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Regulators of the epigenome are highly sougfter drug targets that play pivotal roles in both gene
expression and the progression of diseases like cancer, yet only recently have molecules been
synthesized to specifically impair their function. These proteins serve as gatekeepers of genomic DNA,
exerting their effects through histone and DNA modifications that directly influence the compaction of
chromatin and facilitate the recruitment of effector molecules. As a class of drug targets, these proteins
remain largely untapped with limited FDA approved compounds to serve as a-gfrooficept
complimented by an acceptable safety profffeiklos & Kubicek, 202@)able 1. Myriad factors hinder

the development of therapeutics targeting chromatin modifying complexes, prominent examples being
non-specificity, detrimental off target effects, and poorly understood mechanisms of action. While these
hurdles are common amongst most therapeutic agents, they become amplified for drugs designed to
target the epigenome and the proteins that control it. This is due to the complex regulatory relationships
among an individual protein, the epigenetic complexes in which it resides, epigenetic modifications, and

direct/indirect target genes.



Table 1: FDA approved drugs targeting the epigenome

List of chemical compounds which modify epigenetic regulatory proteins and have been approved by the
FDA as of January 2022bmpiled from FDA.gov and Cheng et al., 2019; Feehley et al., 2023; Nepali &
Liou, 2021) Targets include DNA methyl transferase (DNMT), histone deacetylase (HDAC), and histone
methyl transferase (HMT) enzymes. Indications approved angelodysplasticsyndrome (MDS),
cutaneous Tcell ymphona(CTCL),gripheral t cell ymphom&PTCL), mitiple myeloma(MM), and (ES)
epithelioid sarcoma. Note, Tazemetostat, approved for ES in January 2020, is the only targeted inhibitor
(EZH2).

Chemical Target Selectivity Mechanism of Action Indications FDA Approval
Azacitidine Ir%li\lb'\igr non-specific DNA Hypomethylating Ager MDS May 2004
Decitabine Ir%li\lb'\igr non-specific DNAHypomethylating Agen MDS February 2006

. HDAC . :
Vorinostat Inhibitor non-specific Hyperacetylating Agent CTCL October 2006
. . HDAC o : November
Romidepsin Inhibitor non-specific Hyperacetylating Agent CTCL, PTC 2009
. HDAC " :
Belinosta Inhibitor non-specific Hyperacetylating Agent PTCL July 2014
. HDAC " :
Panobinostat Inhibitor non-specific Hyperacetylating Agent MM February 2015
Tazemetostat . M1 EzH2 specific  HoR27 Hypomethylating ES  January 2020
Inhibitor Agent



Most treatments approved ounder development are inhibitors which broadly impair the ability of DNA
methylase and histone deacetylase (HDAC) enzymes to control their respective modifications, but recent
advances in medicinal chemistry present a new generation of compounds designed to precisely
eliminate the function of individual components of chromatin regulatory enzymes. With respect to
pharmacological drug development in early 2024, there are two primary classes of molecules often
pursued as potential targeted therapeutic agents: inhibitors and proteolytic degraders. Degraders, more
technically referred to as proteolysis targeting chimeras (PROTAs)newly pioneeredbivalent
compounds engineered to simultaneously bind a target protein and the E3 ubiquitin ligase, bringing
about the destruction of the bound elemenrgiven the novelty of both the compounds and the class of
drug targets themselves, it is necessary to pause and ask: how well do we really understand the direct
and indirect effects o0PROTACs andrgeting epigenetic regulators? It is evident much has yet to be
defined. Despite existing as an idea for over two decg@ewn & Strathdee, 2002)Jones & Saha,
2002) the protein degradatiotbased experimental tools required to narrowly model direct mechanisms
have only recently been introduce{Nabet et al., 2018; Natsume et al., 201@hhibition and
degradation have yet to be compared extensively at high temporal resolution, and there are certainly
both common and unique biochemical effects elicited by each, given that inhibitors bind and block
specific sites on a protein while degraders erase all protein function. This thesis begins with this basic
idea and expands it to elucidate new, fundamental discoveries about one of the proteins at the forefront

of chromatin regulation.

Within the nucleus, DNA, histones, transcription factors, and chromatin modifying complexes form a
complicated regulatory milieu that, due to secondary order effects, obstructs the interpretation of single
element perturbations like protracted RNAediated knockdowns. Gene activity in a eukaryotic cell is

orchestrated by genome structure and networked genetic pathways, often too elaborate to depict with



simple models. There is, however, consensus built around the understanding of how genomic DNA is
assembled into chromatin. The diploid genome, ~6.4 billion bases in total, must be both packaged and
accessible as chromatin in a space < 10 uMliameter (Lammerding, 2011)Electrostaticaffinity

between negatively charged genomic DNA and highly basic, positively charged histone proteins causes

the DNA to wrap around histones, condensing it in a dynamic process which reflects gene silencing when
compacted and gene activity when open. This process is primarily driven by chemical modifications to

DNA and histones that add or neutralize their charge to electrostatically attract or repel DNA. These
Y2RAFAOFIGAZ2Yy& SEAAG Ay O2YO0AYLFG2NRAIE R2YFAya 2y
02 RSé¢ K &3umhiiekABisy 2080the fundamental model depicting how histone modifications are
recognized by regulatory proteins, effectuating chromatin structure and enzyme recruitment. The
histone code hypothesis is core to the modern definition of epigenetics which often, quite ambiguously,
encompasses nearly all heritable mechanisms of gene regulation which are not attributable to DNA
sequence(Greally, 2018p . SOF dzAaS G KS YSFyAy3 2F aSLIAIASYySiAodas
on time and author, it is perhaps unhelpful to offer a competing definition. However, uncontroversial is

that enzymes which regulate chromatin by adding or removing functional modifications qualify as of the
GSLIAISYSGAOE OflLaad 2KAES Y2RATFAOIGA2ya 2y KAaGZ2y
influence gene expression, the distribution of these marks should not be viewed as inherently instructive

signals with universal patterns of influence.

WDRS5 is dighly conservedchromatin regulatory protein

It Is fitting that David Allis, the scientist who pioneered the histone code, and the field of study
surrounding it, was first to discover the epigenetic role of the chromatin regulatory protein that is the
subject of this thesis: WDR&Vysocka et al., 2005)nitially tied to a single chromatin modifying

complex, this multifaceted protein scaffolds several chromatin regulating enzymes while also serving as a



transcriptional cofactor. WDR5 undeniably has vital function exhibited by its remarkably high sequence
conservationGuarnaccia & Tansey, 20E8)d its essentiality across nearly all human cell types for which

it is tested(WDR5 DepMap Gene Summanyd.) WDR5 belongs to the WAD repeat protein family

(Gori et al., 2006)which are invariably composed of repeating copies of the WD40 structural motif. The

WD40 motif extends 40 AAs with a conserved core of the repeating unit terminating with the sequence

Trp! &L 6250Znii&Kdza¢c S 5Y20AFa F2N¥Y Y2RdzZ Sa GKFG G@L
solenoid WD40 domaiNeer et al., 1994)The WD repeats are entirely made of betaeet protein
R2YFAYya @6KAOK-LINRPILFStX\SNE AKEASE YIRS 2F aSOSNIt 2!
GoflF RSaé¢x 2F 6KAOK aS@Sy O2YLINRA&S (i kSmimaldontE® i dzZNB 2
(Figure 11). As one of the numerically largest protein families encoded in the human ge(#oueet al.,

2016) WD40 repeat proteins are key in cellular processes ranging from signal transduction and cell cycle
control to transcription regulation. Underlying these diverse roles is the common function as a protein
interaction scaffold, primarily for mulfirotein complexes which bind and modify chromatin at histones
(Guarnaccia & Tansey, 2018)heir elevated status is evident as the WD repeat sequence has been
conserved across all species in eukarydi@sLi & Roberts, 200Bnd is also observed in prokaryotes,

albeit at relatively lower abundandglu et al., 2017)
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Figure 11: WDRSs a sevenbladedi -propeller WD40repeat protein

Unlike crystal structures, newly deployed predictimmsed models such as AlphaFold model WDR5 with
the unstructured Nerminal residues included. WDR$ructure outside the Merminal region is
predicted with high confidence reflective of its ordered structure and many high quality crystal structure
based models available for model training.

a) AlphaFold prediction of full length WDRS5 structure (entry: P61964). AlphaFold estimategeaigae
model confidence score (pLDDT) between 0 and 100 which is shown through the indicated color scaling.
Each betegropeller is labeled along with N and C termini. In isolation, N terminal residi3ésate
predicted to have unstructured form.

b) as in a) rotated ADto depict the side view of the circular barshaped 7bladed i -propeller
structure. Predicted aligned error heatmap is shown to represent confidence in the relative position of
two residues within the model structure for assessing ktemain accuracy.



