of phase separation in DNA G4 structures. For the first time, we demonstrate the ability of
DNA G4 structures to undergo phase separation, a process characterized by the formation
of distinct liquid-like droplets. To investigate the modulatory effect of phase separation on
G4 stability, we employed 1,6-hexanediol to disrupt DNA G4 droplets. Through the
utilization of immunofluorescence microscopy and ChlP-seq analysis, we obtained
compelling evidence indicating that phase separation plays a significant role in modulating
globally the stability of G4 structures within cells. Furthermore, by analyzing the ChiP-seq
data obtained from both our study and publicly available data on transcription factors
(TFs), we discovered that G4-mediated LLPS is involved in regulating the chromatin
occupancy of TFs. This remarkable finding expands our understanding of G4 structure
regulation, extending beyond the previously established protein-mediated mechanisms.

In Chapter 5, we employed a targeted proteomics approach to identify novel
biomarkers associated with radioresistance in breast cancer cells. To accomplish this, we
utilized a high-throughput scheduled MRM method coupled with the incorporation of
synthetic stable isotope-labeled (SIL) peptides. Specifically, our study focused on

investigating differentially expressed small GTPase proteins in two pairs of breast cancer
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cell lines, i.e., MDA-MB-231 and MCF7 and their radio resistant clones. Small GTPases,
known for their critical involvement in various cellular processes, were explored as
potential biomarkers. Through our targeted proteomics analysis, we successfully identified
seven small GTPases exhibiting consistent alterations in both pairs of parental and
radioresistant cell lines. Notably, our study uncovered ARFRP1 as a novel biomarker
associated with radioresistance in breast cancer cells, with its downregulation being linked
to the promotion of radioresistance. These findings expand our knowledge on the molecular
determinants of radioresistance and hold implications for the development of improved
therapeutic strategies in breast cancer treatment.

In conclusion, this dissertation presents novel proteomic approaches for studying G4
structures, their binding proteins, and their implications in cancer biology. The developed
methods led to the identification of a number of novel G4BPs, understanding G4 stability
modulation, and the discovery of potential biomarkers in breast cancer cells. These findings
enhance our understanding of G4 biology, and offer new avenues for therapeutic

interventions of cancer and biomarkers for radiotherapy.
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Figure 1.1: G-quadruplex structures. (A) Hoogsteen-base pairs formed between
guanines and O8G coordinate a metal ion. (B) four guanines form a G-tetrad and stack to
form a G-quadruplex. (C) G-quadruplex can form into various topology, including

parallel, antiparallel and hybrid.
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Figure 1.2. A schematic diagram illustrating the functions of G-quadruplex DNA.
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Figure 1.3. Representative CD spectra of G4 structures c-MYC (parallel) and 22AG
in 100 mM NaCl (antiparallel) and 100 mM KCI (hybrid). (Adopted from Ref.°)
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Figure 1.4: G4-binding small molecules. Telomestation, TMPyP4, Pyridostatin,
PenDC3 and CX-5416 are G4 stabilizers. PhPC is a G4 disrupter.
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Figure 1.5. Schematic of G-quadruplex ligand-mediated cross-linking and pull-down
(G4-LIMCAP) (adopted from Ref.5%)
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Figure 1.11. A schematic diagram of a SWATH-MS maeasuremnt, where a single
precursor MS scan was recorded followed by a serious of MS2 spetrum with a defined
precursor isolation window. Peptide query parameters (PQPs) are assigned for data
analysis. (Adopted from Ref!>7)
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Chapter 2: A Quantitative Proteomic Approach for the

Identification of DNA Guanine Quadruplex-Binding Proteins

2.1 Introduction

Regions of genomic DNA with contiguous runs of guanines exhibit the ability to fold
into non-B form secondary structures known as guanine quadruplexes (G4).! The G4
structures are assembled from multiple G-tetrads stacked upon one another, where a
monovalent cation, primarily K* or Na*, further stabilizes the G tetrad structure.?

Bioinformatic and experimental studies have revealed the widespread occurrence of
G4 structures in the human genome. In this vein, computational analyses uncovered more
than 300,000 putative G4-forming motifs in the human genome.3° With the use of a G4
structure-specific antibody (BG4) and fluorescence microscopy analysis, Biffi et al.®
revealed the presence of G4 structures in chromosomal DNA of human cells. Moreover,
chromatin immunoprecipitation using BG4 followed by next-generation sequencing
(ChIP-Seq) analyses led to the discovery of approximately 10,000 G4 structure sites in
chromatin of cultured human cells.®® These G4 structure sites are enriched at loci of
important biological relevance and regulatory functions, including more than 2000 gene
promoters and telomeric regions.% 7

DNA G4 structures have been shown to assume important roles in many biological
processes, including DNA replication, transcription, alternative polyadenylation, and

maintenance of genomic stability.®# In this vein, promoter sequences with the ability to
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fold into G4 structures are of particular importance owing to the potential roles of these
G4s in gene regulation. For instance, the nuclease hypersensitivity element Il11, which is
found within the promoter of c-MYC oncogene and regulates 85-90% of its transcriptional
activity, harbors a G4 motif.*> Likewise, the c-KIT proto-oncogene harbors two different
G4 sequence motifs upstream to its core promoter, and these G4 structures are involved in
regulating the expression of the c-KIT gene.'6 1" Moreover, a recent study showed that G4
structure can remotely modulate gene expression by enabling DNA looping.*? Apart from
gene promoters, the human telomere is known to fold readily into G4 structure,®-2° which
modulates telomere integrity.?

Many proteins, including nucleolin, Pifl, PARP1, SLIRP, SUB1, Rifl, VEZF1,
WRN and YY1, were found to interact with G4 structures.'3 14 22-30 \We reason that a better
understanding about how DNA G4 structures function in gene regulation and human
diseases entails a systematic investigation about how these structures are recognized by
cellular proteins. Additionally, since the turn loop sizes and primary DNA sequence for
each G4 are unique, we reason that cells may also be equipped with proteins that interact
selectively with only certain G4-folding pattern(s).

In this study, we conducted an exhaustive quantitative proteomics-based interaction
screening using three pairs of DNA probes that are capable or incapable of folding into G4
structures (Figure 2.1 and Table 2.1). Through these experiments, we identified more than
80 candidate G4BPs (Table 2.2 and Figure 2.2). Interestingly, some of these proteins
display preferential binding to all three G4 structures than their corresponding mutated

sequences, whereas others interact uniquely with certain G4 structures.
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2.2 Materials and Methods
Oligodeoxyribonucleotides (ODNSs)

The biotinylated G4-forming sequences derived from the human telomere and the
promoters of c-MYC and c-KIT genes and the corresponding mutated sequences unable to
fold into G4 structures were purchased from Integrated DNA Technologies (IDT) and
purified by HPLC (Table S1). The 5'-carboxytetramethylrhodamine (TAMRA)-labeled
DNA sequences used for the fluorescence anisotropy measurements were also purchased
from IDT and purified by HPLC.

G-Quadruplex Formation

The biotinylated G4 DNA probes were dissolved in buffer A containing 10 mM Tris-
HCI (pH 7.5), 100 mM KCI and 0.1 mM EDTA, and annealed by heating the solution to
95°C for 5 min, followed by the cooling to room temperature slowly over 3 hr. The
formation of G4 structures was confirmed by circular dichroism (CD) spectropolarimetric
measurements, as previously reported 3.

Cell Culture

HelLa cells were cultured in SILAC DMEM medium (Thermo) supplemented with
10% dialyzed fetal bovine serum (FBS, Invitrogen) and 1% penicillin and streptomycin
(Invitrogen). The SILAC media were prepared by supplementing arginine- and lysine-
depleted DMEM medium with unlabeled L-arginine (Sigma) and L-lysine (Sigma), or
[*3Ce]-L-arginine and [*3Cs,°N2]-L-lysine (Cambridge Isotope Laboratories), which are

designated as light and heavy media, respectively 31. The cells were cultured in complete
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heavy SILAC media for 10 cell doublings to ensure complete labeling. All cells were
maintained at 37°C with 5% COa.
Preparation of Nuclear Proteome

HelLa cells, when reached 80% confluency, were harvested using trypsin-EDTA
(Invitrogen) and pelleted by centrifugation. The cell pellet was then washed twice with 1x
phosphate-buffered saline (PBS). The nuclear proteome was prepared from heavy- and
light-labeled cells using the Thermo Pierce NE-PER nuclear and cytoplasmic extraction
reagents following the manufacturer’s guidelines. The protein concentrations were
measured using Bradford assay (Bio-Rad), and the nuclear lysate was stored at -80°C until
use.

Affinity Purification of G4BPs

The annealed biotin-conjugated G4 DNA probes and the corresponding mutant
probes, at a concentration of 0.5 puM, were incubated separately with high-capacity
streptavidin agarose beads (Thermo) with rocking for 60 min following the manufacturer’s
guidelines. The beads were then washed and equilibrated for three times with a 1-mL
aliquot of the aforementioned buffer A. After each washing, the beads were centrifuged at
700g for 1 min and the supernatant discarded.

The DNA-bound streptavidin beads were then incubated with 500 pg of nuclear
proteome in buffer B, which contained 20 mM Tris-HCI (pH 7.5), 50 mM KCI, 0.5 mM
EDTA and 10% glycerol, at 4°C with rocking for 2 hr. In the forward SILAC experiment,
the light and heavy nuclear proteomes were incubated with the G4-containing DNA probe

and the corresponding mutated probe incapable of folding into G4, respectively. To remove
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any experimental bias, we also performed the reverse SILAC experiment where the heavy
and light nuclear protein lysates were incubated with the G4-containing probe and the
mutant control probe, respectively. After the incubation, the DNA-protein mixture was
washed for three times with 1-mL buffer C, which contained 20 mM Tris-HCI (pH 7.5),
50 mM KCI, 0.5 mM EDTA, 10% glycerol, along with elevating concentrations of NaCl
(50, 100, and 200 mM). After the washing, the beads were combined and the bound
proteins were eluted with the addition of 30 uL. of 2x SDS-PAGE loading buffer (Bio-Rad)
with 5 min of boiling. The resulting mixture was centrifuged and the supernatant loaded
onto a 12% SDS-PAGE gel. After a very short separation, gel band containing the proteins
was excised and cut into small pieces. The proteins were then digested in-gel with trypsin,
as described previously 2. Briefly, excess SDS in the gel was removed with overnight
shaking in an equal-volume mixture of 25 mM NH4HCOs3 and acetonitrile. The supernatant
was removed and the gel pieces were dehydrated with acetonitrile. Proteins were then
reduced with 10 mM dithiothreitol (DTT) at 37°C for 1 hr and subsequently alkylated by
incubating with 55 mM iodoacetamide (IAA) (Sigma) in the dark for 1 hr. Gel pieces were
washed for three times with 25 mM NH4HCO3 (1 mL) with 5 min of shaking. Proteins
were then digested in-gel with trypsin at 37°C overnight, and the peptides were
subsequently eluted from the gel by incubating, with vigorous shaking for 15 min, first in
25 mM NH4HCOs3 containing 5% acetic acid for two times, then in 25 mM NH4HCO3
containing 5% acetic acid and 50% acetonitrile, and finally in 25 mM NH4HCO3 containing

in 5% acetic acid and 95% acetonitrile. The eluted peptide fractions were subsequently
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pooled, evaporated to dryness, and desalted using OMIX Cis Tips (Agilent), following the
manufacturer’s recommended procedures.
Mass Spectrometry

On-line LC-MS/MS analysis of the peptide samples was performed on an LTQ-
Orbitrap Velos mass spectrometer equipped with a nanoelectrospray ionization source and
coupled with an EASY-nLC Il HPLC system (Thermo, San Jose, CA, USA). The HPLC
separation was performed using a trapping column followed by a separation column, both
packed in-house with ReproSil-Pur C18-AQ resin (3 um, Dr. Maisch HPLC GmbH,
Germany). The peptides were separated using a 170-min linear gradient of 2-40%
acetonitrile in 0.1% formic acid at a flow rate of 230 nL/min and electrosprayed (spray
voltage 1.8 kV) into the mass spectrometer operated in the positive-ion mode. Full-scan
MS (m/z 300-1500) were acquired at a resolution of 60,000 (at m/z 400), followed by data-
dependent acquisition of MS/MS for the 20 most abundant ions found in the full-scan MS
exceeding a threshold of 1000 counts. The normalized collision energy for MS/MS was
35.0.
Data Analysis

All raw data were analyzed in parallel with MaxQuant Version 1.6.15.0 for protein
identification and quantification 3. MaxQuant multiplicity was set to 2, and Lys8 and Arg6
were selected as heavy amino acids. Protein N-terminal acetylation and methionine
oxidation were set as variable modifications, and cysteine carboamidomethylation was set
as a fixed modification. The maximum number of missed cleavages for trypsin was set to

two per peptide. The tolerances in mass accuracy for MS and MS/MS were 20 ppm and
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0.5 Da, respectively. Raw MS data were searched against the UniProt human proteome
database (Proteome ID: UP000005640 9606) to which contaminations and reverse
sequences were added. The match between runs option was enabled with the alignment
window being 5 min. Raw output results were analyzed and known contaminant proteins
were removed from analysis. Proteins exhibiting a G4/ssDNA SILAC ratio of at least 1.5
were categorized as putative G4BPs.
Generation of Recombinant GRSF1 Protein

The coding sequence (CDS) of human GRSF1 gene was amplified by PCR and
inserted into the pGEX plasmid. The plasmid was introduced into Rosetta (DE3) pLysS
Escherichia coli cells and cultured in LB medium at 37°C. Induction was conducted with
1 mM isopropyl 1-thio-p-D-galactopyranoside (IPTG, Sigma) at 20°C for about 12 hr. The
cells were then harvested and sonicated for 8 min. After centrifugation, the supernatant was
collected and GST-tagged GRSF1 protein was purified with glutathione superflow agarose
(Pierce) following the manufacturer’s recommended procedures. The concentration of the
GRSF1 proteins was quantified using Bradford protein assay kit (Bio-Rad), and its purities
verified by SDS-PAGE analysis.
Fluorescence Anisotropy

Fluorescence anisotropy measurements were conducted on a Horiba QuantaMaster-
400 spectrofluorometer (Photon Technology International). Fluorescently labeled DNA
(50 nM) was diluted into a 50-mM HEPES (pH 7.5) buffer containing 150 mM potassium
acetate and different concentrations of recombiN.D.t GRSF1 protein. The excitation

wavelength was 550 nm, and the fluorescence anisotropy was recorded at 580 nm. The
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instrument G factor was determined prior to anisotropy measurements. The entrance and
exit slits were set at 6 nm for excitation, and 7.8 nm for emission. The data were fitted to

derive the dissociation constant (Kd) following previously published procedures

2.3 Results

To discover systematically novel G4-interacting proteins and to assess their binding
specificities, we employed three G4 DNA probes derived from the G-rich sequences of the
human telomere and the promoters of c-KIT and c-MYC genes, and these sequences were
previously characterized by solution-phase NMR studies to adopt well-defined G4 foldings
in vitro.%>-3 We also obtained the corresponding mutated probes incompetent in G4
folding.%° The proper folding of the G4-containing probes and the inabilities of the mutant
probes in G4 folding were confirmed by circular dichroism (CD) measurements, as
described elsewhere.®° In this vein, the sequences derived from the ¢-KIT and ¢c-MYC
promoters form parallel G4 folding topology, whereas that from the human telomere
exhibits a G4 folding pattern with both parallel and antiparallel strands.=°

Equal amounts of the heavy- and light-labeled nuclear proteomes, which were
obtained from stable isotope labeling by amino acids in cell culture (SILAC),3 were passed
through streptavidin columns immobilized with biotin-conjugated G4 DNA and the
corresponding mutated sequence (M4), respectively, which we designate as the reverse
experiment (Figure 2.1). In this vein, by culturing cells in a medium in which arginine and
lysine are replaced with their stable isotope-labeled counterparts, i.e., [**Cs]-L-arginine and

[13Cs,'5N2]-L-lysine, SILAC facilitates the labeling of the proteome with these heavy-
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labeled amino acids during protein synthesis. To remove potential experimental bias
arising from incomplete SILAC labeling, we also conducted the forward experiment, where
the light- and heavy-labeled nuclear proteomes were passed through streptavidin columns
immobilized with biotin-conjugated G4 and M4 DNA probes, respectively.® In total, we
conducted a minimum of 4 independent (2 forward and 2 reverse) SILAC-based interaction
screening experiments for each pair of G4/M4 probes (Table 2.1).

After incubation with the nuclear protein lysate, the DNA-bound avidin beads were
washed, and the proteins captured on the beads were eluted, combined, trypsin-digested,
and subjected to LC-MS/MS analysis, as detailed in the online Supporting Information. By
performing this experiment on multiple G4 folding patterns, we could achieve a
quantitative comparison about the binding selectivities of candidate proteins toward the
three G4 structures.