While the propeller shape is common among WD40 repeat family proteins, unique activities are
endowed by partnespecific binding surfaces, of which two are known to exist for WEHRSWDRS
OAYRAY3I Y2GAF 02.a0 AAGSI | AYKISNG Ddi APESTF  2-2 deNIF 1AQAS
binding cavity on an opposing surfadeigure 12). Presumably, recurring use of these two sites by
interaction partners establishes the biological context in which WDRS5 functions, thus excluding it from
serving multiple purposes simultaneously. WDRS5 function was first established in the context of skeletal
development afterits expressiorwas shown to be induced during osteoblastic differentiat{@ori et

al., 2001) The totality of WDRS5 function, while not biologically understood, is indispensable across an
overwhelming majority of cell types. Similarly consistent is the evolutionary preservation of folding
patterns which maintain the surface of WDR5 such that the WIN and WBM sites are exposed and
I 00SaaAroftSY a Aa SOARSYOSR o6& 25wpQa ARSYydGAOFt &
conservation among vertebratq&uarnaccia & Tansey, 2018hanks to the highly ordered form into
which WDRS5 folds, there are several highality depictions of its structure along with the WBM/WIN
sites(Couture et al., 2006; Dharmarajan et al., 2013®hile WDR5 does not directly meet the criteria for

a transcription factor, it is a cofactor which regulates a conserved set of target genes by which it
associates via the WIN sit@Bryan et al., 2020)Despite WDR5 having a select set of conserved
transcriptional targets, transcriptomics studies show WDR5 regulates gene expression widely across cell
types. Interpreting the results of studies which target WDR5 is not straightforward due to the multi
tasking nature of WDR5; impacting the bulk pool of WDR5 affects its function across the board rather
than via a precise biochemical activity. Therefore, to appropriately study WDRS5, it is necessary to
appreciate that WDRS5 regulates target genes through multiple distinct mechanisms, some of which may

yet to be defined.



Figurel-2: WDRS5 interaction surfaces: the WBM and WIN sites
WDRS5 interactions are mediated by the WBM and WIN binding surfacesys§ial structure of WDR5
bound to RBBPpeptide (green) at the WBM site cleft surface and KMT2A peptide (purple) at the WIN

site cavity (PDB: 3P4@Avdic et al., 2011)




WDR5RAD scaffolds SET1/MLL histone H3 lysine 4 methyltransferases

The overwhelming majority of WDR5 reseapaitains to its function in supporting histone methylation

as a core scaffolding member of the WRAD complex, agimiein structure always consisting of WDR5,
RBBP5, ASH2L, and DPY30. WRAD complexes with 8T&8#MLL histone methyltransferase (HMT)
catalytic subunit proteins to promote histone 3 lysine 4 methylation (H3K4me) as the highly conserved
Complex Proteins Associated wiietl (COMPASS) comp(®%ohan et al., 2011; Shilatifard, 2012h

2005, the Allis group demonstrated WDRS5 directly associates witandi trimethylated H3K4 and is
required for the SET1/MLL HMTs to bind the H3 tail and regulate global H3 K4 trimethylatiéloxand
gene expressiorfWysocka et al.,, 2005While this foundational study correctly depicts WDR5 as an
epigenetic reader essential for supporting H3K4 methylation, WDR5 does not inherently possess
SLIAISYSGAO aoNRGSNE FdzyOliAzy odzi AyadSIR A& |y
complex. Integration of WDR5occurs via surfacto-surface interactions between the WBM site and
RBBP5, and the WIN site with SET1/MEigufe 13). SET1/MLL HMTs catalyze mgndi, and tri
methylation of H3K4, of which the latter two are associated with actively transcribed g8aatosRosa

et al., 2002) Pharmacological blockade of the WIN site on WDRS5 impairs full HMT activity of MLL1 and
SETI1B in breast cancer céMdiceaVelazquez et al., 20168uggestinghe WDR5H3K4me3 axiand the

WIN site could be targets of a therapeutic intervention.
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(SET1A/B;
MLL1-4)

Cps60 St

Figurel-3: WDRS5 is a core scaffolding component for COMPASS HMTs

a) Structural model of the yeast COMPASS core architecture generated fremgkcéyo-EM density
mapping (PDB: 6BX8Ru et al.,, 2018) COMPASS subunits are labeled along with their mammalian
SET1/MLL complex homologous elemeBistl protein has been truncated (7@080) and includes the
catalytic coreModel generated with Chimera(Rettersen et al., 2021yith surface molecular display.

b) Same as in a) with 18@orizontal rotation.

c) Close up of the engagement between SET (purple) and Cps30 (green), the homologs of human
SET1/MLL and WDR5, where the SET WIN motit§833outlined in green) attaches to the Cps30
surface.

11



Any discussion of WDR5 and SET1/MLL warrants further consideration of how we understand H3K4
methylation within the histone code. WDRS5 is required for complex assembly of all SET1/MLLs; through
the WIN and WBM sites respectively, WDR5 mediates interactions of SET1/MLLs catalytic unit with the
common structural platform WRADou et al., 2006)While the canonical role of SET1/MLL HMTs is to
regulate H3K4 methylation, the resident SET1/MLL (SET1A, SET1B, MLL1, MLL2, MLL3, MLL4) protein in
the complex provides unique catalytic potential resulting in the preference for transferring either mono,
di, or trrmethylation. H3K4me3, the most prominent modification to H3K4, is considered to be primarily
controlled by SET1@ ee & Skalnik, 2008; Shinsky et al., 2015; M. Wu et al., 20@B8)o depend on

WDRS5 for robust activityAliceaVelazquez et al., 201L6While WDR5 is needed for complex assembly,

the WIN site is often not required for the catalytic activity of the HMT subunits. The WIN site of WDR5 is
dispensable for the catalytic activity of MLLs like MLL3/4 yet not others like Mlddlet al., 2014)f
inhibited rather than mutated, the WIN site is also dispensable for SET1A afAiliyet al., 2019a;
AliceaVelazquez et al., 2016; Cao et al., 201Znherefore, the likelihood the WIN site is necessary or
sufficient for robust HMT activity depends on which SET1/MLL is most active in the cell and driving the

H3K4 methylation at given genes.

Therapeutic interventions that seek to impact levels of H3K4me hinge on an accurate understanding of
the cellular response to treatment, and the roles being played both by the substrate and by H3K4me in
the cancer. To illustrate, HMT activity of MLLIdispensable for hematopoiesis and leukemogenesis
(Mishra et al., 201430 it would be unlikelWINsite inhibitors could work by blocking MLL1 HMT activity

in MLLrearranged cancers, which are characterized by MLL1 fusion genes that drive transcriptional
dysregulation. While the association of H3K4me3/2 with active genes isstablished, the ability for

these chromatin modifications to instruct changes in gene activity remains a contentioughssue et

al., 2017) Ironically, given how the histone code is understood, data mapping the distribution of RNA
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polymerase Il on chromatin can be used to predict histone modification patterns including H3K2me3
Wang et al., 2022implying chemical alterations to histones follow rather than precede the recruitment
of pro-transcriptional, epigenetic reader enzyme compleX&suzarides, 2007)As of August 2023,
studies that have alleged to demonstrate or disprove the instructive capacity of H3K4me3 have not been
published(Murray et al., 2019; Policarpi et al., 202@jh the exception of oneet of experimentghat
suggest H3K4me3 regulates RNAPII occupancy and-pelaase(H. Wang et al., 2023Yhe results of

this study, though high profile, are quite murky when considering the confounding effects which will be

elaborated upon in later sections of this document.

WDRS5 being the promiscuous interactor it is, adds numerous layers of complexity to how we understand
the transcriptional influence of H3K4me3. With over 200 directly or indirectly associated proteins shown
in HeLa cell extracts, WDR5 is also about 10 times more abundant than the other WRAD protein
elements(van Nuland et al., 2013uggesting the majority of WDR5 operates outside of its function in
supporting H3K4me3. Therefore, it is expected that perturbing WDR5 function will have effects on
transcription outside of H3K4me®ependent processes. Indeed, it was shown WIN site blockade
attenuates WDR5 binding with an array of interaction partners including the components of COMPASS
and major PI3K/AKT signaling kinases mTORC2 and ROB&hbaccia et al., 2021)mpairing the
MTORC?2 pathway through WDRS5 is another potential confounder to the effects of blocking H3K4me3
with treatments such as a muitiay WDRS5 knockdown. Misinterpretation of the mechanism of action for
therapeutically targeting WDRS5 is often a result of attributing the secondary responses measured in
sustained knockdown studies as primary effects indicative of core WDR5 functions. WDRS5 plays many
roles on chromatin, and its perturbation results in the disruption of a host of transcripissonciated

processes.
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Additional roles of WDR5 on chromatin regulate gene activity

The WBM and WIN sites harbor an assortment of interactions tying WDR5 to chromatin regulation via
other noteworthy complexes, two of which are thnspecific lethal (NSL) histone acetyltransferase
(HAT) and the mouse embryonic stem -sgécific nucleosome remodeling and deacetylase (NuRD)
HDAC. Unlike COMPASS, these two complexes catalyze modifications to histone acetylation. Histone
acetylation is widely associated with gene activity because, unlike histone methy(&ioca & Allis,

2001) acetylation effectively reduces the positive charge of histones and with it the electrostatic
attraction to negatively charged DNA. Acetylation thus allows the nucleosome to release its compaction
creating stretches of open chromatin and DNA accessible to transcriptional regulatory factors.
Commonly targeted substrates are concentrated among the positively charged lysine tails of histone 4
(H4) where the deposition of acetyl groups is both catalyzed by HATs and opposed by HDACs. Given that
in addition to SET1/MLL WDRS5 scaffolds both NSL and NuRD, a HAT and an HDAC respectively, the role it
plays in transcriptional regulation is hypothesized to be dynamic and extensive. First, we will examine

the WDRENSL connection.