We were able to identify many proteins exhibiting preferential binding towards G4
probes over the mutated single-stranded DNA probes (Figure 2.2). We employed a
stringent criterion for considering a protein to be a G4-binding protein, where the protein
needs to be enriched on the G4 over the corresponding M4 probes in both forward and
reverse SILAC experiments with an average G4/M4 ratio being greater than 1.5. With this
criterion, we identified 41, 19 and 33 proteins that can bind preferentially to the G4
sequences derived from the promoters of c-KIT and c-MYC genes and the human telomere,
respectively, over their mutant counterparts (Figure 2.2). In this context, it is worth noting
that the SILAC-based proteomic approach provides a quantitative measure about relative,

but not absolute binding affinities of proteins toward G4 over the corresponding M4
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probes. The method, therefore, does not offer insights into the relative binding affinities of
different G4BPs toward any specific G4 probe employed in this study.

Among these proteins, 11 were previously described to interact directly with G4
DNA structures, including DDX5, MAZ, NPM1, etc., where known DNA G4BPs are
highlighted in red in Figure 2.4 Interestingly, we also observed several proteins (e.g.,
FUS and SRSF1) that were previously characterized as RNA G4BPs.5 52 Aside from
proteins that bind specifically to all three G4 structures, i.e., SLIRP, YY1, and YY2 (Figure
2 and Table S2), we identified a number of proteins that bind exclusively to one or two of
the G4 structures, e.g., NSUN2 (to c-MYC and ¢c-KIT G4 structures) and GRSF1 (to c-MYC
G4 structure) (Figures 2.2-2.3). In this vein, it is worth noting that a more comprehensive
proteomic datasets are employed in the present study; hence, the SILAC ratios for YY1
and SLIRP proteins differ slightly from our previously published results.*3 3°

The results from our quantitative proteomics-based interaction screening showed that
GRSF1 binds selectively to the G4 structure derived from the c-MYC promoter, but not
that from the human telomere or c-KIT promoter (Figures 2.2-2.3). Thus, we next asked
whether this protein can bind directly and selectively to the G4 structure derived from the
promoter of the c-MY C gene by using fluorescence anisotropy measurements. It turned out
that GRSF1 indeed displays strong and selective binding towards the c-MYC G4 probe
over the corresponding mutated probe, as manifested by the Kd values of 59 nM and 1.28
UM for the G4 and M4 probes, respectively (Figure 2.4).

Our proteomic data also led to the discovery of a number of proteins that bind more

strongly to M4 over the corresponding G4 DNA probes (Figure 2.5). Interestingly, several
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of these proteins (BLM, nucleolin, HNRNPAZ2, and SUB1) were previously characterized
as DNA G4BPs, and TARDBP was characterized as a RNA G4-binding protein (Figure
2.5).23:24.5356 - Along this line, BLM was shown to unfold G4 DNA, which may explain
their preferential binding toward M4 over G4 DNA probes.> While these proteins were
shown to bind to G4 DNA, it will be important to examine their relative affinities in binding
to G4 DNA vs. mutated single-stranded DNA that cannot fold into G4 structure. It will also
be important to assess the functions of these proteins in modulating the biology of G4
DNA.

Our proteomic data revealed that CNBP binds preferentially with M4 over G4 probe
derived from the c-MYC promoter, whereas it binds more strongly to G4 over M4 probe
derived from the c-KIT promoter. The exact reason for the different selectivities of this
protein in binding with G4 vs. M4 probes derived from these two promoter sequences is
not clear, though we reason that the nucleobases not involved in G tetrad formation and G4
folding (i.e., those residing in the loop regions of the G4 structure) may also modulate the
differential interactions between CNBP and G4/M4 probes. In this respect, it is worth
noting that purified CNBP protein was found to be capable of unfolding G4 structures;
where the protein binds more strongly to unfolded than folded G4 DNA derived from the
c-MYC promoter, but exhibits similar affinities to unfolded and folded G4 DNA derived
from the c-KIT promoter.*

Our proteomic data showed that XRCC5 and XRCC6, a.k.a. Ku70 and Ku86,
respectively, display stronger binding to M4 over G4 probes derived from all three

sequences. These two proteins form a heterodimer and function in the repair of DNA
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double-strand breaks through the non-homologous end-joining pathway.%” At first glance,
this seems to be incongruent with the heterodimer’ ability in binding with and sliding along
broken ends of DNA at the DSB sites.5” However, Yuan et al. ® showed that the Ku
complex can also bind directly with single-stranded DNA, albeit at a lower affinity than
that with the corresponding double-stranded DNA. In addition, Shao et al.>® revealed that
Ku heterodimer can bind to RNA and assume an important function in 18S ribosomal RNA
processing. Thus, the Ku complex’s ability in binding with single-stranded nucleic acids
may contribute to its preferential interaction with single-stranded M4 DNA over the

corresponding folded G4 DNA.

2.4 Conclusion

Although in vitro formation of G4 structure has been known for decades, only
recently has it come into light the widespread presence of these DNA structures in human
cells.% 7 Previous studies also suggested the functions of G4 structures in many different
biological processes. In this vein, G4 sequence motifs are highly enriched in genomic
regions of biological importance, e.g., promoters of genes.” Hence, it is important to have
a more complete understanding about how G4s are sensed by cellular proteins and how
these proteins modulate the biological functions of G4 DNA. Many studies have attempted
to address this question using diverse approaches and have led to the discovery of a number
of proteins that bind directly and strongly with G4 DNA. High-resolution mass
spectrometry-based techniques are particularly well suited to explore the interaction

proteomes of G4 DNAs and they were previously employed for the identification of a
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diverse set of G4 DNA-binding proteins.?® % Different folding patterns have been
described for G4 DNA; nevertheless, many of these prior interactome studies only
employed one G4 folding pattern. Given the high structural diversity of G4 folding
patterns, we aimed to expand this knowledge by directly comparing the interaction
proteomes of three unique G4 folding patterns. Interestingly, we discovered three proteins
that can bind specifically and recognize G4 structures derived from all three G-rich
sequences (Figure 2.2).

Among the identified G4BPs, we recently validated that SLIRP and YY1 can bind
directly to all three G4 structures with low-nM binding affinity in vitro, and ChIP-Seq
results showed that SLIRP and YY1 can also bind with G4 structures in chromatin.'3 %0 |t
will be important to assess whether YY2, a closely related protein of YY1, can bind directly
with G4 DNA structures and to explore the biological functions of such interactions.

Aside from the generic G4BPs, our method allowed for the discovery of proteins that
specifically recognize selected G4 structure(s). We also revealed that purified GRSF1
protein can bind strongly and selectively to G4 structures derived from the G4 sequence
contained in the c-MYC promoter, but not to that from the human telomere or c-KIT
promoter (Figure 2.4).

In summary, we identified, from exhaustive SILAC-based quantitative proteomic
experiments, many novel putative G4BPs that recognize all G4 folding patterns and or
select G4 folding patterns. We further demonstrated that GRSF1 can interact directly and
selectively with G4 DNA derived from c-MYC promoter region with high affinity in vitro.

Hence, our study revealed that G4BPs hold the ability to differentiate and selectively bind
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only certain G4-folding patterns, which may bear a significant impact in understanding the
biological functions of G4 DNA. Moreover, the large number (~ 80) of candidate G4 DNA-
binding proteins identified in the present study constitute an important resource for the
research community to assess the functions of these proteins in the biology of G4 DNA.
Our work also revealed a number of putative ‘anti-reader’ proteins for G4 DNA, which

calls for the assessment of the functions of these proteins in the future.
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Figure 2.1. The experimental workflow for the identification of novel DNA G4BPs.
Shown in the scheme is a reverse SILAC-labeling experiment, where the heavy- and
light-labeled nuclear protein lysates are incubated with 5’-biotinylated G4 DNA probe
and the corresponding single-stranded DNA probe (M4), respectively. The ‘B’ in green

circle denotes 5'-biotin labeling.
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Figure 2.2. A Venn diagram displaying the overlap in interacting proteins among the
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three G4 folding patterns studied. Candidate G4BPs identified from SILAC-based
affinity screening are listed. Among the identified candidate G4BPs, unique peptides
were detected for YY1, the peptides detected for YY2 are shared with YY1. Common
peptides were detected for ATF1 and CREB1; for ANXA2 and ANXAZ2P2; and for
EEF1A1, EEF1A1P5, and EEF1A2. Proteins highlighted in red are known to bind to
DNA G4 structures.
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Figure 2.3. GRSF1 binds preferentially to G4 structures derived from the promoter
of the c-MYC gene. (a-b) ESI-MS showing the [M + 2H]2+ ions of light and heavy
arginine-containing peptide SSPVVNDGVVR with monoisotopic m/z values of ~ 564.8
and 567.8, respectively, obtained from forward (a) and reverse (b) SILAC-based
interaction screening experiments. (c-d) MS/MS for the [M+2H]2+ ions of the light (c)
and heavy (d) arginine-containing peptide, SSPVVNDGVVR, derived from GRSF1.
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Figure 2.4. Fluorescence anisotropy for measuring the Kq values for the binding of
the GRSF1 protein toward G4 structures derived from the promoter of c-MYC gene.
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Figure 2.5. A Venn diagram displaying the overlap in proteins that bind more
strongly to mutated single-stranded DNA probes (M4) over the corresponding G4 DNA
probes derived from human telomere (hTEL) and the promoters of c-MYC and c-KIT
genes. Putative anti-reader proteins for G4 DNA are listed. Proteins highlighted in red are
known to bind to DNA G4 structures.
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Sequence Name DNA Sequence

c-KIT G4 5'-Biotin-T6-AGG GAG GGC GCT GGG AGG AGG G-3'

c-KIT ssDNA 5'-Biotin-T6-AGG GAG GGC TCT GTG AGG AGG G-3'
c-MYC G4 5'-Biotin-T6-TGA GGG TGG GGA GGG TGG GGA AGG-3’
c-MYC ssDNA 5'-Biotin-T6-TGA GGG TGA GGA GTG TGG GGA AGG-3’
HumTel26 G4 5'-Biotin-T6-AAA GGG TTA GGG TTA GGG TTA GGG AA-3’

HumTel26 ssSDNA  |5'-Biotin-T6-AAA GGG TTA GTG TTA GTG TTA GGG AA-3’

Table 2.1. The DNA sequences employed for the affinity purification pull-down of
cellular proteins that can bind to G4 DNA. The differences in sequences between the G4

and the corresponding single stranded DNA are underlined.
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c-KIT ratio c-MYC ratio hTEL ratio
[G4/M4] [G4/M4] [G4/M4]
Gene names Mean S.D. Mean S.D. Mean S.D.
SLIRP 1.60 0.85 2.67 0.81 3.47 0.98
YYLYY2 1.95 0.19 2.37 1.26 2.28 0.31
MAZ 2.13 1.65 2.03 0.29 N.D. N.D.
NOP10 1.71 0.72 2.13 0.43 N.D. N.D.
NSUN2 251 1.31 2.01 0.55 N.D. N.D.
SRSF1 2.30 1.21 1.63 0.81 N.D. N.D.
ZC3HAV1 5.49 3.36 2.48 0.59 N.D. N.D.
HNRNPU N.D. N.D. 1.16 0.27 2.94 1.42
FUS 1.26 1.00 2.10 0.82 1.60 0.81
ATF1;CREB1 1.78 0.34 0.79 0.42 N.D. N.D.
CDC5L 1.60 0.46 N.D. N.D. N.D. N.D.
CNBP 1.82 0.98 0.45 0.05 1.15 0.47
CTCF 1.96 1.08 1.25 0.69 N.D. N.D.
DAXX 5.88 5.20 0.97 0.11 N.D. N.D.
DDX54 2.13 0.93 N.D. N.D. N.D. N.D.
DEK 1.74 0.86 N.D. N.D. N.D. N.D.
EBNA1BP2 1.70 1.02 0.99 0.14 N.D. N.D.
FBL 1.69 0.93 1.19 0.51 N.D. N.D.
FTSJ3 2.01 0.10 0.93 0.40 N.D. N.D.
GAR1 1.63 0.83 N.D. N.D. N.D. N.D.
GTF2I 3.76 1.89 N.D. N.D. N.D. N.D.
HDLBP 2.99 1.29 N.D. N.D. N.D. N.D.
HP1BP3 2.61 1.36 N.D. N.D. N.D. N.D.
LUC7L3 1.65 0.78 N.D. N.D. N.D. N.D.
MKRN2 5.77 2.69 N.D. N.D. N.D. N.D.
NHP2 1.64 0.90 1.41 0.72 N.D. N.D.
RBM14 6.83 4.12 1.11 0.44 1.37 0.55
RBM34 2.45 1.06 N.D. N.D. N.D. N.D.
RBM4 4.87 2.75 1.18 0.47 N.D. N.D.
REPIN1 1.68 0.81 N.D. N.D. N.D. N.D.
REXO4 1.88 0.79 1.22 0.63 N.D. N.D.
RPS9 1.74 0.87 N.D. N.D. N.D. N.D.
SMARCA5 2.47 0.93 N.D. N.D. N.D. N.D.
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SRP14 174 | 074 | 052 | 006 | N.D. | ND.
SRPY 181 | 093 | 047 | 004 | ND. | ND.
SRSF9 190 | 095 | ND. | ND. | ND. | ND.
TCOF1 209 | 104 | ND. | ND. | ND. | ND.
TOP1 443 | 227 | 104 | 052 | 126 | 050
TRIM28 633 | 671 | ND. | ND. | ND. | ND.
U2AF1 211 | 119 | 120 | 011 | ND. | ND.
U2AF2 221 | 170 | 104 | 007 | 041 | 027
ZC3H14 362 | 185 | ND. | ND. | ND. | ND.
ANXAZ:ANXAZP2 078 | 060 | 105 | 041 | 273 | 182
ATP5SB ND. | ND. | 118 | 061 | 252 | 146
CHTOP 124 | 092 | ND. | ND. | 319 | 168
DDX5 ND. | ND. | ND. | ND. | 325 | 176
fﬁglAl;EEFlAlP&EEF 122 | 124 | 093 | 024 | 322 | 186
ERH 077 | 039 | ND. | ND. | 241 | 060
FGF2 103 | 034 | ND. | ND. | 276 | 046
HNRNPAL 063 | 028 | 085 | 015 | 417 | 363
HNRNPA2B1 053 | 027 | 096 | 010 | 487 | 269
HNRNPA3 080 | 036 | 084 | 019 | 478 | 448
HSPAS 077 | 040 | 095 | 015 | 175 | 1.03
HSPAQ 062 | 039 | 111 | 057 | 1.8 | 091
HSPD1 080 | 054 | 128 | 088 | 241 | 158
HSPE1 076 | 048 | 116 | 056 | 370 | 243
LMNA 089 | 045 | 105 | 048 | 228 | 142
MDH2 ND. | ND. | ND. | ND. | 253 | 1.49
MRPL12 ND. | ND. | ND. | ND. | 270 | 038
NECT1 ND. | ND. | ND. | ND. | 179 | 088
NPM1 103 | 068 | 116 | 019 | 306 | 180
PABPC1 131 | 065 | 101 | 037 | 159 | 078
PARP1 133 | 047 | 113 | 047 | 414 | 249
PCBP1 081 | 039 | ND. | ND. | 218 | 110
PYCRI ND. | ND. | ND. | ND. | 1292 | 1167
PYCR?2 ND. | ND. | ND. | ND. | 1504 | 1141
RPL22 125 | 081 | 124 | 048 | 193 | 095
RPL24 096 | 055 | 093 | 010 | 218 | 1.30
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TUFM 0.68 0.37 0.95 0.51 1.59 0.43
VIM 1.27 1.20 1.47 1.15 3.00 1.69
GRSF1 1.42 0.92 3.24 0.34 N.D. N.D.
HMGB?2 0.83 0.34 1.88 0.20 N.D. N.D.
HNRNPR 1.44 1.19 3.02 1.11 N.D. N.D.
SNRNP70 N.D. N.D. 1.58 0.53 N.D. N.D.
SRSF4 1.00 0.48 2.49 1.16 N.D. N.D.
SRSF5 1.23 0.84 1.81 0.90 N.D. N.D.
SUPT4H1 1.17 0.72 2.45 0.27 N.D. N.D.
SUPT5H 1.26 0.66 2.21 0.92 N.D. N.D.
SYNCRIP N.D. N.D. 3.90 1.95 N.D. N.D.
TAF15 1.19 1.13 2.33 1.18 N.D. N.D.

Table 2.2. A complete list of G4BPs identified from the SILAC-based interaction

screening and their G4/M4 ratios. ‘“N.D.’, not detected.
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Chapter 3: Identification of HELLS as a Novel G-quadruplex

Helicase

3.1 Introduction

Guanine quadruplexes (G4s) are non-canonical DNA structures characterized by the
arrangement of four strands of nucleic acids, where guanine bases are interconnected
through Hoogsteen base pairing and stabilized by monovalent metal ions®. These unique
secondary structures have garnered considerable attention due to their unique features and
potential functional roles in various biological processes. G4 structures exhibit a diverse
range of regulatory mechanisms, including their involvement in DNA replication, gene
transcription, telomere maintenance, and DNA repair. The interaction of G4s with specific
proteins, such as BLM?, WRN?® and FANCJ4, has been implicated in genetic diseases.
Moreover, abnormal expression of several G4 binding-proteins (G4BPs), including FUS®
and hnRNPA1%, has been observed in neurodegenerative diseases, underscoring the
importance of understanding the functional properties of G4s and their interactions with
G4BPs. Such insights hold promise for elucidating the underlying cellular processes and
exploring novel avenues for therapeutic interventions.

In previous study on identifying G4BPs, we employed affinity pull-down assays with
biotin-conjugated DNA probes capable or incapable of folding into G4 structures’ coupled

with LC-MS/MS analysis. To quantify the differential binding preferences between these
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probes, we utilized robust stable isotope labeling by amino acids in cell culture (SILAC).
With this method, we identified successfully a total of 78 putative binding proteins,
including well-known G4BPs, e.g., hnRNPA1, PARP1, Pifl, and WRN® &0
Subsequently, we conducted further investigations to validate the abilities of some of the
newly discovered proteins in binding directly with G4 DNA, including SLIRP, YY1,
GRSF1, and VEZF1" 113, This method provides a valuable tool for uncovering G4BPs
and results in a comprehensive list of candidate G4BPs. The approach, nevertheless, has
some inherent limitations. In particular, those proteins exhibiting weak and transient
interactions with G4 structures may not be effectively captured for subsequent LC-MS/MS
detection. Additionally, this method may also result in the discovery of those proteins that
interact indirectly with G4 DNA through protein-protein interactions, which could result
in false-positive identification of G4BPs.

Photoaffinity labeling-based methods have been applied to uncover the regulatory
mechanism of gene transcription, DNA replication, and DNA repair by identification and
characterizations of the protein—protein, protein—nucleic acid, and protein—small molecule
interactions that control the underlying processes!41°. By leveraging photoirradiation,
these techniques employ photo-crosslinking functional groups, such as benzophenone
(BP)?, aryl azide (AA)?, and diazirine (DA)??, to generate highly reactive species capable
of forming covalent bonds with neighboring molecules upon activation. These covalent
modifications provide direct insights into the molecular interactions and dynamics
underlying the studied processes. The investigation of G4BPs using photo-crosslinking

probes has been reported, employing G4-targeted small molecules. Notably, the G4-

91



LIMCAP method has been developed??, utilizing a probe consisting of a derivative of
pyridostatin, i.e.,, (N,N'-bis(2-quinolinyl)pyridine-2,6-dicarboxamide). This probe
incorporates a diazirine group capable of photo-crosslinking and an alkyne group for
subsequent copper(l)-catalyzed azide-alkyne cycloaddition (CUAAC) reactions. Similarly,
Zang et al. > reported the co-binding-mediated protein profiling (CMPP) method, which
utilizes pyridostatin (PDS) conjugated with a linker, diazirine, and alkyne group. Both
probes enable photo-crosslinking to putative G4BPs in cells through proximity-based
interactions. Following crosslinking and nuclear protein extraction, a biotin group can be
attached to the probe using click chemistry via the alkyne function for subsequent
pulldown. However, it is important to note that both methods, employing PDS-based
probes, do not discriminate between DNA G4BPs and RNA G4BPs, as PDS exhibits
comparable affinity for both DNA and RNA G4 structures?. In addition, binding of PDS
with G4 DNA may prohibit the binding of some G-binding proteins, as documented
previously for YY1'? and VEZF1®. Moreover, upon photoactivation, the diazirine
undergoes conversion to a reactive intermediate, i.e., carbene, which can either form
covalent bonds with nearby biomolecules or be quenched by the surrounding aqueous
environment?®. This introduces challenges of non-specific interactions with proteins and
reduced crosslinking efficiency.

Herein, inspired by recently published work of Guo et al.?”: 28 in PANAC photoclick
reaction to capture proteins, we developed a novel approach utilizing click-chemistry-
based crosslinking for quantitative proteomics-based interaction screening of G4BPs. This

new approach offers several advantages over traditional affinity pull-down method,
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including increased sensitivity and specificity, as well as the ability to capture low affinity
and transient DNA-protein interactions. With this new method, we were able to identify a
number of novel G4BPs including HELLS. We also found that HELLS can unfold DNA
guanine quadruplex structures, thereby regulating the genome stability and cellular

homeostasis.

3.2 Materials and Methods
Cell culture

HelLa and U20S cells were maintained in Dulbecco's modified Eagle's medium
(DMEM, Thermo Fisher) supplemented with 10% fetal bovine serum (FBS, Thermo
Fisher) and 1% penicillin-streptomycin solution (PS, GE Healthcare). The cells were
incubated at 37°C in a 5% CO2 environment.
Syntheses of o-nitrobenzyl alcohol (0-NBA) G4 DNA probes

The G4-forming sequences derived from the human telomere, with a biotin label on
the 5’ termini and an aliphatic amine-derived thymidine and the corresponding mutated
sequences incapable of folding into G4 structures were purchased from Integrated DNA
Technologies (IDT). The conjugation of oONBA (4-hydroxymethyl-3-nitrobenzoic acid) to
the oligonucleotides was carried out using an hexafluorophosphate azabenzotriazole
tetramethyl uronium (HAUT)-based coupling, following the procedures outlined by Guo
et al.?8. In brief, the oligonucleotide sample was mixed with an equal volume of 500 mM
sodium borate buffer (pH 9.4). A mixture containing equal amounts of HAUT, 4-

hydroxymethyl-3-nitrobenzoic acid, and N,N-Diisopropylethylamine (DIPEA) (200 mM

93



in dimethylacetamide) was prepared and added to the oligonucleotide sample. The reaction
mixture was incubated on a thermomixer at room temperature overnight. To the mixture
were subsequently added a solvent mixture of 5.0-M aqueous solution of NaCl and absolute
ethanol (1:2.5, v/v), and the mixture was incubated at -20°C for 1 hr to precipitate the
oligodeoxynucleotide. Lastly, the sample was buffer exchanged into ddH20 using
ultrafiltration (3 kDa MWCO centrifugal filter). The product was further subjected to LC-
MS and MS/MS analysis on an LTQ linear ion-trap mass spectrometer (Thermo fisher).

The oNBA-G4 and TAMRA-labeled G4 probes were annealed in a buffer containing
10 mM Tris-HCI (pH 7.5), 10 mM KCI, and 0.1 mM EDTA by heating to 95°C for 5 min,
followed by cooling down to room temperature slowly over 6 h.

Photoaffinity labeling

The nuclear proteome was isolated from HeLa cells labeled with heavy and light
isotopes using the NE-PER nuclear and cytoplasmic extraction reagents (Thermo Fisher
Scientific), following the manufacturer's instructions. Protein concentrations were
determined using the Bradford Quick Start Protein Assay kit (Bio-Rad), and the nuclear
lysate was stored at -80°C until further use.

For the pull-down experiments, 0.5 uM o-NBA-conjugated probes and 500 pg of
nuclear lysate in a binding buffer (20 mM HEPEs pH 7.5, 100 mM KCI, and 1 mM MgCl.)
was incubated at 4°C with rotation for 30 min. The mixture was then transferred to a 24-
well plate and exposed to 15 W 366 nm UV light for 10 min at a distance of 5 cm on ice.
Subsequently, the samples were collected and incubated with pre-washed streptavidin

beads in the binding buffer at 4°C with rotation for 2 hr. After the incubation, the unbound
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proteins were removed by washing three times with a washing buffer consisting of 20 mM
HEPES (pH 7.5), 500 mM NacCl, and 0.1% SDS. The beads were subsequently combined,
and the bound proteins were eluted by using 2xSDS-PAGE loading buffer (Bio-Rad) and
boiling the mixture for 5 min. The resulting mixture was then subjected to in-gel digestion,
following a previously published protocol, and LC-MS/MS analysis.
Mass Spectrometry

On-line LC-MS/MS analysis of the peptide samples was performed on an Orbitrap
Fusion Lumos tribrid mass spectrometer (Thermo Fisher Scientific) equipped with a Flex
nanoelectrospray ion source (Thermo) and coupled with an EASY-nLC 1000 system
(Thermo, San Jose, CA, USA). A high-field asymmetric-waveform ion mobility
spectrometry (FAIMS) was incorporated into the mass spectrometer configuration. The
compensation voltages (CV) were precisely adjusted to -40, -60, and -80 V. The carrier gas
flow rate was set at 4.2 L/min. Cycle time of each compensation voltage is set to 1 second.
The HPLC separation was performed using a 5 pum trapping column followed by a 3 pm
analytical column, both packed in-house with ReproSil-Pur C18-AQ resin (Dr. Maisch
HPLC GmbH, Germany). The peptides were separated using a 160-min linear gradient of
8-34% acetonitrile in 0.1% formic acid at a flow rate of 300 nL/min and electrosprayed
(spray voltage 2 kV) into the mass spectrometer operated in the positive-ion mode. Full-
scan MS (m/z 300-1200) were acquired at a resolution of 60,000, followed by MS/MS
acquisition in linear ion trap, where the scan rate set as rapid. Fragmentation was conducted

with higher-energy collisional dissociation (HCD) at a fixed collisional energy of 30%.
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Data Analysis

Protein identification and quantification was conducted by running raw data
MaxQuant (Version 2.1.2.0) 2% 30, Raw MS data were searched against the UniProt human
proteome database (Proteome ID: UP000005640 9606). For quantification at MS level,
the multiplicity was set to 2, and Lys8 and Arg6 were selected as heavy amino acids.
Cysteine carboamidomethylation was set as a fixed modification, along with N-terminal
protein acetylation and methionine oxidation were set as variable modifications. The
maximum number of missed cleavages for trypsin was set to two per peptide, and peptide
length range was 7-25aa. The tolerances in mass accuracy for MS and MS/MS were 20
ppm and 0.5 Da, respectively. The match between runs option was enabled with the
alignment window being 3 min.
Plasmid construction and protein purification

The coding sequence of human HELLS was amplified from the pBac-HELLS
plasmid, which was generously provided by Dr. Kathrin Muegge at the National Cancer
Institute (NCI). Subsequently, the coding sequence was inserted into the pRK7 vector,
incorporating three consecutive Flag epitope tags at the carboxyl terminus. HEK293T cells
were transfected with these plasmids using TransIT-2020 transfection reagent (Mirus Bio,
Madison, WI) and harvested 36 hr later for protein extraction. CelLytic M Cell Lysis
Reagent (C2978, Sigma) supplemented with 1x protease inhibitor cocktail (P8340, Sigma)
was used for protein extraction. Protein purification was conducted according to the
manufacturer's instructions. Briefly, the cell lysate was incubated with Anti-Flag M2

magnetic beads (M8823, Sigma) at 4°C for one hour, followed by washing with TBS (50
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mM Tris HCI (pH 7.4), 150 mM NacCl), and elution with 3% Flag peptide (NC0792928,
Thermo Fisher Scientific).
Fluorescence anisotropy

Fluorescence anisotropy measurements were conducted on a microplate reader
(Synergy H1, Agilent). TAMRA-labeled DNA (2 nM final concentration) was incubated
with different concentrations of recombinant HELLS in a buffer containing 20 mM HEPES
(pH 7.5), 50 mM KCI, 2.5mM MgCl2 and 0.5 mM DTT. Anisotropy was recorded using
the red filter set with the excitation and emission wavelength at 530 nm and 590 nm
respectively.
Western blot

For detection of HELLS knockdown efficiency in U20S cells, cells were lysed with
CelLytic M cell lysis reagent (Sigma) supplemented with 1% protease inhibitor cocktail.
Protein concentration was measured by Quick Start Bradford Protein Assay (Bio-Rad) and
denatured at 95 °C for 5-min in SDS-PAGE loading buffer (Bio-Rad). The lysates were
separated using SDS-PAGE and transferred onto a nitrocellulose membrane. The
membrane was blocked with 5% non-fat milk in PBS-T for 1 hr and then incubated with
the corresponding primary antibodies, including HELLS Polyclonal antibody (Proteintech,
11955-1-AP, 1:500 dilution), anti-tubulin (Santa Cruz, SC-32293, 1:5000). The secondary
antibodies were donkey anti-rabbit secondary antibody (Sigma, A0545, 1:5000) or anti-
mouse secondary antibody (Santa Cruz, m-IgGk BP-HRP, 1:5000). The Western blot
signal was detected using ECL Western blotting detection reagent (Amersham, Little

Chalfont, UK) and imaged in a LI-COR Odyssey system.
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Immunofluorescence

The immunofluorescence microscopy experiments were conducted according to
previously established protocols®.. In brief, control and knockdown cells were fixed in
methanol and acetic acid mixture (3:1, v/v) at room temperature for 10 minutes.
Subsequently, the cells were permeabilized performed using 0.1% triton-X100 in 1x PBS
for 15 minutes on ice, followed by treatment with RNase A (Thermo Fisher Scientific) at
37°C for 30 min. After blocking with 2% BSA for 1 hour at room temperature, the
immunofluorescence microscopy experiments were carried out using standard methods.
Antibodies against BG4 (MABE917, Sigma-Aldrich), anti-FLAG (14793S, Cell Signaling
Technology), and anti-rabbit Alexa 594-conjugated secondary antibody (A11037,
Invitrogen) were used. Nuclei were stained using DAPI (D9542, Sigma-Aldrich). Finally,
the coverslips were mounted with ProLong Diamond Antifade Mountant (Invitrogen).
Images were captured using an LSM880 confocal laser scanning microscope (Carl Zeiss)
equipped with a 100x objective, and subsequent image analysis was performed using ZEN
software. The number of foci per nucleus was quantified using the Find Maxima feature in
ImageJ software.
G4-ChIP qPCR

G4-ChIP was conducted by following previously described procedures with slight
modifications, using the custom-purified BG4 antibody3!. Briefly, the chromatin samples
were sonicated and diluted in a blocking buffer containing 25 mM HEPES (pH 7.5), 10.5
mM NaCl, 110 mM KCI, 1 mM MgClz, and 1% BSA, and treated with RNase A.

Subsequently, the chromatin samples were incubated with 500 ng of the BG4 antibody

98



under rotation at 1400 rpm for 1.5 hr at 16 °C. Pre-blocked Anti-Flag M2 magnetic beads
(Sigma, M8823) were added to the mixture, which was then incubated under the same
conditions for 1 hr. After washing the beads with ice-cold washing buffer (10 mM Tris, pH
7.4, 100 mM KCI, 0.1% Tween 20) for 6 cycles, the DNA was eluted with TE buffer
containing proteinase K while rotating at 1400 rpm for 6 hr at 65 °C. The eluted DNA was
purified using the DNA Clean and Concentrator-5 kit (Zymo). For quantitative PCR, the
immunoprecipitated samples and the input control were used to determine the enrichment
of G4 structures. gPCR was performed using Luna Universal gPCR Master Mix (NEB) on
a CFX96 touch real-time PCR detection system (Bio-Rad). The primer sequences used are

listed in the Supporting Information, Table S1.

3.3 Results

Identification of G4BPs by using photo-crosslinking

The experimental procedures employed herein are similar to our previously reported
method” 1, albeit with some modifications on probes design and washing conditions
(Figure 3.1A). To facilitate the crosslinking, a 0-NBA (ortho-nitrobenzylamine) group is
conjugated to a thymine of a biotin-labeled G4 DNA probes derived from the human
telomere G4 through amine coupling (Figure 3.1B). A T-linker is placed between the o-
NBA group and provide flexibility for primary amines and o-nitrobenzyl alcohols
cyclization (PANAC) reaction through reaction with primary amines in proximal proteins?’
(Figure 3.1C). We also synthesized the corresponding mutated sequences (M4) incapable

of folding into G4 structures, thereby mitigating the effects of non-specific binding arising
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from photocrosslinking reactions. Recognizing that G4BPs can interact with G4 structures
in different conformations, we designed two pairs of probes: 5°T G4 probes with the o-
NBA group placed on the 5' end thymidine of the G4 structure and LoopT G4 probes with
the o-NBA group being located on the thymidine in the loop region of the G4 structure
(Figure 3.1D). We synthesized the probes, purified them using HPLC, and characterized
them by LC-MS/MS (Figure 3.2).

Afterwards, we incubated light and heavy SILAC-labeled nuclear lysates separately with
G4 and M4 probes, and exposed the resulting mixtures to 365-nm UVA light to induce
crosslinking to the mixtures were subsequently added streptavidin beads, which, after
incubation, were washed rigorously with a buffer containing 500 mM NaCl and SDS to
eliminate unbound components. The beads containing the heavy- and light-labeled proteins
were subsequently combined, and the proteins were eluted from the beads, digested with
trypsin, and the ensuing peptides subjected to LC-MS/MS analysis. To define putative G4-
binding proteins in this study, we imposed a G4/M4 cutoff ratio of 1.5. This comprehensive
approach allowed for a thorough analysis of G4BPs, considering their potential interactions
with different regions of the G4 structure.