The H4 HAT KATS is the catalytic subunit of two independent protein complexesspeaiic lethal

(MSL) and NSL. In mal@rosophila the MSL complex is required for sex chromosome dosage
compensation and viability while depletion of the NSL complex is lethal to Dotisophilasexes
(Mendjan et al., 2006; Su et al., 2018AT8 and WDR5 only associate within the NSL complex which
depends upon WDRS5 for its recruitment to chromatin where it acetylates pronpytedimal H4K5 ah
H4K8(Radzisheuskaya et al., 202¥ithin the NSL complex WDRS5 directly interacts with KANSL2 and
KANSL1 at the same binding surfaces that link it to RBBP5 (WBM site) and SET1/MLL (WIN site),
respectively. The WBM and WIN sites of KANSL2 and KANSL1, respectively, are made of highly conserved

residues(Dias et al., 2014phat, when bound to WDRS5, preclude WDR5 from operating within the
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COMPASS complex. However, crosstalk has been observed between the two complexes suggesting NSL
amplifies SET1/MLL HMT activiBhao et al., 2013)The promiscuity with which WDR5 interacts with
HMTs, HATs, and HDACSs, which in total support both activating and repressive transcription patterns,

convolutes our understanding of its direct function in target gene regulation.

New chromatircentric WDRS3nteractions are being revealed with time and are now known to extend
beyond HMTs, HATand HDACs. These WDRS5 capabilities will not be explored in depth here as they
were not investigated by my studies, but they are worth mentioning. First, WDRS5, via the WIN site, binds
H3 at arginine 2 (H3RZTouture et al.,, 2006yvhere it acts an epigenetic reader that discriminates
between symmetrically and asymmetrically dimethylated H3R2, associating with the former but not the
latter. H3R2me2s, a madification indicative of genes poised for active transcription, raises the binding
affinity for WDR5 above that of H3 while H3R2me2a, reflective of repressive chromatin environments,
precludes WDR5. Though the biological significance of WDR5 H3R2me2 reader function has not been
modeled, clearly, when bound to H3 at Arg2, the WIN stengaged and WDRS5 is independent of
SET1/MLL. Second, WDR5 directly interacts with several transcription faetarsples beingMYC,

Oct4, HSF2, and TWISGuarnaccia & Tansey, 202Third is the ability of WDRS5 to bind IncRNA. In an
unprecedented model, WDR5 is posited to form a-pretastatic regulatory complex at the HOXA9
promoter with TWIST1 and SET1/MLL linked together by the HOXA transcript at the distal tip (HOTTIP)
long noncodingRNA (IncRNAMalek et al., 2017; K. C. Wang et al., 20C1 dzNII KX 2 5wp @02 2|
genes for reactivation during mitosis, integrating gene expression with cell division by binding with TBP
at active interphase promoters for the recruitment of anaphg@semoting complex (APC/C) to specific
transcription start sites during mitosi©h et al., 2020)Fifth, and finally, through direct or indirect
contacts, WDR%Nuland et al., 2013promiscuously associates with nuclear proteins, suggesting that

further roles for WDR5 are yet to be discovered. Furthermore, it is clear WDR5 regulates transcription
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via mechanisms that extend well beyond histone methylation, the way by which it and WDR5 specific
therapies are often presumed to function, and includes histone acetyldRalzisheuskaya et al., 2021)
and corecruitment of transcription factors to chromatifBumpous et al., 2023When studying how to
apply chemicals that degrade or inhibit an epigenomic regulator with a variety of critical chrematin
centric roles like WDRS5, perturbations should be expected to produce unintended, secondary order

effects.

WDRS5 is digh valuetherapeutictarget incancer

Reflective of its muliayered functions on chromatin, WDR5 is implicated in a host ocfwprmrigenic
pathways in different cancers. High WDR5 expression correlates with poor clinical outcomes for those
who suffer from hepatocellular carcinoma, leukemia, breast, colon, prostate, and bladder cancer, among
others(Cui et al., 2018; Dai et al., 2015; Ge et al., 2016; Huang et al., 2020; Z. Li et al., 2022; Neilsen et
al., 2018; Y. Wu et al., 2018; Zhang et al., 202mjil recently, the precumorigenic functions of WDR5

were most prominently contextualized by its COMPASS activity. When targeted in animal or cellular
models, most often via knockdown methods, WDR5 loss showdwmndir effects, however given the
dynamic roles played by WDR5 on chromatin, and that the knockout of any essential protein will Kill
cancer cells, inferring direct effects from these studies is both difficult and often questionable, a topic

which will be expanded upon later.

Typically assumed an essential process in cancers ranging from leuk&miset al., 2016)to
neuroblastoma(Huang et al., 2020¥he H3K4me3naintaining function of WDR5 represents the most
commonly understood way by which WDR5 sustains tumors. Generally, H3K4me3 supports gene
expression and so the basic paradigm proceeds as block WDR5 fuActidock H3K4me3 at target

genesA inhibit activation of therapeutic target genes. For example, in SW620 colon cancer cells WDR5
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WIN site inhibition is viewed as contributing to the same effect on COMPASS as is produced by WDR5
knockdown(Neilsen et al., 2018)Such an interpretation is perplexiamd problematicgiven the same

study, while showing some loss, revealed maintenance of bulk H4K4me3 in SW620 cells after 72 hours of
WIN site inhibition(Neilsen et al., 201&nd WDR®viction from chromatin. Bulk readouts like H3K4me3
protein levels do not measure precise changes in H3K4me3 at therapeutically relevant genes and so miss
direct effects while contributing to the conflation of correlation and causation. Targeting H3K4me via
MLLZ1inhibition has been proposed as a therapeutic strategy for mlireghge leukemigCao et al.,
2014)suggesting WDR5 could serve as a parallel target for this indication. However, given MLL1 HMT
function was shown to bdispensable for hematopoiesis and leukemogendsis difficult to envision

MLL1 inhibitors functioning in MLLr cancers solely by blocking H3Kvisiera et al., 2014)

WDRS5 is a MYC cofactor

Arguably the most significant revelation regarding WDR5 biology made since the discovery of its HMT
function is that on chromatin WDR5 directly interacts with, and facilitates the recruitment of, the
transcription factor MYCThomas et al., 2015)MYC is a family of three transcription factdgs (\, and

L-MYQ and represents one of the most dominant praiacogene families in the human genorf\éta &
Henriksson, 2006)Mntributing to an estimated 100,000 cancer deaths in the United States annually
(Vita & Henriksson, 2006MYC is werexpressed in the majority of malignanci@ang, 2012jherein

these master regulatory transcription factors coordindtee expression of large genmetworks to
synergistically drive cell growth and pathological mitoM¥.C is a highly disordered bHLHA protein

with rapid turnover as a monomer, and due to its inability to form homodimers, requires an obligatory
binding partner, MAX(Blackwood & Eisenman, 1991) 12 0AY R 5b! -0@IE¥ 2 yYA2Qil Af F a8
(CACGTG). Methods which block MYC from associating with target genes reliably impair tumor growth

(Blackwood & Eisenman, 1991; Duffy et al., 2021; Mdsdiés & Soucek, 2020; Soucek et al., 1998,
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2002) but the disordered structure of MYC makes this difficult to accomplish pharmacologically,
prompting the ongoing pursuit of MYC cofactors with structures amenable to targeting with small
Y2t SO0dzZ Sad 2A0KAY a,/ LINRPGSAYyA |NB dzLJ 2 FAGBS Tdy
highly conserved sequences that facilitate known and presumiedactions(Tansey, 2014 The central
portion of MYC contains three M¥©xes, the purpose of which remained largely undefined in 2015
when the Tansey group searched for factors that interact with the region irhiwioid and proteomic
screens. One protein identified in both assays, WDR5, was shown to interact with MYC directly at MYC
box Illb and be required for MYC to associate with target genes and drive tumorigdfigsie (14)
(Thomas et al., 2015Blocking the MYA&/DRS5 interaction in lymphoma cells had an dntor effect
equivalent to that of excluding MYC from the nucleus entirely and deleting its DNA binding domain
(Figure 15) (Thomas et al., 2019Henceforth, WDR5 would represent a proposed Achilles heel for one

of the highestvalue, mostelusive, drug targets in oncology.
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Figurel-4: Loss oWDR5MYC interactionrshows antitumor effects

Figures 4b-e are direct references froMhomas et al, Molecular Cell, 2615 a! f I YAY S & dzo a i A i«
at 1262, V264, and V265 reduced the affinity of interaction bio6.0-fold, while mutation of V264 to

3t 80AYS O6+xHcnDOX 2NJ AAYdz GFyS2dza Ydzill GA2y 2F LHuc
AYUSNY OQliA2y 6AGK -@Homgs etdlYR1I5H) pnn Yau dé

a) Crystal structure of WDRS5 in complex with MYC Mbllb peptide (PDB: 4Y7R) with the residues involved

in WBM binding labeled in yelloModel generated with ChimeraXPettersen et al., 2021)vith

electrostatic potential labeling.

b) The MYGWDRS interaction is dispensable fdiYCdriven transformation in vitro. NIH 3T3 cellere

engineered to express vector control, BrAGagged WT or WBM mutant MYC, aedted for ability to

promote colonyformation when plated in soft agar. After 30 days, colonvesre blind counted and

colony numbers expressddB f I G A @S (2 2 ¢ a test showed me significardt difimerse/ G Qa
between WTand WBM MYC in this assay (p = 0.26). Datprsented as mean + SEM, n = 6.