Such analysis led to the identification of 296 and 252 candidate G4BPs with the 5T and
loopT probe pairs, respectively (Figure 3.3). Proteins detected in both sets of pulldown
experiments exhibited a strong correlation, indicating the robustness and reliability of the
method in capturing G4BPs (Figure 3.4). Amongst the identified proteins, 99 were found
to be common to both probe pairs, which included previously reported G4BPs such as, e.g.,

hnRNPA15, hnRNPA2%, and SERBP1%(Figure 3.3). Gene ontology analysis was
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conducted on the putative G4BPs, revealing a predominant localization of these proteins
within the nuclear lumen, chromosome and nuclear speck. Furthermore, their functional
roles were found to encompass ribosome biogenesis, ncRNA metabolic processes,
chromatin organization, as well as catalytic activities involving nucleic acids (Figure 3.3).
We further identified HELLS as a candidate G4-binding protein, with a SILAC protein
ratio (G4/M4) of 3.30 in 5°T pulldown and 2.00 in LoopT pulldown. Representative
electrospray ionization-mass spectrometry (ESI-MS) and MS/MS data for a tryptic peptide
of HELLS are illustrated in Figure 3.4.

HELLS binds directly with DNA G4s

HELLS, also known as LSH (helicase, lymphoid specific), belongs to the SNF2
family of ATP-dependent chromatin remodeling proteins. A mutation in the HELLS will
result in Immunodeficiency, Centromeric Instability and Facial Anomalies (ICF), an
inherited disease with early mortality3. Dysregulation of HELLS expression or function
has been associated with various diseases, including cancer and immunodeficiency
diseaes®* 3°. Therefore, HELLS has emerged as an important target for therapeutic
intervention in cancer treatment.

To gain insights into the interaction between HELLS and DNA G4 structures, we
purified recombinant Flag-tagged HELLS protein from HEK293T cells (Figure 3.5A) and
employed fluorescence anisotropy to measure the binding affinities between HELLS and
DNA G4s. The results revealed a strong and preferential binding of HELLS towards DNA
G4 structures in comparison to single-stranded DNA, with the dissociation constant (Kd)

being 2.1+0.6 nM for its finding with G4 DNA probe (Figure 3.5B). The robust and
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selective binding of HELLS toward DNA G4s underscores its potential significance in G4-
related biological processes.

We also conducted a competitive binding assay to investigate the effect of TMPyP4,
a widely used small-molecule G4 ligand®®, on the interaction of HELLS with DNA G4s.
TMPyP4 is known for its ability to stabilize G4 structures and has been extensively utilized
in both in vitro and in vivo studies. The competitive binding assay involved the
preincubation of HELLS with G4 DNA, followed by the addition of 15 nM TMPyP4. The
results, as depicted in Figure 3.5C, demonstrated a reduction in the binding affinity of
HELLS towards G4s upon the introduction of TMPyP4. This reduction in binding affinity
was evidenced by an increase in apparent Kq to 46 £ 16 nM. This observation further
confirms the direct binding of HELLS with G4 DNA, as the weakened interaction in the
presence of TMPyP4 validates the specific binding of HELLS to G4 structures.

On the grounds that HELLS has been reported to modulate chromatin and facilitate
the binding of transcription factor to chromatin, we next investigated the effect of TMPyP4
treatment on the displacement of HELLS from chromatin in cells. To this end, we treated
U20S cells with TMPyP4, and examined the levels of HELLS in chromatin fraction at 0.5,
6, and 12 hr following the treatment. As illustrated in Figure 3.5D, we observed a notable
displacement of HELLS from chromatin following a 0.5-hr treatment with TMPyP4. This
finding suggests that the binding of HELLS with chromatin occurs through its recognition
of G4 structures in chromatin, suggesting that HELLS may facilitate the binding of

transcription factors to chromatin through G4s.
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Downregulation of HELLS results in elevated levels of G4s in cells

To investigate the roles of HELLS in modulating G4 structures in cells, we
established U20S cells with stable knockdown of HELLS using short-hairpin RNA
(shRNA), where the successful knockdown was confirmed by Western blot analysis
(Figure 3.6A). Next, we monitored the levels of G4 structures in cells using
immunofluorescence microscopy with BG4 antibody3’ (Figure 3.6B). Our results revealed
a > 2-fold increase in the global G4 levels upon HELLS knockdown compared to shControl
cells (Figure 3.6C). Moreover, there was a consistent correlation between the knockdown
efficiency of HELLS and the number of G4 foci observed, where a higher knockdown
efficiency confers a greater number of G4 foci in cells. The observation suggests the ability
of HELLS as a helicase in unwinding G4 structures in cells.

HELLS is enriched at G4 regions in cells

The functional significance of HELLS extends beyond its participation in modulation
of chromatin architecture and extends to the transcriptional regulatory networks3: %,
Notably, HELLS has demonstrated a pivotal role in facilitating the binding of transcription
factors to chromatin, with a particular emphasis on promoter regions*,

To gain a comprehensive understanding of the binding of HELLS to G4 structures
within chromatin across the entire genome, we performed bioinformatic analysis using
chromatin immunoprecipitation sequencing (ChlP-seq) data obtained from HELLS ChIP-
seq in mouse fibroblast cells (MEFs)*? and G4 ChIP-seq in mouse embryonic stem cells
(ESCs)*, acquired from previously published datasets. Such analysis unveiled a significant

co-occupancy of HELLS at G4 structure loci. In particular, approximately 83.6% of the
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peaks identified in the HELLS ChIP-seq overlapped with the BG4 ChIP-Seq peaks.
Importantly, the majority of the overlapping peaks were found to be located within
promoter regions, consistent with the prior reports on the characteristic distribution of both
G4 structures and HELLS binding (Figure 3.7).

To further validate these findings in human cells, we conducted G4 ChIP-qPCR
experiments to monitor G4s at promoter region of several specific genes (KRAS, ZNF76,
and HSPD1) in U20S cells. The enrichment of G4 in shCtrl cells indicates the consistency
of G4 loci in mouse and human cells at those targeted genes. Moreover, the G4 ChIP-qgPCR
analysis performed on HELLS knockdown cells exhibited an augmented enrichment of G4
compared to control cells, indicating that the downregulation of HELLS resulted in an
elevation of G4 structures at these particular gene loci (Figure 3.8). Collectively, these
findings support the regulatory role of HELLS in modulating G4 dynamics at specific

genomic loci.

3.4 Conclusion

We present here a novel approach for the identification of novel G4BPs by incorporating
the photoactivatable 0-NBA group into G4 DNA probes derived from the human telomere
G4 repeat sequence. Through the use of two pairs of probes targeting distinct regions of
the G4 structure, we successfully captured and identified a repertoire of G4BPs from the
nuclear lysate. The application of UVA irradiation for rapid crosslinking, followed by
stringent washing, ensured efficient capture of G4-associated proteins, especially for those

interacting transiently and/or weakly with G4 structures.
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Utilizing LC-MS/MS analysis, we identified 99 proteins exhibiting greater enrichment
with G4 over M4 in both pairs of probes. Among these proteins, several well-known
G4BPs and G4 helicases, such as DDX5%, DHX36%, DDX24%, were identified,
underscoring the effectiveness of our approach. Importantly, our study unveiled HELLS,
also known as LSH (helicase, lymphoid specific), belongs to the SNF2 family of ATP-
dependent chromatin remodeling proteins, as a novel G4 helicase. A mutation in the
HELLS will result in Immunodeficiency, Centromeric Instability and Facial Anomalies
(ICF), an inherited disease with early mortality33. Dysregulation of HELLS expression or
function has been associated with various diseases, including cancer and
immunodeficiency diseaes®* . Therefore, HELLS has emerged as an important target for
therapeutic intervention in cancer treatment.

On top of that, HELLS has been known to facilitates transcription factor binding to
chromatin, particularly at promoters. It interacts with regulatory proteins such as p53,
DNMTL, and HP1, regulating DNA methylation, histone modification, and chromatin
structure3 4445 Notably, our study unveils a significant convergence between HELLS and
G4 structures within the chromatin context, particularly at promoter regions. This
convergence suggests a collaborative relationship between HELLS and G4 structures,
implying their potential collective involvement in modulating chromatin architecture and
gene expression, in addition to the protein-protein interactions described earlier.
Furthermore, HELLS actively participates in DNA replication by being recruited to the
replication fork, where it prevents replication fork stalling and promotes efficient

replication processes®. HELLS is also involved in homologous recombination-mediated
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DNA damage repair®. The identification of HELLS as a DNA G4 helicase provides
valuable insights into the possibility of G4 structures playing a regulatory role in genome
stability and cellular homeostasis.

In conclusion, our photo-crosslinking based pulldown approach offers a complementary
and valuable addition to traditional affinity pulldown-based methods, enabling the
discovery of novel G4-binding protein that may have been previously overlooked due to
transient and weak interaction. The comprehensive list of putative binding proteins
identified through our study serves as a valuable resource for future investigations aimed
at unraveling the functional roles of G4BPs and expanding our understanding of the
biological significance of G4 structures in various cellular processes. Moreover, our
findings provide significant insights into the intricate interplay between HELLS and G4
structures, highlighting their potential synergistic mechanisms in modulating chromatin
organization, governing gene expression regulation and maintain genome stability. By
shedding light on these cooperative processes, our study contributes to a more
comprehensive understanding of the dynamic and complex interrelationship between

HELLS, G4 structures, and cellular function.
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Figure 3.1. Identification of putative G4BPs with photo-crosslinking o-NBA group
conjugated DNA probes. (A) a schematic workflow of the pulldown experiment for
G4BPs identification. (B) Structures of biotinylated DNA G4 forming oligonucleotides
with an internal amino modifier C6 dT (IAmMMCS6T), consist of a C6 linker on a
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5'end thymidine of the G4 structure and LoopT G4 probes with the 0-NBA group located
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Figure 3.2: ESI-MS showing the [M + 10H]*°* ions of successful synthesis of 5°T o-
NBA G4/M4 as well as LoopT 0-NBA G4/M4.
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Figure 3.3: Putative G4-binding proteins identified in two sets of photo-crosslinking

pulldown experiments. (A) volcano plot of identified G4-binding proteins in pulldown

experiments using probes with o-NBA group placed at the thymidine in the loop region

of the G4 structure. (B) Venn diagram of putative G4-binding protein identified in two

sets of pull-down experiments with G4/M5 ration larger than 1.5. (C) A scatter plot of the

common putative G4BPs identified in both 5’T and LoopT pull-down. Previously

reported G4BPs are highlighted in orange. (D) Gene ontology (GO) enrichment analysis

was performed using g: Profiler, providing GO terms including molecular functions,

biological process and cellular component.
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containing peptide, LVTANTIDQK.
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Figure 3.5: HELLS binds directly to G-quadruplex. (A) SDS-PAGE gel of purified
Flag-tagged HELLS. (B) Fluorescent anisotropy for monitoring the binding of HELLS
with G4 and M4 DNA probes. (C) Competitive binding assay with addition of 15 nM
TMPyP4 in the HELLS-G4 binding samples. (D) Western blot analysis of HELLS in
chromatin fraction of U20S cells after treatment with 5 uM TMPyP4.
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Figure 3.8: Knockdown of HELLS results in elevated enrichment of G4 structures at
promoter regions in U20S cells. (A) IGV plots showing the enrichments of HELLS
binding sites and G4 structures near the transcription start site (TSS) of the genes (KRAS,
ZNF76, HSPD1). (B) G4 ChIP-gPCR results showing enrichment of G4 structures in the
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results in augmented enrichment of G4 at these specific G4-containing regions.

114



5'T ratio (G4/M4)

LoopT ratio (G4/M4)

Gene Name
Avg. Stdev. Avg. Stdev.
MYOIC 5.27 3.73 2.28 NaN
DDX54 4.60 3.68 1.66 NaN
MORC2 4.39 NaN 1.94 NaN
MKI67 3.80 3.10 1.77 0.40
XPC 3.79 0.02 2.15 0.54
YBXI1 3.47 2.71 241 1.32
FBL 3.42 2.31 2.55 0.48
GNL2 3.37 3.20 1.58 0.88
ZNF638 3.34 NaN 1.57 NaN
HELLS 3.30 1.20 2.00 0.01
DHX36 3.18 1.58 1.54 0.89
RPL4 3.16 2.24 1.64 0.67
RPL17 3.04 NaN 2.23 0.31
MYOIB 3.00 1.39 1.68 NaN
SFPQ 3.00 2.27 1.64 0.29
VEZF1 2.73 NaN 3.33 NaN
ZC3H14 2.71 NaN 2.60 NaN
GNL3 2.68 1.72 1.62 0.35
NPM1 2.58 1.82 1.98 0.41
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PSIP1 2.56 1.97 3.91 1.57
KIF2A 2.53 NaN 1.69 NaN
THAPI1 2.47 NaN 2.60 NaN
TOP2A 242 1.56 1.85 0.42
LRPPRC 2.42 0.71 11.84 4.55
DDX49 241 NaN 2.50 0.21
SF3B1 2.39 1.23 2.34 0.53
GTPBP4 2.37 1.44 1.55 NaN
FBLLI1 2.31 1.00 4.16 NaN
KIF22 231 1.91 3.13 NaN
TMPO 2.30 1.46 1.66 0.47
CALDI1 2.29 1.45 1.55 0.25
MYBBPIA 2.29 1.33 1.50 0.26
RPS3A 2.25 0.83 1.68 0.68
RRPIB 2.19 1.32 1.70 0.88
POLRMT 2.18 0.36 1.93 0.30
DDX18 2.17 1.15 3.24 0.51
SERBP1 2.15 1.93 1.90 0.60
ATAD3A 2.14 1.19 1.72 0.29
GTF3C5 2.14 0.03 9.70 1.48
NONO 2.14 1.10 2.34 0.80
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SF3B2 2.13 0.67 2.35 1.94
SUGP2 2.13 0.03 2.70 0.65
PRPF8 2.11 1.02 1.63 0.72
NCAPH2 2.10 0.44 3.24 1.28
XRCC5 2.08 0.17 7.22 2.35
TMEM201 2.07 NaN 1.79 NaN
TOP2B 2.06 1.18 2.05 0.23
RFCl1 2.00 1.18 1.58 0.09
RECQL 1.97 0.78 2.28 0.05
SPTBN1 1.97 0.79 1.60 0.34
CSDE!1 1.96 0.87 1.71 1.14
MTA2 1.93 1.06 4.62 1.37
DDX24 1.92 0.98 1.82 NaN
TRIM28 1.92 0.79 2.90 0.29
POLRIE 1.92 0.82 3.06 NaN
EXOSCI10 1.90 0.63 2.28 0.61
LBR 1.89 0.57 2.26 1.83
IGF2BP3 1.89 0.94 2.08 0.32
ZC3HAV1 1.86 1.48 3.20 1.90
RRP7A 1.86 1.25 1.76 NaN
NOP56 1.85 0.81 1.51 0.34
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PHF6 1.83 0.81 4.17 0.93
SUPTSH 1.82 0.56 1.73 0.45
PRRC2A 1.80 1.11 2.59 1.40
SCAF11 1.80 0.35 2.57 1.02

SMC4 1.79 0.63 2.39 NaN

CEBPZ 1.79 0.78 1.53 0.06
UTP20 1.78 0.82 1.55 0.25
SARTI 1.76 0.89 2.26 NaN

NCL 1.75 0.88 4.02 0.68

SEC61A1; SEC61A2 1.75 0.99 1.72 0.69
BCLAF1 1.74 0.69 2.93 0.29
TEX10 1.74 0.66 2.28 0.55
ABCF1 1.73 0.81 2.80 1.19
RIF1 1.73 0.72 2.39 0.58
MDC1 1.72 0.90 2.81 0.75
HNRNPU 1.70 0.85 8.74 5.01
GTF3C3 1.68 0.05 5.08 1.20
THOC2 1.67 0.56 2.15 0.67
GRWDI 1.67 0.65 4.33 0.89
LARPI1 1.66 0.78 3.24 1.20
ILF3 1.66 0.41 2.02 0.49
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LASIL 1.65 0.54 2.04 0.26
KIF4A 1.64 0.84 1.64 0.22
ZNF629 1.61 0.54 4.85 NaN
NCAPD3 1.58 0.52 2.51 0.72
BAZI1B 1.57 0.62 2.37 0.54
SMC2 1.55 0.47 2.24 0.33
GTF3Cl1 1.54 0.17 3.81 0.79
POLR2A 1.54 NaN 2.66 NaN
CPSF1 1.54 0.12 2.09 0.85
UHRF1 1.54 0.36 4.22 0.64
POLRI1B 1.53 NaN 3.32 NaN
SMARCA4 1.53 0.43 2.02 0.50
RCC2 1.52 0.67 1.54 0.38
PELPI 1.52 0.74 1.54 0.58
PRKDC 1.51 0.46 2.11 0.82
PDCD11 1.51 0.54 2.07 1.50
DDXS5 1.50 0.75 1.51 0.18

Table 3.1 Common proteins show G4/M4 ratio over 1.5 in both 5°T and LoopT

pulldown experiments.
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DNA sequence in pulldown experiments

5’ T G4 5’-Biotin-T6 AIAMMC6T/AAAGGGTTAGGGTTAGGGTTAGGGAA-3’
5° T M4 5’-Biotin-T6 AIAMMC6T/AAAGGGTTAGTGTTAGTGTTAGGGAA-3’
LoopT G4 5’-Biotin-T6 TAAAGGGTTAGGGT/AAMMCO6T/AGGGTTAGGGAA-3’
LoopT M4 5’-Biotin-T6 TAAAGGGTTAGTGT/IAmMMC6T/AGTGTTAGGGAA-3’

Fluorophore-labeled DNA

G4 DNA

5'- TAMRA-TGAGGGTGGGGAGGGTGGGGAAGG-3'

M4 DNA

5'- TAMRA-TGAGGGTGAGGAGTGTGGGGAAGG-3'

ChIP-qPCR pri

mers

Gene Forward Reverse

KRAS 5'-TCTGGGCGAGAGGTCGG-3' 5'-CTGAAGAAGAATCGAGCGCGG-3'
HSPDI 5'-GGGGTAGTTCTTTCACCTCGG-3' [5'-ACGCTGACGCGAAGACTC-3'
ZNF76 5'-AAGAGCTCGGTTCAGATCCC-3' [5'-CCCCGGAACCCGTATAGAAA-3'
ESR 5'-GAAACAGCCCCA AATCTCAA-3' [5S'-TTGTAGCCAGCAAGCAAATG-3'

Table 3.2 A list of G4 DNA sequences and ChIP-gPCR primers used in this study.

120




References

(1) Spiegel, J.; Adhikari, S.; Balasubramanian, S. The Structure and Function of DNA G-
Quadruplexes. Trends in Chemistry 2020, 2 (2), 123-136.

(2) Nguyen, G. H.; Tang, W.; Robles, A. L.; Beyer, R. P.; Gray, L. T.; Welsh, J. A;
Schetter, A. J.; Kumamoto, K.; Wang, X. W.; Hickson, I. D.; et al. Regulation of gene
expression by the BLM helicase correlates with the presence of G-quadruplex DNA
motifs. Proc Natl Acad Sci U S 42014, 111 (27), 9905-9910.

(3) Kamath-Loeb, A. S.; Loeb, L. A.; Johansson, E.; Burgers, P. M.; Fry, M. Interactions
between the Werner syndrome helicase and DNA polymerase delta specifically facilitate

copying of tetraplex and hairpin structures of the d(CGG)n trinucleotide repeat sequence.
J Biol Chem 2001, 276 (19), 16439-16446.

(4) Wu, C. G.; Spies, M. G-quadruplex recognition and remodeling by the FANCJ
helicase. Nucleic Acids Res 2016, 44 (18), 8742-8753.

(5) Yagi, R.; Miyazaki, T.; Oyoshi, T. G-quadruplex binding ability of TLS/FUS depends
on the beta-spiral structure of the RGG domain. Nucleic Acids Res 2018, 46 (12), 5894-
5901.

(6) Ghosh, M.; Singh, M. RGG-box in hnRNPA1 specifically recognizes the telomere G-
quadruplex DNA and enhances the G-quadruplex unfolding ability of UP1 domain.
Nucleic Acids Res 2018, 46 (19), 10246-10261.

(7) Gao, Z.; Williams, P.; Li, L.; Wang, Y. A Quantitative Proteomic Approach for the
Identification of DNA Guanine Quadruplex-Binding Proteins. J Proteome Res 2021, 20
(11),4919-4924.

(8) Edwards, A. D.; Marecki, J. C.; Byrd, A. K.; Gao, J.; Raney, K. D. G-Quadruplex
loops regulate PARP-1 enzymatic activation. Nucleic Acids Res 2021, 49 (1), 416-431.

(9) Dahan, D.; Tsirkas, I.; Dovrat, D.; Sparks, M. A.; Singh, S. P.; Galletto, R.; Aharoni,
A. Pifl is essential for efficient replisome progression through lagging strand G-
quadruplex DNA secondary structures. Nucleic Acids Res 2018, 46 (22), 11847-11857.

(10) Johnson, J. E.; Cao, K.; Ryvkin, P.; Wang, L. S.; Johnson, F. B. Altered gene
expression in the Werner and Bloom syndromes is associated with sequences having G-
quadruplex forming potential. Nucleic Acids Res 2010, 38 (4), 1114-1122.

(11) Williams, P.; Li, L.; Dong, X.; Wang, Y. Identification of SLIRP as a G
Quadruplex-Binding Protein. J Am Chem Soc 2017, 139 (36), 12426-12429.

121



(12) Li, L.; Williams, P.; Ren, W.; Wang, M. Y.; Gao, Z.; Miao, W.; Huang, M.; Song, J.;
Wang, Y. YY1 interacts with guanine quadruplexes to regulate DNA looping and gene
expression. Nat Chem Biol 2021, 17 (2), 161-168.

(13) Li, L.; Williams, P.; Gao, Z.; Wang, Y. VEZF1-guanine quadruplex DNA
interaction regulates alternative polyadenylation and detyrosinase activity of VASHI.
Nucleic Acids Res 2020, 48 (21), 11994-12003.

(14) Chin, J. W.; Martin, A. B.; King, D. S.; Wang, L.; Schultz, P. G. Addition of a
photocrosslinking amino acid to the genetic code of Escherichiacoli. Proc Natl Acad Sci
US 42002, 99 (17), 11020-11024.

(15) Tanaka, Y.; Bond, M. R.; Kohler, J. J. Photocrosslinkers illuminate interactions in
living cells. Mol Biosyst 2008, 4 (6), 473-480.

(16) Murale, D. P.; Hong, S. C.; Haque, M. M.; Lee, J. S. Photo-affinity labeling (PAL)
in chemical proteomics: a handy tool to investigate protein-protein interactions (PPIs).
Proteome Sci 2016, 15, 14.

(17) Saghatelian, A.; Jessani, N.; Joseph, A.; Humphrey, M.; Cravatt, B. F. Activity-
based probes for the proteomic profiling of metalloproteases. Proc Natl Acad Sci U S A
2004, 101 (27), 10000-10005.

(18) Lavrik, O. I.; Kolpashchikov, D. M.; Prasad, R.; Sobol, R. W.; Wilson, S. H. Binary
system for selective photoaffinity labeling of base excision repair DNA polymerases.
Nucleic Acids Res 2002, 30 (14), €73.

(19) Lavrik, O. I.; Kolpashchikov, D. M.; Weisshart, K.; Nasheuer, H. P.; Khodyreva, S.
N.; Favre, A. RPA subunit arrangement near the 3'-end of the primer is modulated by the

length of the template strand and cooperative protein interactions. Nucleic Acids Res
1999, 27 (21), 4235-4240.

(20) Dorman, G.; Nakamura, H.; Pulsipher, A.; Prestwich, G. D. The Life of Pi Star:
Exploring the Exciting and Forbidden Worlds of the Benzophenone Photophore. Chem.
Rev. 2016, 116 (24), 15284-15398.

(21) Xia, Y.; Peng, L. Photoactivatable lipid probes for studying biomembranes by
photoaffinity labeling. Chem Rev 2013, 113 (10), 7880-7929.

(22) Dubinsky, L.; Krom, B. P.; Meijler, M. M. Diazirine based photoaffinity labeling.
Bioorg Med Chem 2012, 20 (2), 554-570.

122



(23) Su, H.; Xu, J.; Chen, Y.; Wang, Q.; Lu, Z.; Chen, Y.; Chen, K.; Han, S.; Fang, Z.;
Wang, P.; et al. Photoactive G-Quadruplex Ligand Identifies Multiple G-Quadruplex-
Related Proteins with Extensive Sequence Tolerance in the Cellular Environment. J Am
Chem Soc 2021, 143 (4), 1917-1923.

(24) Zhang, X.; Spiegel, J.; Martinez Cuesta, S.; Adhikari, S.; Balasubramanian, S.
Chemical profiling of DNA G-quadruplex-interacting proteins in live cells. Nat. Chem.
2021, 73 (7), 626-633.

(25) Di Antonio, M.; Biffi, G.; Mariani, A.; Raiber, E. A.; Rodriguez, R.;
Balasubramanian, S. Selective RNA versus DNA G-quadruplex targeting by in situ click
chemistry. Angew Chem Int Ed Engl 2012, 51 (44), 11073-11078.

(26) West, A. V.; Muncipinto, G.; Wu, H. Y.; Huang, A. C.; Labenski, M. T.; Jones, L.
H.; Woo, C. M. Labeling Preferences of Diazirines with Protein Biomolecules. J 4m
Chem Soc 2021, 143 (17), 6691-6700.

(27) Guo, A. D.; Wei, D.; Nie, H. J.; Hu, H.; Peng, C.; Li, S. T.; Yan, K. N.; Zhou, B. S.;
Feng, L.; Fang, C.; et al. Light-induced primary amines and o-nitrobenzyl alcohols
cyclization as a versatile photoclick reaction for modular conjugation. Nat Commun
2020, 71 (1), 5472.

(28) Guo, A. D.; Yan, K. N.; Hu, H.; Zhai, L.; Hu, T. F.; Su, H.; Chi, Y.; Zha, J.; Xu, Y.;
Zhao, D.; et al. Spatiotemporal and global profiling of DNA-protein interactions enables
discovery of low-affinity transcription factors. Nat Chem 2023, 15 (6), 803-814.

(29) Cox, J.; Mann, M. MaxQuant enables high peptide identification rates,
individualized p.p.b.-range mass accuracies and proteome-wide protein quantification.
Nat Biotechnol 2008, 26 (12), 1367-1372.

(30) Tyanova, S.; Temu, T.; Cox, J. The MaxQuant computational platform for mass
spectrometry-based shotgun proteomics. Nat Protoc 2016, 11 (12), 2301-2319.

(31) Gao, Z.; Yuan, J.; He, X.; Wang, H.; Wang, Y. Phase Separation Modulates the
Formation and Stabilities of DNA Guanine Quadruplex. JACS Au 2023.

(32) Wang, F.; Tang, M. L.; Zeng, Z. X.; Wu, R. Y.; Xue, Y.; Hao, Y. H.; Pang, D. W_;
Zhao, Y.; Tan, Z. Telomere- and telomerase-interacting protein that unfolds telomere G-
quadruplex and promotes telomere extension in mammalian cells. Proc Natl Acad Sci U S
A 2012, 109 (50), 20413-20418.

(33) Thijssen, P. E.; Ito, Y.; Grillo, G.; Wang, J.; Velasco, G.; Nitta, H.; Unoki, M.;
Yoshihara, M.; Suyama, M.; Sun, Y.; et al. Mutations in CDCA7 and HELLS cause
immunodeficiency-centromeric instability-facial anomalies syndrome. Nat Commun
2015, 6, 7870.

123



(34) He, Y.; Ren, J.; Xu, X.; Ni, K.; Schwader, A.; Finney, R.; Wang, C.; Sun, L.;
Klarmann, K.; Keller, J.; et al. Lsh/HELLS is required for B lymphocyte development
and immunoglobulin class switch recombination. Proc Natl Acad Sci U S A 2020, 117
(33),20100-20108.

(35) Zocchi, L.; Mehta, A.; Wu, S. C.; Wu, J.; Gu, Y.; Wang, J.; Suh, S.; Spitale, R. C.;
Benavente, C. A. Chromatin remodeling protein HELLS is critical for retinoblastoma
tumor initiation and progression. Oncogenesis 2020, 9 (2), 25.

(36) Phan, A. T.; Kuryavyi, V.; Gaw, H. Y.; Patel, D. J. Small-molecule interaction with
a five-guanine-tract G-quadruplex structure from the human MY C promoter. Nat Chem
Biol 2005, 1 (3), 167-173.

(37) Biffi, G.; Tannahill, D.; McCafferty, J.; Balasubramanian, S. Quantitative
visualization of DNA G-quadruplex structures in human cells. Nat Chem 2013, 5 (3),
182-186.

(38) Kollarovic, G.; Topping, C. E.; Shaw, E. P.; Chambers, A. L. The human HELLS
chromatin remodelling protein promotes end resection to facilitate homologous

recombination and contributes to DSB repair within heterochromatin. Nucleic Acids Res
2020, 48 (4), 1872-1885.

(39) Zhang, G.; Dong, Z.; Prager, B. C.; Kim, L. J.; Wu, Q.; Gimple, R. C.; Wang, X.;
Bao, S.; Hamerlik, P.; Rich, J. N. Chromatin remodeler HELLS maintains glioma stem
cells through E2F3 and MYC. JCI Insight 2019, 4 (7).

(40) von Eyss, B.; Maaskola, J.; Memczak, S.; Mollmann, K.; Schuetz, A.;
Loddenkemper, C.; Tanh, M. D.; Otto, A.; Muegge, K.; Heinemann, U.; et al. The SNF2-
like helicase HELLS mediates E2F3-dependent transcription and cellular transformation.
EMBO J 2012, 31 (4), 972-985.

(41) Lyu, J.; Shao, R.; Kwong Yung, P. Y.; Elsasser, S. J. Genome-wide mapping of G-
quadruplex structures with CUT&Tag. Nucleic Acids Res 2022, 50 (3), el3.

(42) Wu, G.; Xing, Z.; Tran, E. J.; Yang, D. DDXS helicase resolves G-quadruplex and is
involved in MYC gene transcriptional activation. Proc Natl Acad Sci U S 4 2019, 116
(41), 20453-20461.

(43) Chen, M. C.; Tippana, R.; Demeshkina, N. A.; Murat, P.; Balasubramanian, S.;
Myong, S.; Ferre-D'Amare, A. R. Structural basis of G-quadruplex unfolding by the
DEAH/RHA helicase DHX36. Nature 2018, 558 (7710), 465-469.

124



(44) Baumann, C.; Ma, W.; Wang, X.; Kandasamy, M. K.; Viveiros, M. M.; De La
Fuente, R. Helicase LSH/Hells regulates kinetochore function, histone H3/Thr3

phosphorylation and centromere transcription during oocyte meiosis. Nat Commun 2020,
11 (1), 4486.

(45) Xu, X.; Ni, K.; He, Y.; Ren, J.; Sun, C.; Liu, Y.; Aladjem, M. L.; Burkett, S.; Finney,
R.; Ding, X.; et al. The epigenetic regulator LSH maintains fork protection and genomic
stability via MacroH2A deposition and RADS1 filament formation. Nat Commun 2021,
12 (1), 3520.

125



Chapter 4: Phase Separation Modulates the Formation and

Stabilities of DNA Guanine Quadruplex

4.1 Introduction

Guanine quadruplexes (G4s) are non-canonical DNA structures comprised of two or
more layers of G-tetrads, each of which contains four guanines stabilized by Hoogsteen
base pairing and a monovalent metal ion, e.g., K* and Na*. The formation of G4 structures
in human cells was first reported in 1987,' and many subsequent studies were conducted
to assess G4 formation in vitro and in cells. In particular, it was revealed bioinformatically
and experimentally that DNA G4 is ubiquitously present in the human genome.?* These
studies also unveiled the enrichment of G4 structures at replication origins, oncogene
promoters and telomeres, suggesting the important functions of G4 structures in regulating
DNA replication, transcription, telomere maintenance, and other biological processes.®

G4 structures are highly dynamic in cells,® 7 and effective regulations of G4s are
crucial for maintaining genomic and epigenetic stability, as manifested by the functions of
known G4BPs in chromatin remodeling (e.g., ATRX and REV1),2 ° long-range DNA
interactions (e.g., YY1 and CTCF),%% 1! and genetic diseases (e.g., WRN and BLM).1? 13
Moreover, G4 structures are known to be dynamic during cell cycle progression, where
higher levels of G4 structures were observed in S-phase cells.!* Therefore, it is important

to understand how G4 structures are regulated in cells.
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Liquid-liquid phase separation (LLPS) promotes the formation of membraneless
compartments in cells, such as nucleolus, nuclear speckles, Cajal bodies, processing bodies
(P bodies), and stress granules, etc.’> LLPS has been shown to participate in a wide range
of cellular processes, including transcription, translation, DNA damage repair, cell
signaling and spatial genome organization.*>” Although many studies are focused on
LLPS of proteins or protein compartments, it was recently revealed that, in the absence of
proteins, DNA can also undergo phase separation. For instance, Shakya et al.*® found that
certain sequences of DNA, e.g., poly(GC), can form phase-separated condensates. In
addition, recent studies on G4BPs unveiled important functions of G4s in many different
biological processes.’®?! Interestingly, many of these proteins, including FUS,?
hnRNPA1,22 hnRNPA2,%* and YY1,% can undergo phase separation. Furthermore, G4
structures can promote the condensation of G4BPs, including histone H1 and SERBP1.%:
27

In light of these previous studies, we hypothesized that phase separation may
modulate the stabilities of G4 structures in cells. In this study, we observed LLPS of DNA
G4s in vitro and demonstrated that phase-separated G4 DNA droplets can be disintegrated
by 1,6-hexanediol (1,6-HD), an agent known to disrupt LLPS.? 2 We also found that
disruption of phase separation diminished the enrichment of G4 structures in chromatin of

cultured human cells.
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4.2 Materials and Methods
Cell culture