¢) The MYGWDRS5 interaction is required for thte@morigenicity of MYC in vivo. The same engineered

NIH 3T3 cells used ih)(were injectedinto the flanks of athymic nude mice (vector, 1& WT, n = 11;

WBM, n = 11; V264G, n = 12). Tnaph shows tumor volumes at the indicated tinpasstinjection. Data

are presented as mean + SEM.

d) Representative tumors from four injection sitfes vector control and each of the MYC variants.

e) Tumor masses from mice i){ Tumorswere excised 21 days after injection and weigh&dr
{0dzRSy (G Qa G S a i000d0d10;(MeT Nérs@sSABIM dpe 0.0000D25Md3Tis V264G, p

= 0.00000044; vector vers¥8BM, p = 0.038; vector versus V264G, p = 0.00M versus V264G, p =

0.45. Data are presentesis mean + SEM.
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Figurel-5: Blocking the MY@VDRYS5 interaction in lymphoma cells

Figures 15a-h are direct references fromithomas et aJ PNAS, 2019 he ability of MYC to interact with

WDRS is required for tumor growth amdaintenanc&® & ¢ KS 2 . a Ydzill G§A2Yy OLHCHIK
residues encoded within the third exon ofMYC, permitting us to use an exon 3 swap strategy to

express WBM mutant MYC. We also included a WT exon 3 swap as a control, and another exon 3 swap
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GKIFG GNHzyOFidiSa a,/ |G NBAARAZS Hcn 6pHcecnO0OX NBY2O0AY
0 A Y RAThahs et al., 2019)

aA{ OKSYIFGAO 2F Gdzy2NJ F2NXIF A2y | aaled ! yagAriOKSR 2
pulsed 3 times with OHT to induce the switch. Cells were then injected into a flank of nude mice, and

tumor growth was monitored.

b) Average tumor volumes in mice injected with the indicated switched Ramos cells over days 5 to 17 of
GKS SELSNAYSyGd ¢dzy2NJ @2t dzySa F2NJ pucn |yR 2.a O
4.84E3; 2tailed t test).

c)Kaplama SA SNJ & dzNIA @ f OdzNIBS&a 2F YAOS Aya2SOGSR gAlGK
group); P < 0.0001 (legnk test).

d) PCR assay for presence of unswitched cells in tumor samples taken at time of sacrifice. Each dot
represents a single mouse. The horizontal cross represents the mean for each group. Note that we were

dzyt 6t S (2 SEGNY OG dzal o6fS 5b! FNRY 2yS 2F (KS Gdzvyez
e{ OKSYFGAO 2F (GdzY2NJ YIAYyGSylryOS lFaaleod ! yasgAiaOKSI
flank of nude mice, and tumor growth was monitored. At day 15, mice received 3 consecutive daily
injections of tamoxifen to induce the switch, and tumor development was monitored.

f) Average tumor volumes in mice injected with the indicated unswitched Ramos cells before and after
AoAGOKAY3 6SNBE AYyRdzZOSRY 6S3AyyAy3a +d RIF& wmp O6NBR
and WBM cells were significantly different (*) from WT (P <-B;0Hailed t test).

g) KaplarMeier survival curves of mice (in F) (n = 9 per group); P < 0.00ehlodest).

h) For the indicated cell types, tumors were harvested (n = 4 per group) 48 and 96 h following tamoxifen
administration. Apoptosis was evaluated in the isolated lymphoma cells by staining for Annexin V
LR2aAdABAGE 6! YYSEAY +b0 | YyR Fyltéara oe Ftz2g Oei:
WBM tumor cells was significantly different (*) from WT tumors (P < 1562#ailed t test).
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Over almost a decade of rigorous investigation, much has been revealed about thRé&/BIRE axis and
AYO2NLIR2 N SR Ayid2 GKS a7Fl OAWDRS Ifatifafed rddRiibmebizisitey Sy G ¢
MYC/MAX dimers lack the affinity to bind and regulate transcription and thus require WDR5 to act as a
binding cofactor. It is important to note that while MYC regulates transcription widely, often acting as a
general amplifie(Nie et al., 2012, 2020)Ebox motif status alone does not account for the majority of
MYC binding eventd orenzin et al., 201&uggesting there are a multitude of proteins which facilitate
binding in different contexts. Also significant is that MYC acts widely on genetic pathways implicated in
cancer such as cell cycle, metabolism, and angioge@side & van Riggelen, 2017; Tansey, 2014)
however the MYC targets conserved from drosophila to human cells are tied to ribosome biogenesis
genes key to regulating the cellular capacity for biomass accumul@i@t al., 2011; Zielke et al., 2022)
WDRS5 reflects a similar binding pattern, associating with a conserved set of about 70 genes most of
which encode ribosomal subunit proteins (RP®Yyan et al., 2020) The overlap of these MYC and
WDRS5 loci obtained from chromatin immunoprecipitation sequencing (€4dP reveals a subset of
RPGs always bound by the pair whereas other RPGs appear bereft of \WiD®® (6). These
observations bolster the case for WDRS5 as an-eanticer drug target by highlighting the fact MYC and
WDR5 work together on chromatin to regulate a subset of hallmark MYC target genes that lie at the

heart of its cancesustaining function.

Soon after the discovery of the MYXZDRS5 interaction came efforts to block it on chromatin with small
molecules. While WBM inhibitors have been synthesized, most progress in preclinical testing has been
made with WINsite inhibitors. In collaboration wittbr. Steve Fesik, gient smaltmolecule WINsite
inhibitors were developedhat confirm chemical blockade of the WHite displaces WDR5 from

chromatin along with MYC at dwund sitegAho et al., 2018 Bryan et al., 202QFigure 17). Some of
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these inhibitors are currently used as powerful chemical probes for interrogating mechanisms of

facilitated recruitment while others are being refined and improved for in vivo therapeutic evaluation.
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Figurel-6: MYGWDRS5 colocalize on chromatin at conserved ribosomal protein gene loci

Small ribosomal subunit genes bound by WDR5 and MYC. WDR5 and MYC bind and regulate the
expression of ribosomal protein genes on both the large and small subunit where WDR5 is selectively
required for MYC to associate with target genes. @eliPmapping of MYC and WDR5 peaks are shown

for small ribosomal subunit genes in various human and mouse cancer cell lines. Blue denotes where
MYC binding at ribosomal protein genes is sensitive to WBM mutafetyC Exon 3:
1262E/V264E/V265EFonsidered sites of WDRIependent facilitated recruitment, and whether these

peaks overlap with an-Box or Ebox variant (CANNTG). GB change highlights transcriptional responses
to WDR5 degradation in Ramos cells measured by changes in RNA polymerase Il gene body density (+,
increaser-, decrease; /, no change) and does not increase for any putative facilitated recruitment genes
(Siladi et al., 2022)
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Figurel-7: C6 inhibitor binds the WIN site with picomolar affinity ardisplaces WDR5 from chromatin
a) Three WDR5 WIN site inhibitor€6 an early generation compound binds WDR5 with picomolar
affinity (Aho et al., 2019)C16 with the addition of a thydroisoquinolinonebicyclic core, exhibits
improved binding affinity and anfroliferative activities relative to C6Tian et al., 2020)C41is an
advanced generation WIN site inhibitor with enhancedtarget potency and optimized drdgke
properties(Teuscher et al., 2022)

b) Xray cocrystal structure of WDR5 bound ©6(PDB: 6E23)Aho et al., 2019Residues involved in
binding at the WIN sitare highlighted in yellow. Model generated with Chime(BXttersen et al., 2021)
with electrostatic potential labeling.

c) Scatterplot of normalized average read counts for WDR5 binding peaks in-DE8@®@, and C6
treated MV4:11 cells. Peaks are ranked based on read counts in D€ cells. (A direct reference

from Aho et al., Cell Reports 2020
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Targeting WDRS5 in Cancer with Potent Chemical Compounds

Nearly a decade of basic science and preclinical testing has bolstered thaVBRIRE facilitated
recruitment model by demonstrating the functional conservation of the interac{®ryan et al., 2020;
Bumpous et al., 2023nd the potent anttumor efficacy of chemically blocking MYDRS recruitment

to chromatin at sites of coregulatioffeuscher et al., 2023; Thomas et al., 2015, 2@ERjure 18).