U20S human osteosarcoma cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM, Thermo Fisher) supplemented with 10% fetal bovine serum (FBS,
Thermo Fisher) and 1% penicillin-streptomycin solution (PS, GE Healthcare) at 37°C with
5% CO:..
Oligodeoxyribonucleotides and G4 formation

Unlabeled and 5'-TAMRA-labeled oligodeoxyribonucleotides (ODNSs) were
purchased from Integrated DNA Technologies (IDT), and their sequences are listed in
Supplementary Table 1. These ODNs were annealed in a buffer containing 10 mM Tris-
HCI (pH 7.5), 10 mM KCl and 0.1 mM EDTA by heating to 95°C for 5 min, followed by
cooling down to room temperature slowly over 6 hr.
Circular dichroism (CD) spectroscopy

The CD spectra for the ODNSs (10 uM) in a binding buffer containing 10 mM HEPES
(pH 7.4) and 0.1 mM EDTA with or without 0.1 mg/ml poly-L-lysine (P2636, Sigma) were
recorded at room temperature on a Jasco-815 spectrometer (Easton, MD) at a scan rate of
1 nm/sec. The CD spectra were averaged from signal of two repetitive scans collected in
the wavelength range of 220-320 nm. The final spectra were obtained by subtraction of
signal acquired for the buffer solution and signal smoothing, and plotted using GraphPad

Prism.
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Phase separation assay

Pre-annealed 5'-TAMRA labeled DNA and unlabeled DNA were mixed at a molar
ratio of 1:50 in the above-mentioned buffer. For imaging of DNA in the presence of NaCl,
NaCl was added to the buffer until its desired concentration was reached. The samples were
incubated with or without 0.1 mg/ml poly-L-lysine at 25°C for 30 min. The samples were
subsequently dropped onto a glass microscope slide and covered with a 12 mm coverslip
(CG15NH1, Thorlabs) immediately before imaging. Fluorescence and differential
interference contrast (DIC) imaging was conducted on an LSM 880 upright confocal
microscope (Carl Zeiss) with a 60x objective. The images were analyzed by ZEN software.
Turbidity measurements

Unlabeled cMYC DNA (20 uM) was prepared under the same conditions as in phase
separation assay. After incubation, the absorbance at 400 nm was measured using a
Nanodrop One Spectrophotometer (Thermo Scientific). Triplicate measurements were
performed. The average of the three readouts for each replicate was recorded.
1,6-hexanediol treatment

In all in vitro assays, including phase separation and turbidity measurements, stock
solutions of 20%, 40% and 60% of 1,6-hexanediol (240117, Sigma) in a binding buffer
were prepared before treatment. After addition of an equal volume of 1,6-HD-containing
buffer, sample solution was mixed thoroughly by pipetting and incubated at 25°C for

another 30 min before measurement.
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G4 immunofluorescence

U20S cells were treated with 6% 1,6-hexanediol (240117, Sigma) prepared in
DMEM for 1 min; JQ1 (HY-13030, Medchemexpress) was added to U20S cells until its
final concentration reached 1.0 uM, and the cells were incubated for 12 hr before
immunofluorescence microscopy imaging. The immunofluorescence microscopy
experiments were performed following previously published procedures.'* Briefly, cells
on coverslip were fixed in methanol: acetic acid (3:1, v/v) for 10 min, permeabilized with
0.1% triton-X100/PBS for 15 min, and treated with 50 ug/ml RNase A (EN0531, Thermo
Fisher). After blocking with 2% BSA at room temperature for 1 hr, immunofluorescence
microscopy experiments were conducted using standard methods with BG4 (MABE917,
Sigma-Aldrich), anti-FLAG (14793S, Cell Signaling Technology) and anti-rabbit Alexa
594-conjugated (A11037, Invitrogen) antibodies. Nuclei were stained with DAPI (D9542,
Sigma). Finally, the coverslips were mounted with ProLong™ Diamond Antifade
Mountant (Invitrogen). Images were recorded using a LSM880 Confocal Laser Scanning
Microscope (Carl Zeiss) with a 100x objective and analyzed with ZEN. The foci number
per nucleus was counted using Find maxima in ImageJ. The graphs were plotted using
GraphPad Prism8.
G4-ChlP sequencing and qPCR

G4-ChIP was performed using custom-purified BG4 antibody and conducted as
previously described with minor modifications.® DNA was fragmented following the
protocol described previously.3* Briefly, chromatin samples were diluted in a blocking

buffer containing 25 mM HEPES (pH 7.5), 10.5 mM NacCl, 110 mM KCI, 1 mM MgClz,
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1% BSA, and treated with RNase A. The chromatin sample was subsequently incubated
with 500 ng BG4 antibody with rotation at 1400 r.p.m for 1.5 hr at 16°C. To the mixture
were then added 5 pl pre-blocked Anti-Flag M2 magnetic beads (Sigma, M8823), and the
suspension was incubated under the same conditions for 1 hr. After washing with ice-cold
wash buffer (10 mM Tris, pH 7.4, 100 mM KCI, 0.1% Tween 20) for 7 times, the captured
DNA was eluted with TE buffer containing Proteinase K while rotating at 1400 r.p.m. (6
hr, 65°C). The eluted DNA was then purified by DNA Clean and Concentrator-5 (Zymo).

The DNA-sequencing library was prepared using NEBNext Ultra DNA Library Prep
Kit for [llumina (NEB) following the manufacturer’s instructions. The quantity and quality
of the purified DNA libraries were assessed by Qubit and Agilent 2100 Bioanalyzer. The
samples were multiplexed for next-generation sequencing on a MGISEQ-2000 platform
(BGI).

For guantitative PCR, immunoprecipitated samples and the input control were used
to quantify the enrichment of G4 structures. gPCR was carried out using Luna® Universal
gPCR Master Mix (NEB) on a CFX96 Touch Real-Time PCR Detection System (Bio-
Rad). The primers are listed in Supplementary Table 1.

Cell Counting Kit-8 (CCKS8) assay

The cell cytotoxicity after 1,6-HD and JQ1 treatment was analyzed by using Cell
Counting Kit-8 (CK04, Dojindo) following the manufacturer's protocols. Cells were seeded
at a density of 5 x 10%/well in 100 pL of medium into 96-well microplates. Cells were
incubated overnight before treatment. After treatment, 10 uLL of CCK-8 reagent was added

to each well and then incubated for 3 hr. The absorbance was then measured at 450 nm
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using a BioTek Synergy H1 microplate reader. All experiments were performed in
triplicate.
Bioinformatics analysis

FastQC (version 0.11.9) was employed for the quality assessment of ChIP-seq data,
and the reads were subsequently mapped to human hg38 reference genome using Bowtie2
(Version 2.5.0)%. The two replicates were merged using SAMtools for analysis®. The
unaligned and repeated reads were filtered out, and the remaining reads were subjected to
peak calling using MACS2 (v2.2.7.1)** with a false discovery rate of 0.05. Bigwig files
were generated by using the bamCompare tool.3® The results were visualized using
Integrative Genomics Viewer (IGV)3%,

ChlP-seq datasets of transcription factors were retrieved from ChIP-atlas portal

(https://chip-atlas.org/) using “hg38”, Experiment type “ChlIP: TFs and others”, Cell type

Class “Bone”, Threshold for significance “50”, Cell type “U20S”. Experiments with
treatment or genetic manipulation were removed from analysis. BG4 peaks that can be
detected in both control and 1,6-hexanediol-treated cells were separated into “Augmented
G4” and “Diminished G4” based on enrichment score. Overlapping percentage of G4 with
TFs binding sites were calculated using bedtools.3” Fold change was defined as the ratio
between TFs binding sites’ overlapping percentage with “Augmented G4” and
“Diminished G4” in 1,6-hexanediol- vs. mock-treated cells. Profiles and heatmaps were
generated by using computeMatrix tool.3® The ChIP-seq data reported in this paper are
available at the NCBI GEO repository under accession number GSE225772 (Reviewer

token: wdgpsgkgrxuziwp).
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4.3 Results

To investigate whether G4s undergo phase separation and assemble into droplets in
the absence of proteins, we tested two different G4-forming sequences derived from the
promoter regions of cMYC and cKIT proto-oncogenes. In this vein, the cKIT promoter
harbors three G4-forming sequences, and the first sequence, KIT1, was used in the present
study.®® Oligodeoxynucleotides were pre-annealed in a buffer containing 10 mM KCI and
confirmed by circular dichroism spectroscopy (Figure 4.1) to ensure the formation of G4
structures before the LLPS assays. As depicted in Figure 1A, both G4 sequences can
undergo phase separation and assemble into droplets in the presence of poly-L-lysine
(PLL), a cationic polymer used for studying phase separation,® where droplets start to form
at 10 uM G4 DNA. We also examined G4 droplet formation by using a previously reported
turbidity assay.2® 4% Upon incubation with PLL, the turbidity of the DNA sample increased
significantly, as manifested by the formation of droplets in PLL-containing DNA solution
(Figure 4.2).

We next assessed the influence of salt concentration on phase separation of G4 DNA.
Our results showed that, after annealing G4 DNA in a K*-containing buffer, the droplets
started to form at DNA concentrations as low as 10 uM (Figure 4.2). Ata low concentration
(5 uM), G4 DNA does not assemble into droplets until NaCl concentration is at least 100
mM (Figure 4.3). We also observed that, at higher DNA concentrations (20-50 uM), G4
DNA assembles into droplets at both low and high NaCl concentrations, but form
aggregates at intermediate NaCl concentrations (Figure 4.2-4.3). We reason that the

addition of salt increases the ionic strength of the solution and attenuated the repulsive
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electrostatic interactions between negatively charged G4 DNA, thereby resulting in droplet
formation at low DNA concentration and aggregation at high DNA concentration.*! Further
increases in salt concentration augmented the solubility of DNA in the PLL-DNA
mixture;*2 as a result, we observed precipitate dissolution and droplet reformation at high
salt concentrations. Together, we showed that G4 DNA can undergo phase separation at a
concentration as low as 10 uM. In this respect, it is worth noting that the intracellular
concentration of Na* is about 10-15 mM, residing in the low concentration range of NaCl
used in this study.*® In addition, the average local concentration of DNA in metaphase
chromosomes is approximately 0.17 g/ml,* which is much higher than the 10 uM G4 DNA
probe used in the current study (~ 7*10° g/ml). Thus, DNA in chromatin experiences an
environment with much more molecular crowding, which favors LLPS,* than the in vitro
conditions employed in the current study.

1,6-HD has been frequently employed to disrupt phase separation through inhibition
of hydrophobic interactions.?® 2° We found that addition of 1,6-HD led to disintegration of
DNA G4 droplets (Figure 4.4), where we observed a marked attenuation in droplet size
when the solution contained 20% 1,6-HD. We also assessed droplet disruption by using a
turbidity assay. As displayed in Figure S3B, treatment with increasing concentrations of
1,6-HD led to decreased turbidity of the DNA solution, underscoring the disintegration
and/or dissolution of G4 DNA droplets. As 1,6-HD exhibits a more pronounced impact on
turbidity at low than high NaCl concentration, phase separation of G4 DNA at low NaCl
concentration depends more on hydrophobic interaction. This result demonstrated that,

aside from electrostatic interaction, hydrophobic interaction also contributes to LLPS of
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G4 DNA. Together, these results revealed that 1,6-HD treatment promotes the
disintegration of G4 droplets in vitro.

We next investigated how phase separation influences the stability of G4 structures
in cells. To this end, we treated U20S cells with 6% 1,6-HD for 1 min, and assessed G4
formation in cells by using immunofluorescence microscopy with the use of BG4
antibody.** In line with the in vitro observations, we detected pronounced diminutions in
G4 structure foci in cells upon 1,6-HD treatment (Figure 4.5). In this context, 1,6-HD is
known to be capable of disrupting protein-protein interactions;* hence, the diminished G4
levels in cells may also arise partly from attenuated protein-protein interactions involving
G4BPs. It is of note that 1,6-HD exposure did not appreciably influence the survival of
U20S cells (Figure 4.4).

Several studies demonstrated the formation of G4s in promoters of transcriptionally
active genes.”4% In addition, transcription co-activators form liquid-like condensates,
which recruit other proteins to enhancer regions to activate transcription.5 5t Therefore,
we hypothesized that the assembly of these phase-separated condensates associated with
promoter regions may lead to stabilization of G4 structures. To test this hypothesis, we
assessed how G4 formation in cells is perturbed upon treatment with JQ1, which disrupts
the binding of BRD4 to H3K27ac-marked enhancer chromatin and dissolves the phase-
separated condensates comprised of mediators and RNA polymerase Il at super-
enhancers.>* Immunofluorescence microscopy analysis with the use of BG4 antibody again
revealed a significant diminution in BG4 foci in U20S cells after JQ1 treatment (Figure

4.5). In this regard, we observed that a 12-hr treatment with 1.0 uM JQ-1 did not alter the
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survival of U20S cells (Figure 4.6). This result substantiated our conclusion that G4
structures in cells are stabilized in phase-separated condensates, though attenuated
enhancer activity, arising from JQ-1 treatment, may also contribute in part to diminished
G4 structures.

To further examine the roles of phase separation in stabilizing G4 structures in cells,
we performed BG4-ChIP-seq experiment for U20S cells that were untreated or treated
with 1.5% 1,6-HD for 2 min.3% 31 Our results from two biological replicates revealed a
substantially diminished numbers of BG4 ChlP-seq peaks, namely, from 3507 peaks in
control cells to 2269 peaks in 1,6-HD-treated cells. The majority of the peaks (58.9% and
61% in control and 1,6-HD-treated cells, respectively) are located in promoter regions
(Figure 4.7), which is in agreement with the previously reported results*®. We also observed
that the peak intensities were substantially attenuated upon 1,6-HD treatment (Figure 4.7).
It is worth noting that, among the 1369 overlapped peaks detected from control and 1,6-
HD-treated cells, more than 65% of the peaks are located in promoter regions.

We further validated the BG4 ChlIP-seq data by using ChIP-gPCR. We chose several
genes, including HYAL3, CCDCB88A, PRA3 and PRR14, whose promoter regions exhibit
high G4-forming potential and display diminished BG4 ChlP-seq peak intensities
following 1,6-HD treatment (Figure 4.8-4.9). Consistent with the ChIP-seq results, we
detected attenuated enrichment of G4 structures in the promoter regions of all four genes
upon 1,6-HD treatment. Hence, we conclude that phase separation contributes to the

stabilization of G4 structures in cells.
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Because G4 structures were found to be binding hubs for transcription factors (TFs)
in chromatin,*® we next examined whether those loci with G4 structures being sensitive to
1,6-HD treatment are enriched with TF factor binding sites. To this end, we first divided
those G4 loci commonly detected in control and 1,6-HD-treated cells into two groups based
on IP enrichment scores, i.e., those G4 loci exhibiting decreased and increased BG4 ChIP
signals after 1,6-HD treatment (i.c., labeled as ‘Diminished G4’ and ‘Augmented G4°,
respectively, in Figure 4C). We subsequently calculated the overlapping percentage of BG4
peaks in each group with ChlP-seq results of TFs using publicly available data from ChlP-
Atlas. Our results showed that those loci with diminished BG4 signal upon 1,6-HD
treatment are more likely to co-localize with transcription factor binding sites than those
with elevated BG4 signal after 1,6-HD treatment (Figure 4C). Along this line, it remains
unclear how 1,6-HD treatment leads to elevated BG4 signal in some genomic regions,
though we speculate that this may arise from augmented accessibilities of G4 structures in
chromatin of these genomic regions. A comparison of BG4 ChIP-seq peaks detected in
control and 1,6-HD-treated cells with respect to individual ChlP-seq data of TFs, including
CTCF, MYC and ZBTB48, showed minimal or no effects of their overall genome-wide
occupancy upon 1,6-HD treatment (Figure 4.8 and 4.10). We, however, observed
pronounced diminutions in enrichment of these TFs at those binding sites enriched with
G4 structures. These data suggest that G4-mediated LLPS is involved in regulating the

chromatin occupancy of TFs.
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4.4 Conclusion

In summary, we demonstrated that G4 DNA can undergo phase separation, and
disruption of phase separation leads to genome-wide destabilization of G4s. Previous
studies showed that DNA G4 structures promote phase separation through binding to
phase-separated proteins.>? Here we revealed another mechanism in modulating dynamic
formation of DNA G4 structures, which may bear important implications in transcriptional
regulation. In this vein, G4 structures are enriched in gene promoters,® and RNA
polymerase Il can partition into two distinct types of phase-separated condensates, where
the form with the C-terminal domain being hypophosphorylated is accompanied with
transcription initiation, but the hyperphosphorylated form is associated with splicing
complex.>® While more efforts are needed to understand further how phase separation of
G4 DNA regulates biological processes, our studies suggest that G4 structures are hubs of
not only the transcription machinery,*® but perhaps also other molecular complexes

involved in chromatin remodeling and long-range DNA interactions.” 0. 25
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Figure 4.1. CD spectra of G4 DNA derived from the promoters of cMYC and KIT
genes. The DNA probes were annealed in 10 mM KCI and diluted by 10-fold before

measurement.
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Figure 4.2. G4 DNA undergoes phase separation in vitro. (A) Images of 10 uM
mixture of 5’-TAMRA-labeled and unlabeled (1:50) G4 oligodeoxynucleotides acquired
from fluorescence microscopy and differential interference contrast (DIC) microscopy
(scale bar = 10 um). (B) Turbidity of 10 uM G4 DNA derived from cMY C promoter in
the presence or absence of 2 UM PLL. (C) Matrix diagram showing the phase separation
of different concentrations of cMYC G4 DNA in the presence of various concentrations
of NaCl. Droplets are round shaped, whereas aggregates are of irregular shape (Figure