Efforts during this time have achieved the removal of MYER5 from chromatin with several
generations of highly potent WIN site inhibitolsdures 17a; 1-8) of which select compounds are being
advanced through pilot studies, preclinical testing, and synergy screens. The mechanism of action for
WIN site inhibitors is being investigated across different cancer cell lines; leukemia cells induce p53
dependent cell death while rhabdoid tumors respond independent of #8® et al., 2019a; Florian et

al., 2022) ChlPseq mapping shows the extent to which MYC and WDR5 colocalize on chromatin varies
among cells by orders of magnitude, however a close look at the invariably bound cohort of conserved
MYCWDRS5 target genes reveals insights into the basic role played by WDRS5 in facilitating MYC driven
cancers via the expression of protein synthesis genes (RB@ah et al., 2020)Cancers with high levels

of MYC are often aggressive and require elevated protein synthesis capacity to meet demands for cell
growth and proliferation. It is therefore fitting that the most highly conserved MYC target genes are
ribosomal protein genes, which are translated into subunits of ribosome complex that assemble with
ribosomal RNA and produce protein from mRNA. MYC is thenjiogenic transcriptional effector
downstream of major growth signaling pathways such as Wnt, andiaiever et al., 2017; Rennoll &
Yochum, 2015; Wong et al., 20H8) possessing the fundamental ability to regulate ribosome levels is an
attribute wellsuited for MYC that is also highly adaptable for cancer processes. Facilitated recruitment, if
it is a valid model, would portend WIN site inhibitors could be a widely applicablecamter
GKSNI LISdziAO FyR Ly FGGN OGAGS &d N} § SAHodet afl, 201gbji NX 1 &

Thomas et al., 2020However, the cekpecific sensitivities observed for WIN site inhibitors suggests the
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predominant pretumorigenic WDRS5 activity varies among cell types. There is then good reason to probe
the effects of WDRS5 interventions, whether it may be via MWQR5 or through other WDRIependent

processes such as COMPASEed histone methylation.
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Figurel-8: Preclinical WINsite inhibitor testing

Figures 19a-e are direct references fromeuscher et al, PNAS, 20Zbmpound® and 10 demonstrated
antitumor effects in an MV4:11 subcutaneous tumor xenograft model.

a) Invivo PK profiles 06, 7, 9, and10in CD1 mice ( = 3 per group) following a single dose of the
indicated compound through i.v. (3 mg/kg) and p.o. (50 mg/kg) administration.

b) The mean tumor volumes of MV4:11 subcutaneous xenografts in female BALB/c nude mice after QD
treatment (21 d) with9 via p.o. administration at the indicated doses. Treatment started on day 11 and
tumor volumes were recorded twice a week for thevR study.

¢) The percentage of mean body weight change from initial weights during the study at the indicated
doses oB.
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d) The mean tumor volumes of MV4:11 subcutaneous xenografts after QD treatmentl@itta p.o.
administration.

e) The percentage of mean body weight change from initial weights following QD treatmentL@ith
Error bars represent the SEM, ih)d(e) there weren = 10 mice per group. Statistical analysis was
performed using an unpaired twd A RS R {t fiegizitv Excal. @& 0.05, *P < 0.01, ***P < 0.001,
*kx P<0.0001.
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Much of what has been revealed since the discovery of the-MYBPR5 interaction would suggest the
most potent pretumorigenic signals directly regulated by WDRS5 are independent of its role in H3K4me,
which it cannot support when MYC is occupying the WBM site. The H3K4me axis overlaps with MYC
WDRS5 both conceptually and biologically due in part to the established propensity for MYC tc bind E
boxes proximal to H3K4m&3ansey, 2014)Also, the property of WIN inhibitors to simultaneously evict
WDR5 and MYC from chromatin muddies the perspective of what observed transcriptional changes are
attributable to WDR5 alone. These examples of potentially influential, overlapping biological elements
confound the significance of MXEDRS5 interactions. A good demonstration of this confusion is evident

in Sun et al, Cancer Research, 20d/herein RNAmediated depletion of WDR5 was used to suggest
MYCWDRS5 transcriptional regulation occurs through a H3K4dw®ndent mechanism rather than
through the activity of MYC as a transcription factor. Ri@diated knockdown is a common tool used

to predict whether WIN site inhibitors will demonstrate activity in discrete contexts, and changes in
H3K4 methylation are consistently assumed to orchestrate the molecular resgf@aseet al., 2014;

Chen et al., 2021; Grebien et al., 2015; Lu et al., 2021; Neilsen et al., Bat&Rnockdown studies
conflate blocking the WIN site of WDR5 with loss of the entire protein, in effect equating the totality of
complex tasks performed by WDRS5 to the function of a single binding surface. Additionally, because
WDRS5 is paessential, knockdown studies forfeit the ability to explain how WIN site inhibitors exhibit

cancer celkelective inhibition in vitro.

Reliance on knockdown studies has contributed to two commonly made assumptions regarding the
application of WINsite inhibitors: 1) WINSsite inhibition blocks the majority of WDR5 function, and 2)
changes in H3K4me drive the transcriptional respons&Vtdl site inhibitionin cancer cellsNow is a
prescient time to test these assumptions as WDRS5 is a therapeutic target of growing importance with

newly formulated degrader molecules to considér. Li et al., 2022; Yu et al., 2020d multiple WIN
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site inhibitors under development. WDR5 has seen interest from large pharmaceutical companies with
Celgene in 2019 paying $40 million to acquire WIN site inhibitor TRBHfor the treatment of blood
cancers(Celgene Strikes Deal Worth Nearly $1 Billion for Blood Cancer Treatment | BjaSgdgead
Novartis recently publishing WBM site inhibit¢Bing et al., 2023)Basic understanding of WDRS5 target
gene regulation and its response to WIN site inhibition is critical to unlocking the potential of these
compounds by informing the ways in which they may eventually be applied at highest efficacy and

safety.

Newly introduced, WDR5 degraders in the form of PROTACSs are the secoradrasted modality by

which WDRS5 function can be eliminated from ceBsich degraders are a compelling way to remove
WDRS5 from chromatin because they can simultaneously inhibit altysnorigenic functions of WDR5.
Indeed, one degrader, MS67, degrades WDRS5 to a level still observabl&\estiern blotting which

results in loss of RPG expression and H3K4me®¥2 et al., 2021)Figure 19). This compound
demonstrates efficacy in MV4:11 xenograft models and is tolerated by mice, a perhaps surprising result
given the essentiality of WDR5. Perhaps by acting as a weak or incomplete degrader some WDR5 basal
function is maintained in nowancerous cells treated with MS67. A drug like M67 might make for a
desirable therapy if the effects of a WDR5 PROTAC can be tailored to therapeutically limit the pool of
25wp Ay OStta (2 'y STFFSOGADS odzi al¥S fSOStd ¢K?2
also be that M67 does not diffuse through the moumly but instead remains active within the human
xenograft only. If this is the case, this preclinical model would have no gauge on the potential toxicity and

off-target effects of M67 drug exposure on human subjects.
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Figurel-9: MS67 is an efficacioud/DR5 PROTAC

Figures &y are direct references fromu et al., Science Translational Medicine 2021
a) Chemical structures of WDR5 degrader MS67 and a negative control of MS67N.
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b) Overview of the VHMS67#WDRS5 ternary complex, with VHL, WDR5, and MS67 shown in gray, pale

green, and orange, respectively.

¢) Plasma concentrations of MS67 over ahfur period in mice after a single intraperitoneal (i.p.)
injection of MS67 (75 mg/kg). The plasma concentrations represent the means + SEM from three mice

per time point.

d) The effect of MS67 treatment on the growth of MV4;11 tumors xenografted subcutaneously (s.c.).
Tumorbearing NOD/SCID/gamma(c)(null) (NSG) mice were treated with either vehicle (blue; n = 8) or
MS67 [75 mg/kg, i.p. twice daily (BID); red; n = 10] for 5 days per week, starting at day 26 after
inoculation. Y axis shows the tumor volumes, measured every 2 to 3 days and presented in the means +
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e) Body weights of NSG mice bearing MV4;11 tumor xenografts, treated with either vehicle (blue; n = 5)
or MS67 (75 mg/kg, i.p. BID; red; n = 5) for 5 days per week.
f) Immunoblots for the indicated histone modifications (with H3 as a loading control) and WDR5 (with
Tubulin as control) posttreatment of MV4;11 cells (left; 0.1 uM for 3 days)
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g) Immunoblots for the indicated MEtomplex proteins and-MYC, either in total cell extract or in
chromatinbound fractions, in MV4;11 cells treated with DMSO or 0.1 uM ©#2R, MS67N, or MS67
for 3 days. GAPDH, glyceraldemgiphosphate dehydrogenase.
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While PROTAC degraders are appealing, they represent a clinically unproven therapeutic drug class of
which there are no FDA approved compounds. There are very few examples of approved medicines
which act on regulators of the epigenome for that mattéalfle 3, let alone any which would degrade
components of such enzymes that are essential to cell vial#uythermore, little has been done to
compare the cellular effects of WDRS5 inhibition with its proteolytic degradation. At this point, the only
anti-cancer therapies which exert their effects through protein degradation are thalidomide and its
analogueqJan et al., 2021PROTACSs therefore have great potential as a new way to pioneer targeted
therapies that unleash protein degradation on oncoproteins. But because so little is known about the

effects of degrading a protein like WDRS5, a careful comparison against inhibition is necessary.

Inhibition \ersus degradation is a compellimpmpari®n to make regarding chromatin binding proteins

with transcriptionrelated functions. Newly introduced PCNA inhibitors are a good illustration of why the
effects are inherently distinct. PCNA, a masential regulator of DNA replication, is commonly
expressed in cancers as an isoform that resolves replicat@mscription conflictYGonzaleaMagafia &
Blanco, 2020) Inhibition of the cancespecific PCNAisoform induces double strand breaks in a
transcriptiondependent manner, selectively killing cancer cells across all lines in which it was(tésted

et al., 2023) This remarkable compound is rapidly entering phase | study and is being viewed with major
potential. Consider if the drug tested were instead a degrader: would it be possible to definitively
conclude the cancekilling effect were due to the resulting DNA damage or to the overall essential
function of PCNA? The difference between the toxicity risk profiles for a potent PROTAC and inhibitor
may be mootwhen the therapeutic target is a cancer specific protein isoform. In such a case, both
compounds would dly be active in tumors and spare the protein in healthy tissue where it may serve
essential functions. Such a therapeutic window is rarely afforded in oncology, making it imperative to

understand the outcome of inhibiting a binding surface and degrading the protein entirely before
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entering human studies with novel agents that perturb essential proteins. WDR5, multifaceted both
functionally and conceptually, is a case which represents many key obstacles that widely impact the
development of targeted therapeutics against this class of enzymes. This thesis focuses on a question
reflecting one major issue: what are the effects of rapid protein degradation as compared to binding

surface inhibition?

Conclusion

By itself, WDR5 is an auspicious aatncer therapeutic target, buivhen viewed through thebigger

picture of epigenetics and oncolagyDR5 represents the greater challenge posed by developing drugs
designed toimpact regulators of the epigenome. Many of these proteins, like WDR5, facilitate diverse
and essential processes on chromatin. The relative abundance of WDR5 is supportive of its uniquely vital
role, and the MY@VDRS5 interaction confirms WDRS5 is key to cancer cell survival. WDR5 has been
challenging to study due to its high degree of essentiality, but new methods established open to door to
gaining high resolution insights into WDRS5 biology. Genetic modification of WDRS5 to express a degron
tag allows for direct perturbation of all WDRnctionsand recapitulation of PROTAC methods via rapid
proteasomal degradation. It is with multiple Md@ven cancer cell lines that WDR5 was modified to
express degrons such that cell type specific effects of WDRS5 loss could be investigated and compared to
WIN site inhibition. Through these studies | have revealed several significant insights into WDR5 biology:
1) WIN site inhibition disrupts as subset of WDR5 function, 2) WDR5 loss triggers loss of several
chromatin regulatory proteins, 3) WIN site inhibition maximally impacts WDR5 at therapeutic target

genesand4) H3K4me3 does not direct WDRB&pendent transcription.
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Chapter I

Materials and Methods

Plasmids

Ramos AIBWDRS cells (adapted from Siladi et al, Cell Reports 2022): px@30imeric_BECBh

hSpCas9 was a gift from Feng Zhang (Addgene #42230). pUC57, containing a U6 promoter, scaffold, and
terminator was synthesized by Genscript and gRNAs for WDR5 (CTTCAGTGTTCGGGGTCGGA and
TTATTTACTGACCGCATATC) individually inserted by whole plasmid PCRNDIRS A#llgeting vector

was made by assembly of six fragments into pBluescript Il SK+: (i) [WDR5 Promoter region (Chr9:
134,138,834134,139,883) as Kpnl/Xholl; (ii) [AID Tag :IE2(CHr9: 134,139,88134,140,009): loxP:
Int2-Ex3 (Chr9: 134,140,5834,140,708) was synthesized by Genscript and inserted as Xhol/Hindlll];

(i) [Puromycin resistance (from pcDNA®R.ro) as Hindlll/Xmal]; (iv) P2A (synthesized by Genscript) as
Xmal/EcoRlI]; (v) [ExBt2 (Chr9: 134,139,88134,140,009): loxP as EcoRI/BamHI]; and (vi)-Ex®

Int3 (Chr9: 134,140,38334,141,445) as BamHI/Xbal]. pldsTIR1 was made by R@&Rplification of
0sTIR19xMyc from pBab@sTIR19OMyc (gift from Don Cleveland, Addgene plasmid # 47328) and used

to replace GFP in pLentiLox (gift from Al Reynolds).

CHP134 dTAGVDRS5 cells (adapted froBryan et al NAR 2019: To tag endogenous WDR5 with the
FKBP12(F36\MHA module(Nabet et al., 2018)a chemicalynodified synthetic guide RNA (sequence:
CTCTCGCGGGCAGGAGCAAAGGG) was synthesized by Synthego; this gRNA directs cutting of the
WDR5locus 8 bp downstream of the stop codon. Backbone targeting vectors pAW62.YY1.FKBP.knock
in.mCherry and pAWG63.YY1.FKBP.kiio®&FP were a gift from Richard Young (Addgene plasmid

#104370 and #104371, respectively). pAW62.YY1l.FKBRikno€kherry carries the FKBP12(F36V)
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2xHAP2AmMCherry cassette; pAW63.YY1.FKBP.kitoBlEP carries the FKBP12(F3BXHAP2ABFP

cassette.

Cell culture

Ramos AIBVDR5AIDW)cells (adapted from Siladi et al, Cell Reports 20R3jnos cells were obtained

from the ATCC (CRB96) and culturect 37°Cin RPMI media supplemented witlglutamine, 10% FBS,

Mmnn L! kYt tSyAOAt f Ay SAIDWRamos celis werdgenéfatedzbyi INEceJhAnYas. O A ¥ @
Ramos cells expressing GRET2 were described previouglihomas et al., 201@)nd used to construct

the AIDW line. AIDW cells were created in a fetiep process. First, the AID tag was integrated into the
endogenous WDR5 gene via CRISERRA | 1 SR K2Y2t 232dza NBO2YOAYIlGA2Yy «
GFNBSGAY3 @SOG2NE mp >3 AEChineric |IBECBRESPUaBINSecond/ atermp > 3
a 2day recovery, stable cells were selected with 200 ng/ml puromycin, expanded, treated-@iT40

excise the puromycin cassette, and clones obtained by limited dilution. These clones were then
expanded and screened by Western blotting to identify clones in which the apparent molecular weight

of WDR5 was shifted by the expected amount for the AID tag. At this stage, positive clones we recovered
expressed both AHagged and untagged WDRS5 species. Third, to target the remaining WDRS allele,

steps one and two were repeated with a second unique gRNA. Finally, a clone expressing -only AID
tagged WDR5 was transduced to express the OsTIR1 ubiquitin ligase carryMgcaepitope tag.

Lentiviral infections of the selected Ramos cell clone with uisl4R1 were performed as described

(Thomas et al., 2015PsTIR1 expression was confirmed by Western blotting with antibodies against the

Myc epitope.

CHP134 dTAGNDR5(dTAGW)ells (adapted fronBryan et al., NR2019: SigmaAldrich (06122002

1VL; 12B021) and cultured at 3WCRPMI media supplemented witklglutamine, 10% FBS, 100 1U/ml
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t SYAOAT f Ay X | yR wilargeting d@etorstwerd mddiBed)by2Gib&ad klohitg to include
FA28YYSGONRO K2yYz2f23& FN¥a FT2NJ 25wpY Hnn oL pQ 6dzJ
after the stop codon to ensure deletion of PAM sequence). After construction, plasmids were purified
with the QIAGEN Migirep kit and their integrity confirmed by DNA sequencing. Targeting vectors and
Cas9sgRNA ribonucleoprotein complexes were introduced to cells using the Neon Electroporation
Transfection Sysm (Invitrogen). Three reactions of Cam$RNA ribonucleoprotein complexes (RNPS)
were formed at a time by combining 10 pmol recombinant Cas9 (Synthego) and 30 pmol sgRNA
(Synthego) in Neon buffer R (Invitrogen) and incubating at room temperature for 10 miril32Hgells

were counted and resuspended in Neon Buffer R. 600 0001G#iRells and 12.5 ug targeting vectors

(1:1 BFP:mCherry) were added to each RNP triplicate reaction and volume brought to 35 ul with Neon
Buffer R. The Neon 10 ul reaction defivéips were used for electroporating with the conditions of 1200

V, 20ms pulse width and three pulses. After electroporating, cells were immediately placed into warm
antibiotic-free RPMI supplemented with 10% FBS and allowed to recover for 2 days before replacing with
media containing penicillin and streptomycin and expanding. After growing for 7 days, cells were
counterstained for 1§30 min with 1:2000 Zombie NIR viability dye (BioLegend #423105) in PBS, washed
in PBS, and resuspended in 0.5% BSA in@G#IS.were then analyzed by the Vanderbilt University Flow
Cytometry Shared Resource using a BD LSRII Fortessa (BD Bictt$grinegument for expression of

BFP and mCherry fluorescent markers as a proxy for proper integration. After confirmation of
BFP/mCherry positive cells, a population of double positive cells was sorted using a BD #ATHBTia
Bioscience4JS), expanded, and analyzed by immunoblotting. For lysate analysis, cells were plated and
allowed to adhere. One or two days later the medias replaced with media containing 500 nM d¥TAG

47 or DMSO vehicle control. Cells were cultured under treatment for the indicated timepoints and
collected by scraping into PBS. Cell pellets were lysed in RIPA buffer (10 mM Tris pH 8.0, 0.5 mM EDTA,

1% NMF40, 0.1% deoxycholate, 0.1% SDS, 140 mM NaCl) supplemented fresh with Roche Complete
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Protease Inhibitor Cocktail, 1 mM PMSF, and Roche PhosSTOP inhibitor and taken forward for analysis by

immunoblotting.