S2).
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Figure 4.3: Droplet formation in solutions containing different concentrations of
cMYC G4 DNA (labeled on the left) and NaCl (labeled on the top). Scale bar = 10 um.
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Figure 4.4. DNA G4 droplets are disrupted by 1,6-HD treatment. (A) Images of 10
MM 5'-TAMRA-labeled cMYC G4 DNA in a buffer containing 50 mM NaCl, and images
of the corresponding samples after incubation with 20% 1,6-HD (scale bar = 10 um). (B)
Normalized turbidity of 10 pM cMYC DNA G4 in the presence of various concentrations
of NaCl.
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Figure 4.5. Disruption of phase separation led to diminished G4 structure foci in
cells. (A) Immunofluorescence microscopy images showing the presence of G4 structure
foci in control, as well as in 1,6-HD- and JQ1-treated U20S cells. Nuclei were stained
with DAPI; and G4 structures were monitored using BG4 antibody (scale bar = 20 um).
(B) Quantification of G4 structure foci after 1,6-HD and JQ1 treatment. The p values

were calculated by using two-tailed, unpaired Student’s t-test: **** p < 0.0001.
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Figure 4.6. CCKS8 cytotoxicity assay for assessing the effects of JQ1 and 1,6-HD
treatment on survival of U20S cells. (A) U20S cells were treated with 1.5% 1,6-HD for
2 min and 6% 1,6-HD for 1 min. (B) Cells were treated with 1.0 uM JQ1 for 12 hr; and
control cells was treated with 0.01% DMSO.
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Figure 4.7. BG4 ChlP-seq results of U20S cells with and without 1,6-HD treatment.
(A) A Venn diagram depicting the numbers of significant BG4 ChlP-seq peaks in U20S
cells with (1,6-HD) or without (Ctrl) 1,6-HD treatment, and pie charts showing gene
annotation of these peaks. (B) Genome-wide profiles of BG4 ChlP-seq peaks for control
and 1,6-HD-treated cells showing diminished peak intensity after 1,6-HD treatment. (C)

Heatmap of peak distribution and intensity in control and 1,6-HD-treated cells.
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Figure 4.8. 1,6-HD treatment led to diminished G4 structures in cells. (A) ChlIP-seq
tracks showing the transcription start site (TSS) of CCDCB88A gene in control and 1,6-
HD-treated U20S cells. (B) ChIP-gPCR results showing diminished enrichment of G4
structures in the promoter regions of HYAL3, CCDC88A, PRR14, and RPA3 genes in
U20S cells upon 1,6-HD treatment. The enrichment was assessed using primers derived
from the genomic regions around the TSS where the BG4 ChIP-seq peaks are located.
ESR1, which has no G4 peak in the promoter region, served as a negative control to
calculate the changes in enrichment fold. The data represent mean + S.D. of results from
three independent experiments. The p values were calculated by using two-tailed,
unpaired Student’s t-test: *, p < 0.05; **, 0.001 <p < 0.01. (C) Comparison of
overlapping percentage of transcription factors occupancy at G4 sites in control and 1,6-
HD-treated cells. Dash lines connect the same TFs in both groups. The p values were
calculated by using two-tailed, paired Student’s t-test: **** p < 0.0001. (D) Profiles of
fold enrichment of G4 signals in control and 1,6-HD-treated cells at CTCF-binding sites
with G4 structures and all CTCF binding sites, respectively.
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Figure 4.9: IGV plots showing the ChlP-seq signals near the TSS of HYAL3, RPA3
and PRR14 genes in control and 1,6-HD-treated U20S cells.
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Figure 4.10: Profiles of fold enrichment of G4 signal in control and 1,6-HD-treated
U20S cells at all ZBTB48/MY C binding sites (All peaks) and ZBTB48/MY C sites with
G4 structures (G4 peaks), respectively.
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Name DNA sequence

ChIP-gPCR primers

Gene Forward

HYAL3 5'-GCC GAC TCA GTC TCT ACC CT-3'

CCDCB88A | 5-GAT ATC CTT CCG CCG ACT CC-3'

PRR14 5-AGC GTT GGG TAAGCT TGG TT-3

RPA3 5-CGG AAG TTG ACA GAT ACA GGG-
3

ESR1 5-GAA ACA GCC CCA AAT CTC AA-3'

KIT1 G4 5-TAMRA-AGG GAG GGC GCT GGG AGG AGG G-3

cMYC G4 | 5- TAMRA-TGA GGG TGG GGA GGG TGG GGA AGG-3'

Reverse

5-AAG CTG TGA CGC AAG GAG AA-3'

5-CAGCGGTTT TCT TCT CCC AC-3'

5-CTC TCC AGCCACTCCTTGC-3

5-GAT CGC AGAAAG GTAGTCTCAG-

3|

5-TTG TAG CCA GCA AGC AAATG-3'

Table 4.1: A list of fluorescently labeled G4 DNA sequences and ChIP-qPCR primers

used in this study.
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Chapter 5: Targeted proteomic analysis of small GTPases in

radioresistant breast cancer cells

5.1 Introduction

Small guanosine triphosphatases (small GTPases) are a superfamily of low-
molecular-weight proteins that turn on their molecular functions through binding of GTP
and turn off these functions through hydrolysis of the bound GTP to GDP.! Small GTPases
are involved in many important cellular processes, including membrane trafficking, cell
migration and cell cycle progression through modulating the relevant signaling pathways.?
4 Many of them have been shown to promote cancer progression.>2

In the latest report by the International Agency for Research on Cancer (IARC),
breast cancer is the most commonly diagnosed cancer in the world.® Aside from surgery,
treatment modalities for breast cancer include chemotherapy, hormone therapy and
radiation.’® Among them, radiation therapy is beneficial to cancer patients owing to its
localized application and little effect to the rest of the body. More than 50% of cancer
patients receive radiation therapy.!! It is an effective way to cure and shrink the size of
tumor, stop cancer recurrence, and it can be used to treat relapsed cancer. However, a
significant portion of patients develop radioresistance.'? 12 Therefore, to improve treatment

efficacy and prognosis, it is important to understand the biological processes and molecular
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mechanisms through which the sensitivity of cancer cells toward ionizing radiation (IR) is
regulated.

An increasing number of studies revealed that small GTPases are involved in
modulating radioresistance in cancer cells. For instance, down-regulation of RHOB in
glioma cells reduces cancer cell survival after IR.1* RAB27B, which is up-regulated in IR-
exposed glioma cells, controls the proliferation of cancer cells through an epiregulin-
mediated pathway.’® RALA and RALB regulate colony formation, cell survival and DNA
repair following IR exposure.*® However, there is no systematic proteomic study on which
small GTPases regulate radioresistance in cancer cells.

In this study, we employed an MRM-based targeted proteomic method, along with
the use of stable isotope-labeled peptides, to examine the differential expression of small
GTPases accompanied with the acquisition of radioresistance in two breast cancer cell
lines. We identified several commonly altered small GTPases, and demonstrated that the
diminished expression of one of them, i.e., ARFRP1, confers radioresistance in breast

cancer cells.

5.2 Materials and Methods
Cell Culture and shRNA knockdown.

Radioresistant C5 and C6 cell lines were generated previously.!’** MDA-MB-
231/CS and MCF7/C6 pairs of breast cancer cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM, Thermo Fisher) supplemented with 10% fetal bovine serum

(FBS, Thermo Fisher) and 1% penicillin—streptomycin solution (PS, GE Healthcare). The
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cells were maintained at 37°C in a humidified chamber supplemented with 5% CO2. The
shRNA stable knockdown cells were generated using pLKO.1-shRNA plasmids targeting
ARFRP1 gene at the 3'-UTR and coding regions. Oligonucleotide sequences are listed in
Table S1. Successful constructions of pLKO.1-shRNA plasmids were confirmed by Sanger
sequencing.

Cell lysis and proteomic sample preparation.

Total protein lysates of MDA-MB-231/C5 and MCF7/C6 cells were prepared by
using CelLytic M cell lysis reagent (Sigma) supplemented with a protease inhibitor cocktail
(Sigma). Protein concentration was measured by using Quick Start Bradford Protein Assay
(Bio-Rad). Fifty pg of total proteins in SDS-PAGE loading buffer were boiled for 10 min
and loaded onto a 15% SDS-PAGE gel. The gel was subsequently stained with Coomassie
Brilliant Blue R-250, destained, and proteins were digested in-gel as described
previously.?® 2! In brief, gel bands corresponding to a molecular weight range of 15-37
kDa were cut into 1 mm? cubes and destained sequentially with 25% and 50% CH3CN in
50 mM ammonium bicarbonate (pH 7.8). Cysteine reduction and alkylation were
performed by incubating the gel pieces in 10 mM dithiothreitol (DTT) at 37 °C for 1 h and
55 mM iodoacetamide at room temperature in the dark for 20 min, respectively. The
proteins were digested with MS-grade trypsin (Pierce) at 37°C for 16 h. Peptides were
eluted by shaking in a solution containing CH3sCN/H2O/acetic acid (45/45/5, v/v) and dried
by a Speed-Vac. The tryptic peptides were then desalted using C18 ZipTip (Agilent). Prior

the LC-MRM analysis, each digestion mixture was spiked-in with 4 fmol each of synthetic
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small GTPase peptides (New England Peptide, Inc.) with a C-terminal [*°N2,'3Cs]-labeled
lysine or [*°N4,'3Cs]-labeled arginine.
Liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis.

The MRM-based LC-MS/MS experiments were performed on a TSQ Altis triple-
quadrupole mass spectrometer (Thermo Fisher) equipped with a Flex nanoelectrospray ion
source (Thermo Fisher), where an UltiMate 3000 UPLC (Thermo Fisher) was employed
for separation. The sample was loaded onto an in-house packed C18 (5 um in particle size
and 120 A in pore size, Dr. Maisch GmbH HPLC) trapping column (150 um i.d.) with
buffer A, which contained 0.1% formic acid in water. The eluted peptides were loaded onto
an analytical column (75 pm i.d.) packed in-house with C18 resin (3 um in particle size
and 120 A in pore size, Dr. Maisch GmbH HPLC), using a 90-min gradient of 10-45%
buffer B (80% acetonitrile in 0.1% formic acid). The peptides were ionized with a spray
voltage of 2200 V, and the ion transport tube temperature was set at 325°C. The resolution
of Q1 and Q3 was set at 0.7 Th full-width at half-maximum (FWHM). Fragmentation of
precursor ions in Q2 was conducted with 1.5 mTorr argon. The collision energy was
derived from default settings in Skyline (version 21.2).2? The retention time of 10 tryptic
peptides of BSA were monitored and used to derive the normalized retention time (iRT)—
RT calibration curve and to generate the MRM method in Skyline. The mass spectrometer
was scheduled to monitor the precursor to product ion transitions of 144 unique peptides
of human small GTPases with a cycle time of 3 sec in a 4.5-min retention time (RT)

window.
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The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium?® via the PRIDE partner repository with the dataset
identifier PXD034360.

LC-MRM data processing.

The acquired LC-MRM data were imported to Skyline. In Skyline, all peptides were
filtered with dot-product (dotp) value of > 0.7, where the dotp scores were assigned by
comparing the similarities of the observed relative abundances of fragment ions to those in
the spectral library.?* The potential interfering fragment ions that do not overlay with other
fragment ions were manually excluded (i.e., processed data). The L/H ratios of each
precursor ion were directly exported from Skyline. Detailed MRM quantification data are
listed in Table S2.

Western blot

MDA-MB-231/C5 and MCF-7/C6 pairs of breast cancer cells were lysed with
CelLytic M cell lysis reagent (Sigma) supplemented with 1% protease inhibitor cocktail,
and denatured at 95 °C for 5-min in Laemmli loading buffer. Protein concentration was
measured by Quick Start Bradford Protein Assay (Bio-Rad). Thirty pug proteins from the
denatured lysates were separated using 15% SDS-PAGE and transferred onto a
nitrocellulose membrane. The membrane was blocked with 5% milk in PBS-T (PBS with
0.1% Tween 20) for 1 hr, and then incubated with the corresponding primary antibodies,
including human ARFRP1 (Proteintech, 17712-1-AP, 1:800 dilution), IFT27 (Proteintech,

17712-1-AP, 1:500 dilution) and anti-tubulin (Santa Cruz, SC-32293, 1:5000). The
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secondary antibodies were donkey anti-rabbit secondary antibody (Sigma, A0545, 1:5000),
or anti-mouse secondary antibody (Santa Cruz, m-IgGk BP-HRP, 1:5000).
Total RNA extraction and real-time quantitative-PCR (RT-qPCR)

Total RNA was extracted with Total RNA Kit | (Omega) and purified with HiBind
RNA mini columns (VWR). Two ug of total RNA was mixed with M-MLV Reverse
Transcriptase (Promega, Madison, WI, USA) for cDNA synthesis. RT-gPCR was
conducted as previously described,?® with the use of Luna® Universal gPCR Master Mix
(NEB) on a CFX96 RT-gPCR detection system (Bio-Rad).

Clonogenic Survival Assay

Clonogenic survival assay was performed as described previously.?® 27 Briefly,
control shRNA- and shARFRP1-treated MCF-7 and MDA-MB-231 cells were plated in
triplicate in six-well plates at a concentration of 300 cells per well for 0 and 1.5 Gy
treatment, and 600 cells per well for 3 and 5 Gy treatment. X-rays were delivered using a
Rad Source RS-2000 cabinet irradiator (Rad Source Technologies, Buford, GA) followed
by a 10-day incubation. Cell colonies were fixed and stained in an aqueous solution
containing 6.0% glutaraldehyde and 0.5% crystal violet. The plates were then rinsed with
water and dried at room temperature in air. Those colonies with at least 50 cells were

counted. The survival fraction (SF) was calculated by equation:

no. of colonies formed for IR-treated cells
no. of colonies formed for control untreated cells
no. of control untreated cells seeded

SF=

no. of cells seeded for IR treatment*
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5.3 Results
MRM-based Quantitative Profiling of Small GTPases in Modulating Radioresistance
of Breast Cancer Cells

In this study, we compared the expression levels of small GTPases in two lines of
breast cancers cells (i.e., MDA-MB-231 and MCF7) and their corresponding radioresistant
C5 and C6 clones'” 1° by applying a previously developed scheduled multiple-reaction
monitoring (MRM)-based targeted quantitative proteomic approach, together with the use
of synthetic stable isotope-labeled peptides as internal standards (Figure 5.1).% 2% We
observed a number of small GTPases altered in radioresistant breast cancer cells relative
to parental cells, including RHOB and RALB, which are known regulators of radiation
sensitivity.4 6.3 \We also discovered novel candidate small GTPase regulators of radiation
sensitivity in breast cancer cells, which provides potential targets for improving the
efficacy of cancer radiotherapy.

To achieve high-throughput analysis of small GTPase proteins in breast cancer cells,
we employed a previously developed scheduled LC-MRM method.?® 2° In this regard, our
MRM library consists of 144 unique peptides derived from 144 non-redundant small
GTPases, representing 86% of the human small GTPase proteome with a total of 167
known proteins.3 For MRM analysis, we chose three most abundant fragment ions
observed in MS/MS acquired from shotgun proteomic analyses for each peptide. We
conducted the experiments in three biological replicates, where samples from each

replicate were analyzed by LC-MS/MS twice, and processed the data using Skyline.??
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The LC-MRM data allowed us to quantify 82 and 68 proteins in the MCF7/C6 and
MDA-MB-231/C5 pairs, respectively, with 62 small GTPases being quantified in both
pairs (Figure 5.1). For some small GTPase peptides, we were able to detect the spiked-in
heavy peptides, but not the respective endogenous peptides, which might be attributed to
low levels of expression of the corresponding GTPase proteins in these breast cancer cells.
On the other hand, post-translational modifications may shift molecular weights of some
small GTPases out of the 15-37 kDa range (the portion of the gel that we employed for in-
gel tryptic digestion and subsequent LC-MS/MS analysis), and/or introduce mass shifts of
the tryptic peptides monitored in MRM, which may also contribute to failure in detecting
some of the peptides.