The Ramos dTARBBPS5 and CHP134 dTAGF1 were generated by Lance Thomas and Andrea Florian in

a process reflecting that of the CHP134 dWXBR5 stated above and Ropay et al., eLif@021

For cell line maintenance, Ramos cells were kept between 500,000 and 1.5 million cells /ml and CHP134
cells were split either 1:10 or 1:5 after exceeding 80% confluence. For treatments, Ramos and CHP134
were cultured in 500,000 cells /ml and treated with either 100 uM IAA, 500 nM dTAG, 5@16Mr

0.1% DMSO for the indicated timepoints.

Preparation of protein lysates

Cells were collected washed with 1X PBS and lysed in Kischkel buffer (50 thi@Ipis 8.0, 150 mM

NaCl, 5 mM EDTA, 1% Tritor100) supplemented with Roche cOmplete Protease Inhibitor Cocktail.
Lysates were incubated on ice for at least 20 minutes and insoluble debris was removed by 10 minutes of
maximum centrifugation at 4°C. Protein concentrations were measured by Bio Rad Protein Assay Dye
Reagent, normalized, and prepared at equal concentration with 5x loading buffer (250 mM Tris Ph 6.8,

45% glycerol, 10% SDS, freshly added B3ér2aptoethanol, and bromophenol blue) for SBASGE.

Western blotting analysis

Samples were boiled, spun and run on homemade acrylamide g&&48 and Bio Rad pmast gradient

gels. After transferring proteins to PVDF membrane (PerkinElmer) (100V for 70 mins, or if probing
histone proteins, 100V for 25 minutes), the membranes were blocked in 5% milk for at least twenty

minutes, and then incubated with primary antibodies overnight. Antibody information is reported in
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Appendix Table 1Membranes were washed with TBST and incubated with-ddRjagated secondary
antibodies. Chemiluminescent substrates ECL (1:1) or Supersignal West Femto Plus (Thermo Fisher

Scientific) were added to membranes and exposed in a Bio Rad Chemidoc imaging system.

Proliferation andcell viability assays

For C16compound testing in AIDW cells, ad8y assay proliferation assay was carried out in white,
opaque 96 well plates in which triplicates of 5,000 AIDW cells were incubated in nine serial dilutions of
Cl6rangingfrom 50 uM to 7.6 nM. With a multichannel pipette, 50 ul 0.2% DMSO RPMI media was
added to triplicate wells in nine consecutive rows, leaving a tenth empty row. Serial dilutions were
performed by adding 75ul of 100 ulIl6stock in 0.2% DMSO RPMI to the empty row and transferring
25 ul to the next row of wells, mixing in between, repeating this process eight times and discarding the
final 25 ul. 5,000 cells diluted in 50 ul of RPMI media were added to each well and incubaté@ &tr37

72 hours. Empty wells were filled with 200 ul sterile PBS to prevent evaporation. After 72 hours, plates
were placed on the bench until they reached RT (room temperature) and Celblatereagent was
thawed until RT. 50ul of CellTit&lo was added to each well and plates were wrapped in aluminum foil
to protect them from light before being placed on a RT shaker for 30 minutes. After incubation,
luminescence was measured by a GIoMAX plate reader using the Cdllbitgurotocol. Bw
luminescence values wereomparedto the DMSCOtreated wells and PRISM software was used to

generatelC50values.

Proliferation response to WDR5 degradation and WIN site inhibition was assayed. For WDR5
RSANI RIdA2yS OStfa ¢SNBE -Aldd). HosWIN gite intibitionicells weae L ! !
treated with 500 nMC160r 0.1% DMSO (control). To compare the effects of WDR5 degradation with

WIN site inhibition on AIDW cell proliferation, AIDW cells were seeded in white, opaque bottomed 96
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well plates and treated for up to four days with either 0.1% DMSO, 100 uM IAA, or 500 nM. For each
treatment, 5,000 AIDW cells were seeded per well for total of nine wells, bringing the total on each plate
to 45 seeded wells with and additional three wells of media only for background quantification and
empty wells filled with 200 ul sterile PBS to prevent evaporation. AIDW cells were treated 24 hours apart
for up to four days alongside four day 0.1% DMSO or no treatment controls for C16 and IAA groups,
respectively.Following the time courseplates werecovered andallowed to reach room temperature
before quantifying withCellTiterGlo. Luminescence was measured using the CellAGier protocol on a
GloMax plate reader raw luminescence values wemparedto the DMSCand no treatmentwells and

PRISM software was used to generdii®&0values.

Cell cycle analysis

For cell cycle analysis, ©AIDW cells were collected after no treatment, or treatment with 0.1% DMSO,

IAA, orC16 fixed iniceD2f R T mx: SGKIFIy2ftX YR aGd2NBR +Fd b wnc/
with 1x phosphate buffered saline (PBS), resuspended in propidium iodide (PI) staining buffer (1x PBS +

mn >3kYf tL b mann >3kYt wb!asS ! b H Ya a3/ ftwuH0 |y
was quantified using a Becton Dickinson LSRFortessa instrument and BD FACSDiva software. At least
10,000 cells were counted using forward and side scatter pulse geometry gating to select single cells for

each sample.

Cycloheximidechase

CHP134 dTA®/DR5 and AIDW Ramos cells were plated at 500,000 /ml RPMI media and treated for four
hours. CHP134 cells received either 0.1% DMSO or 500 nM4YTABd Ramos cells 100 uM IAA or no
treatment. For the cycloheximide chase, 20 million cells were harvested, of which 5 million was

immediately pelleted, washed with 5 mlis of iceld PBS, and flash frozen with dry ice as a zero
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timepoint. Fresh cycloheximide stock was made in ethanol at 40 mg/ml and added to warm RPMI (500 ul
CHX 40 mg/ml added to 50 ml RPMI. The remaining 15 million cells were resuspended in 30 mls of
RPMI+CHX and plated into three 10 ml cultures per cell line/treatment. Using the sample harvesting
technique described above, one plate was harvested for each time point (1, 2, & 4 hours). Following the
chase, frozen pellets were prepared into lysates as previously described, except samples were not
normalized to 1 ug/ul as samples and were run using BioRad TurboBlot workflow. Samples at later
timepoints may have relatively lower concentrations due to CHX blocking protein elongation, therefore
using extra sample to prepare equal concentration loading stocks potentially skews results, masking
effects on protein stability. Instead, an equal volume (20 ul) of sample was loaded intagird15%

gradient gels (BioRad) and GAPDH signal was probed to determine if samples require normalization.
Samples determined to have roughly equivalent GAPDH were loaded at equal volumes for Western
blotting. To improve transfer proteins with high molecular weight (ex SET1A), precast gradient gels were
used, which are relatively thinner than haiydl RS 3Sfa FyR FINB 2LIWIAYAT SR ¥F2
BioRad TranBlot Turbo transfer system. After antibody incubations and washes, membranes were
exposed with either SuperSignal Femto (#34094) (SET1A), or ECL Clarity (#1705061) (MLL2, GAPDH)
chemiluminescent agents and exposed on a BioRad Chemidoc with optimal exposure and 3x3 binning

resolution. Antibody information is reported A&ppendix Table 1

Sedimentation assay

Sucrose solutions were made in Kischkel lysis buffer (50 mM Tris pH 8, 150 mM NaCl, 5 mM EDTA, 1%
Triton) at 40%, 31.25%, 22.5%, 13.75 and 5% sucrose and storeiC.aSdcrose gradients were
assembled in 4ml ultracentrifuge tubes (Thermo 03955) loaded with 760 ul of each sucrose solution
layered with the highest sucrose concentration on the bottom and stored overnight at 4C for diffusion to

form a linear gradient. Sample cellular material was prepared in Kischkel buffer + 1X PIC in a volume
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between 320 uk 400 ul and protein concentration was normalized across samples (1 mg total protein
for RBBP5, 5 mg total protein for control samples probed for WDR5). 2.5 mg of gel filtration standard
(BioRad #1511901) was dissolved in a volume equivalent to the samples. The Beckman L90K
ultracentrifuge rotor (Sorvall TE60) was prechilled, samples were layered onto the sucrose gradients,

and the loaded tubes were weighed and adjusted to within 0.01g using buffer before being transferred
into the rotor and spun overnight (47,313 rpm for 14 hours at 4C, accelerate max, decelerate no brake).
The next day, the top 400 ul of the gradients was discarded and 18 fractions of 200 ul were taken from
each gradient, transferred to individually labeled tubes, and 50 ul of 5X gel loading buffer was added to
each fraction. Protein standard fractions were visualized with PAGE + Coomassie staining to confirm
separation before fraction samples were probed via western blotting. Antibody information is reported

in Appendix Table 1

Histone Acid Extraction

For nuclear extraction, frozen pellets of at least 5 million cells per sample were resuspended in 300 ul of
hypotonic lysis buffer (10 mM HEPEK/KOH pH 7.9, 1.5 mM MgCI2, 10 mM KCI, 5 mM sodium butyrate,
0.5% IgePal, 1X cOmplete protease inhibitor and PHOStop phosphatase inhibitor) and kept on ice for 1
hour. Nuclei were isolated by centrifugation (4000 rpm for 30 minutes°@j,4with the supernatant
removed before an additional wash of hypotonic lysis buffer (1000 x g for 30 minuteChat\Wash
supernatant was discarded and pellets were thoroughly resuspended in 200 uL of 0.4 N H2S0O4 and
rotated for 30 minutes at & to avoid coextraction of basic proteins due to prolonged incubation with
acid. After centrifugation (1000 x g for 30 minutes &)} the supernatant was transferred to a new

tube to which 40% trichloroacetic acid was added at 1:1 v/v final concentration. After mixing, histones
were precipitated at20C for four hours with occasional vortexing. Precipitated proteins were spun down