We also performed hierarchical clustering analysis with Euclidean metric applied to
the distance measurement (Figure 5.1). Such analysis illustrates the similarities and
differences in the quantified levels of small GTPases in the radioresistant clones over the
corresponding parental breast cancer cell lines. Many small GTPase proteins were
commonly up- or down-regulated in the two radioresistant/parental pairs of breast cancer
cells, while some exhibit different trends in the two pairs. This is not surprising on the
grounds that MCF7 and MDA-MB-231 cells were derived from different breast cancer
patients, where genetic heterogeneity may also contribute to differences in expression

levels of small GTPases accompanied with the acquisition of radioresistance.

162



Validation of Differential Expression of Small GTPases in Parental/Radioresistant
Breast Cancer Cells

We further categorized the quantified small GTPase proteins by imposing a cut-off
of at least 1.5-fold difference in expression levels, which yielded 29 and 38 substantially
changed proteins in MCF7/C6 and MDA-MB-231/C5 pairs, respectively (Figure 5.2).
Among them, 7 proteins, including the known radioresistant regulators RALB and RHOB,
were found to be commonly altered in both pairs with at least 1.5-fold changes (Figure
5.2). We further validated the differential expression of ARFRP1 and IFT27 proteins by
Western blot analyses (Figures 5.3 and 5.4), suggesting the quantification accuracy of the
MRM method.

We also compared our MRM quantification results for IFT27 and ARFRP1 proteins
with their mRNA levels in parental breast cancer cells and the corresponding radioresistant
cell lines (Figure 5.3 and 5.4). Consistent with the MRM and Western blot data, we
observed higher levels of IFT27 mRNA and lower levels of ARFRP1 mRNA in C5 and C6
cell lines than the corresponding parental lines (Figure 5.5). These results suggest that the
differential expression of these two small GTPase proteins arise from transcriptional
regulation.

ARFRP1(ADP-ribosylation factor-related protein 1) was shown to be involved in
trans-Golgi network through regulating ARL1-mediated Golgi recruitment.3> 33 It was also
found to be important for lipidation and assembly of lipoproteins.3* 3 However, there are
not many studies about its role in cancer.® Our MRM results prompted us to hypothesize

that down-regulation of ARFRP1 may confer radioresistance in breast cancer cells.
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ARFRP1 Knockdown Led to Increased Radioresistance in Breast Cancer Cells

To assess the role of ARFRP1 in modulating radiation sensitivity, we generated
MCF7 and MDA-MB-231 cells with the ARFRP1 gene being stably knocked down using
shRNA. The knockdown efficiency was assessed by Western blot analyses (Figures 5.6
and 5.7). We then examined the cell survival rate after X-ray exposure.?® The results from
clonogenic survival assay showed pronounced increases in radioresistance after substantial
knockdown of ARFRP1 gene in both breast cancer cell lines (Figures 5.6 and 5.7). In
particular, shARFRP1-1 and shARFRP1-3 led to 79.6% and 93.9% depletions,
respectively, of ARFRP1 protein in MDA-MB-231 cells (Figure 5.6), and sShARFRP1-2
and shARFRP1-3 led to 51.0% and 85.4% losses, respectively, of ARFRP1 protein in
MCEF7 cells (Figure 5.7). Our clonogenic survival assay results showed that ShARFRP1-3
conferred a more pronounced elevation in radioresistance than shARFRP1-1 and
shARFRP1-2, which is in agreement with the relative knockdown efficiencies of the three
different sequences of sShRNAs (Figures 5.6 and 5.7).

Using mRNA expression data of 25 breast carcinoma cell lines in the Cancer Cell
Line Encyclopedia (CCLE) database, we compared the mRNA expression level of
ARFRP1 to those of two known radioresistance regulators, RALB® and RAC13":38, where
RALB was also shown by our MRM results to be differentially expressed in the
radioresistant/parental breast cancer cells (Figure 5.2). We found that the mRNA
expression levels of RALB and RAC1 genes are positively correlated with the mRNA levels
of ARFRP1 gene across the 25 breast cancer cell lines (Figure 5.8), further substantiating

the role of ARFRP1 in modulating radioresistance.
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5.4 Conclusion

In summary, we applied high-throughput scheduled LC-MRM analysis to explore
the alterations in expression levels of small GTPase proteins accompanied with the
development of radioresistance in breast cancer cells and to identify potential regulators of
radioresistance. We were able to quantify 82 and 68 proteins in the MDA-MB-231/C5 and
MCF-7/C6 pairs of breast cancer cells, respectively. Western blot analysis validated the
MRM quantification results for two small GTPases, underscoring the quantification
accuracy of the LC-MRM method. The LC-MRM analysis led to the discovery of 7 small
GTPases that are commonly altered by at least 1.5-fold in the two pairs of breast cancer
cells. These included two known radioresistance modulators (RHOB and RALB) and
several novel candidate radioresistance regulators. In particular, we demonstrated, for the
first time, that ARFRPL1 is a regulator of radiation sensitivity, where its down-regulation in
breast cancer cells conferred augmented radioresistance. Thus, our study also provides a
new target for overcoming resistance in cancer radiotherapy and a novel protein biomarker
for selecting radiotherapy for patients. In this regard, it is worth discussing a limitation of
our work. In particular, owing to the limited availabilities of radioresistant breast cancer
cells, we employed only two radioresistant breast cancer cell lines and the corresponding
parental cell lines in the current study. It would be important to explore, in the future, if the
findings made from these two cell lines can be expanded to other radioresistant breast
cancer cell lines and radioresistant breast cancer tissues. Along this line, the quantitative
proteomic method described in this study is also amenable to the quantification of small

GTPase proteins in tissues. 2
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Figure 5.1: A scheduled LC-MRM method for interrogating the differential
expression of small GTPases in breast cancer cells and the corresponding radio-resistant
cell lines. (A) A schematic diagram illustrating the workflow of the LC-MRM method for
discovering small GTPases that modulate radioresistance. (B) A Venn diagram showing
the numbers of quantified small GTPases in MDA- MB-231/C5 and MCF7/C6 pairs of
breast cancer cells. (C) Hierarchical clustering displaying the Loge-transformed
expression fold changes of small GTPases in radioresistant C5 and C6 cells relative to the
corresponding parental MDA-MB-231 and MCF7 cells. Hierarchical clustering was
generated using Perseus, where red and blue boxes designate proteins up- and down-
regulated, respectively, in radioresistant breast cancer cells relative to the corresponding

parental lines. Genes were clustered using Euclidean distance.
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Figure 5.2. Quantification of differential expression of small GTPases in MDA-MB-
231/C5 and MCF7/C6 pairs of breast cancer cells. (A, B) Bar graphs showing the MRM
quantification results of small GTPases with differences in expression being over 1.5-fold
in radioresistant/parental pairs. (C) A bar graph illustrating the proteins commonly altered
in the two pairs of radioresistant/parental breast cancer cell lines. Relative expression
level is plotted as Log: ratio of radioresistant/parental cells. (D) A scatter plot illustrating
significantly up- and down-regulated small GTPases in the two pairs of breast cancer
cells. Seven commonly altered small GTPases are highlighted in red (for up-regulated

small GTPases in radioresistant cell lines) and blue (for down-regulated small GTPases).

169



R.DCLTQACSALTGK.G Heavy ~ ——Light

q',"\
5= L= ©'
& > <
'S w0
g 4 S+ N R -
= £
— @
23_ E“‘ ARFRP1 |[SESES S s
2- 2- .
g g Tubulin | s ——
I TH I | — S 4
2 k o !{\
0 0- C
45 50 45 50
Retention Time (min) Retention Time (min)
104 10m Il MRM Western Blot
5 g 1.2
’ 3
é 'E g 1.0
£ 6 £ o o 0.8
3 3 s -
< 5 7] i
g °° T
2 £ X 0.4
27 EES ®
ﬁc | & 0.24
'4'o""4's"'°"'4o"!"45"' e 0.0- . .
Retention Time (min) Retention Time (min) C5/MDA-MB-231 C6/MCF7

Figure 5.3. ARFRP1 is down-regulated in radioresistant lines of both MDA-MB-
231/C5 and MCF7/C6 pairs of breast cancer cells. (A) The MRM traces of a
representative peptide (DCLTQACSALTGK, where underlined C represents
carbamidomethylated cysteine) from ARFRP1 in MDA-MB-231/C5 and MCF7/C6 pairs
of breast cancer cells. The traces of the unlabeled peptide in parental and radioresistant
cell lines are shown in red, and the spiked-in isotope-labeled peptide are depicted in blue.
(B) Western blot for validating the MRM results for ARFRP1 in MDA-MB-231/C5 and
MCF7/C6 cells. (C) Quantification results for the relative levels of expression of
ARFRP1 protein in the two pairs of cell lines obtained from MRM and Western blot
analyses. Error bars represent S.D. (n=3).
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Figure 5.4. IFT27 is up-regulated in the radio-resistant lines of MDA-MB-231 and
MCEF7 cells. (A) MRM traces of a representative peptide (CILAGDPAVGK), where the
underlined C represents carbamidomethylated cysteine, from IFT27 in MDA-MB-231/C5
and MCF7/C6 pairs of breast cancer cells. (B) Western blot for validating MRM results
for IFT27 in MDA-MB-231/C5 and MCF7/C6 pairs of cells. (C) Relative levels of
expression of IFT27 protein in the two pairs of cell lines as obtained from MRM and

Western blot analyses. Error bars represent S.D. (n=3).
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Figure 5.5. Real-time gPCR showing the mRNA expression levels of IFT27 and
ARFRP1 genes in MDA-MB-231/C5 and MCF7/C6 pairs of breast cancer cells. Shown
are Logz ratio of expression levels in radioresistant over parental cell lines. The data

represent the mean = S.D. of results obtained from three biological replicates.
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Figure 5.6. ARFRP1 modulates radioresistance in breast cancer cells. (A) Western
blot for validating the knockdown efficiency of ARFRP1 in MDA-MB-231 cells. (B)
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Survival rates of MDA-MB-231 cells treated with control or ARFRP1 shRNA and
exposed with the indicated doses of X rays. Error bars represent S.D. (n = 3). The p

values were calculated using two-tailed, unpaired Student’s t-test: *, p < 0.05; *** p <

0.001.
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Figure 5.7. Down-regulation of ARFRP1 led to elevated radioresistance in MCF7 cells.
(A) Validation of knockdown efficiency of ARFRP1 in MCF7 cells by Western blot
analysis. (B) Survival rates of MCF7 cells treated with control or ARFRP1 shRNA and
exposed with the indicated doses of y rays. Error bars represent S.D. of results from three
independent experiments. p values were calculated using unpaired, two-tailed Student’s t-
test: *** p < 0.001.
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Figure 5.8. Scatter plots showing the correlation between mRNA expression level of
ARFRP1 gene and those of RAC1/RALB genes, which have been reported to be involved
in regualting radioresistance in different breast cancer cell lines, including MDA-MB-231

and MCF7 cells highlighted in red.
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Gene Oligonucleotides

ARFRP1 shRNA-1 CGAAGACAAACTTTCCTCTAT
SshRNA-2 CCTCTCAATCCCTGACATCAA
ShRNA-3 GCAGTCTTTGTGGGACAAGTA
Genes gPCR Forward primers gPCR Reverse primers

ARFRP1 GTACAAGTACATGTTTCAGA TCCTGGGCCTGGACAATGCT

IFT27 GCTCTTGTCCTCTGGGTACG GTCTCCCGTGTCAGGAACTG

Table 5.1: Primers and Oligonucleotide Sequences
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Chapter 6: Concluding Remarks and Future Direction

In this dissertation, I examined comprehensively guanine quadruplex (G4) structures
and their relevance to cellular processes and diseases. In particular, I focused on identifying
and characterizing G4-binding proteins (G4BPs) to unravel the intricate protein
interactome of G4 structures. I developed a novel quantitative proteomics approach using
affinity pull-down coupled with LC-MS/MS analysis, which resulted in the identification
of several dozen G4BPs. Among these proteins, SLIRP!, YY12, GRSF1°? and VEZF14,
were validated, through in vitro biochemical assay, to be bona fide GABPs.

I also utilized o-NBA-conjugated photo-crosslinking G4 probes, which facilitated
the capture of weak and transient interactions, and, in conjunction with proteomic analysis,
led to the identification of an expanded list of candidate G4-binding proteins. Notably, we
uncovered HELLS as a novel G4BP using this approach. Furthermore, I examined
comprehensively the functions of HELLS in its capacity as a G4 DNA helicase, specifically
focusing on its role in unwinding G4 structures within promoter regions and its function in
transcription regulation. Moreover, the investigation into phase separation phenomena in
DNA G4 structures unveiled a previously unexplored mechanism of phase separation in
modulating the stability and cellular functions of G4 structures. Collectively, these findings
improved our understanding of G4 biology and open avenues for further research in the G4
field.

Throughout this dissertation, proteomic analysis played a pivotal role in identifying
new G4-binding proteins, where discovery proteomics in data-dependent acquisition

(DDA) mode has been extensively utilized. By employing this approach, a wide range of
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proteins potentially involved in G4 biology have been discovered, offering valuable
insights into the molecular interactions and functions of G4 structures. Additionally,
targeted proteomics using multiple-reaction monitoring (MRM) has been employed as a
powerful method to investigate biomarkers associated with radioresistance in breast cancer
cells. The integration of these proteomics methodologies has greatly enhanced our
understanding of G4 biology and provided valuable information for further research and
clinical applications in cancer therapeutics.

Looking towards the future, there are exciting prospects for further investigation in
the field of DNA G4s and their binding proteins. Building upon the current list of putative
G4BPs, future studies can delve into roles of these proteins in modulating the biological
functions G4 DNA in cells. It is evident that G4 structures have multi-faceted functions
beyond their well-known roles in DNA replication, transcription, and telomere
maintenance. Emerging research suggests their involvement in chromatin remodeling?,
epigenetic modification®, ubiquitination’, autophagy regulation®, and stem cell
pluripotency and differentiation’, offering new avenues for exploring and expanding our
understanding of G4 biology. Zyner et al.’, using G4 ChIP-seq, demonstrated that G4
structures are highly prevalent and recurrent in the chromatin of human embryonic stem
cells (hESCs), and are dynamically regulated during lineage differentiation. However, the
specific proteins responsible for regulating the dynamic behavior of G4 structures during
cell differentiation remain unidentified, presenting an intriguing area of research worthy of

further investigation.
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The therapeutic potential of G4 structures has garnered considerable attention in
recent years, which emerged as promising targets for therapeutic interventions of various
diseases. In cancer, G4 structures are being explored as targets to modulate gene expression
by downregulating the transcription of oncogenes or blocking telomere elongation in
cancer cells!?. The development of small molecules specifically targeting G4 structures has
shown promising results, with certain compounds, e.g., CX-5461, even progressing to
clinical trials for patients with BRCA1/2-deficient tumors!!. Furthermore, the involvement
of G4 structures in neurodegenerative diseases, such as amyotrophic lateral
sclerosis/frontotemporal dementia (ALS/FTD), holds significant potential for therapeutic
interventions. Patients with ALS/FTD commonly exhibit hexanucleotide repeat expansions
in the C9ORF72 gene, which harbors G4-forming sequence of (GGGGCC) in higher
numbers compared to healthy controls'?. The identification G4BPs involved in regulating
the dynamics of G4 structures in disease contexts holds great promise for understanding
the therapeutic implications of G4 structures. By unraveling the interactions between
G4BPs and specific G4 structures in diverse disease contexts, we can gain insights into the
underlying mechanisms and potentially develop targeted therapies with improved efficacy
and specificity.

Regarding proteomics analysis, the current approach of photocrosslinking coupled
with LC-MS/MS analysis has enabled the identification of a substantial number of putative
G4BPs. However, one limitation of the current discovery proteomics method, data-
dependent acquisition (DDA), resides in its reliance on selecting the most abundant

precursor ions for subsequent MS/MS analysis. Consequently, proteins of low abundance
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may escape detection. To address this limitation, utilization of data-independent
acquisition (DIA) is a promising alternative. DIA captures information from all detectable
peptides within a specified m/z range, including those of low abundance, thereby enabling
a more comprehensive analysis of proteins captured by affinity pull-down 3. By utilizing
DIA, we can potentially uncover additional G4BPs and gain a more complete
understanding of the protein interactome associated with G4 structures.

Furthermore, the integration of multi-omics approaches encompassing proteomics,
transcriptomics, and epigenomics holds tremendous potential in elucidating the intricate
interrelationships among G4 structures, G4BPs, and the broader cellular regulatory
networks. By employing this integrated approach, researchers can achieve a
comprehensive understanding of the molecular landscape underlying G4 biology. This
method can be employed to screen for potential therapeutic targets using G4-binding small
molecules and compare the profiles of different cell lines. By investigating these diverse
cellular contexts, it might be possible to identify novel therapeutic targets and discover
biomarkers for human diseases.

In summary, the findings presented in this dissertation contribute to the expanding
field of G4 biology, highlighting the importance of G4BPs, stability modulation, and
biomarker discovery. These advancements hold great promise for the development of
targeted therapies. Continued research in this field will undoubtedly unravel further
complexities of G4 structures and their functions, ultimately leading to improved diagnosis,

treatment, and patient outcomes.
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