(max speed@0 minutes at 4C) and the supernatant was discarded leaving behind the pellet containing
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histones. The pellet was washed three times, first with acidified acetone (0.1% HCI v/v), then twice with
ice-cold acetone. All acetone was removed and pellets were dried well before being thoroughly
resuspended in 100 ul molecular biology grade purified.HProtein concentration was measured by the
standard Bradford Assay method and 5 ug of sample was prepped and loaded onto a 15%
polyacrylamide gel. Histone bands were separated by electrophoresis, and gels were stained with 20 ml
of Coomassie Blue reagent then destained overnight rocking in H20 with Kimwipes to absorb the stain.
Samples were imaged on a Chemidoc and the signal intensity of the same individual histone band was
guantified across samples with ImageJ software to determine if equivalent proportions of histones had
been extracted and loaded. For western blotting of histone proteins, equal amounts of histones were

loaded based on the Coomassie results. Antibody information is repor#dpandix Table 1

ChIPgPCR

ChIP was performed in Ramos cells using antibodies against WDR5 (#13105) or a rabbit 1gG control
(#2729; Cell Signalinghntibody information is reported irAppendix Table 1For each treatment
sample, 10 million cells were spun down (300 g for 5 minutes), resuspended in PBS and crosslinked in 1%
formaldehyde for 10 minutes while rotating at RT. Crosslinking was quenched with 125 mM glycine and
samples rotated 10 minutes. Samples were spun down, washed in 10 robldcEBS, resuspended in

250 ul 1% SDS Msis buffer (50 mM HEPES pH 7.5, 140 mM NaCl, 1 mM EDTA, 1%-Ioi@yr%

SDS), and transferred to VWR tubes for bioruption. After 10 minutes incubation on ice, samples were
biorupted for the length of time determined through the tinmdurse experiment then spun down
(13000 rpm for 10 minutes at°@) and the supernatant transferred to a new tube -80C. For
immunoprecipitation, 100ul of sheared chromatin was added to two tubes: oneVdbDiR5, one IgG.

Each sample was diluted to 0.1% SDS by addingll90% SDS FA lysis buffer with 1X protease inhibitor

cocktail and antibodies were added for overnight incubation rotating at 4C. At 15 ul per sample, Protein
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A beads were transferred to an Eppendorf tube by a pipette with the tip trimmed then wasinee

times by adding 1 ml 1% SDS FA lysis buffer and rotating for 5 minutes at RT. After washes, per 15 ul
beads, 100 ul 1% FA lysis buffer, 1 ul protease inhibitor cocktail, and 10 ug bovine serum albumin were
added and the beads rotated 20 minutes at RT to complete blocking. 100 ul blocked A tteanls was

added to each sample before incubating the samples 4 hours rotatingCatBeads were spun down

(2500 rpm for 2 minutes at RT) and given 5 minute washes with rotation using 1 ml of the following
buffers in the indicated order: low salt buffer (20 mM Tris pH 8, 150 mM NaCl, 2 mM EDTA, 1% Triton X
100), high salt buffer(20 mM Tris pH 8, 500 mM NacCl, 1 mM EDTA, 1% @6y KiCl wash buffer (10

mM Tris pH 8.0, 250 mM LiCl, 1 mM EDTA, 1% Trifd@0) and TE (two washes). 10 ul of remaining
sheared chromatin was used as input samples to which 40 ul TE, 5 ul 1% SDS, and 1 ul Proteinase K were
added. After removal of all TE following washes, 50 ul of TE, 5 ul of 1 %SDS, and 1 ul Proteinase K were
added to crosslinked chromatin, which were processed further along with the input samples. Samples
were incubated at 65C overnight in a water bath then samples volumes were brought up by the addition
of 350 ul TE before extraction with 400 ul 25:24:1 Phenol:chloroform:isoamyl alcohol (PCI). After
vortexing samples with PCI, samples were spun (13000 rpm for 5 minutes at RT) and the aqueous layers
(~360 ul) transferred to new tubes. 36 ul NaAc pH 5.2, 1 ul glycogen, and 1 ml 100% ethanol was added
to the aqueous layers, mixed, and samples were spun (13000 rpm for 20 minut&S)aSdipernatant

was removed and pellets washed with 500 ul 80% ethanol, after which samples were air dried to remove
all ethanol. ChIP DNA pellets were resuspended in TE for use inQHEHPCR primers used were:

SNHG15: (CGC CAC TGA ACC CAA TCC and TCT AGT CAT CCA CCG CCA TQ),

RPL35: (CTT GTG CAG CAATGG TGA GA and GCC TAG GTG GCA GAT AGA ATC),

RPL5: (CCT GCA GGT CTC TGT CGA G and GGC ATA CGG GCA AGA AAA G),

RPS24: (TTG GCT GTC TGA AGA TAG ATCG and CGC GTG CCT ATA GCT CAA GT),

RPTOR: (CCC TTG AGC AGA TGA ATA CT and GAC AAT TTG CAG GAC AGA G),
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RPL14: (GTC TCC TTT GGA CCT CAT GC and ATG GCC TGT CTC CTC ACT TG).
gPCR was performed in triplicate wells of 15 ul reactions with the KAPA SYBR FAST qP@ixmaster

(KK4602). ChlIP signals were expressed as percent input.

ChiRseq

For Ramos H3K4me3 Cl8fg, ChlRvas performed with an amiH3K4me3 antibody (PA%S/029;

Thermo Fisher), DNA was purified, and libraries prepared as describédimas et al., PNAS, 20Fbr

CHP134 HAWDR5 ChlIP, T0ells were treated with either 0.1% DMSO or 500 nM d#&&r 24 hours,

after which cells were resuspended in 1X PBS and crosslinked in 1% formaldehyde for 10 minutes, then
guenched with 2.5M glycine. After 1X PBS washes, cell pellets were lysed on ice for five minutes in Buffer

A + NP0 (10 mM HEPEs, Ph 7.9, 10 mM Kal,nd EDTA, 0.4% NIP). Nuclear pellets were
resuspended in 1% SDS FA lysis buffer (50 mM HEPES, pH 7.5, 140 mM NaCl, 1 mM EDTA,-1% Triton X
100, 1% SDS, 1X Protease Cocktail Inhibitor, 1X PMSF), incubated on ice, and biorupted in bioruption
tubes. Cell debris were pelleted and biorupted chromatin were transferred to a new tube and stered at

80°C until IP. Optimal amounts of HA and IgG antibody were added to IP reactions (100 ul chromatin +
900 ul 0% SDS FA lysis buffer [50 mM HEPES, pH 7.5, 140 mM mMIBsICEDITA, 1% Triton200, 1X

Protease Inhibitor Cocktail, 1X PMSF]) which were rotated overnightGat Antibody information is

reported inAppendix Table 1Protein A beads were washed with 1% SDS FA Lysis Buffer and blocked for

20 minutes with 10 ug BSA per 15 ul bead volume in 0.1% SDS FA lysis buffer (0.1% SDS, 50 mM HEPES,
pH 7.5, 140 mM NaCl, 1 mM EDTA, 1% Tritd®0X 1X Protease Inhibitor Cocktail). Beads were
incubated with samples for four hours rotating éiC4 then IPs were washed with 1 niltbe following

buffers: Low salt (20 mM Tris, pH 8.0, 150 mM NacCl, 2 mM EDTA, 1% -Ti@0) Kigh salt (20 mM Tris,

pH 8.0, 500 mM Nacl, 2 mM EDTA, 1% Tritd0®, LiCl wash (10 mM Tris, pH 8.0, 250 mM LiCl, 1 mM

EDTA, 1% Triton200), and 1X TE. IPs and input chromatin wererdsslinked overnight at°’6C and
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DNA purified with the QIAquick PCR Purification Kit (#28104), then assayed with gPCR prior to NGS
library generation with the NEBNext Ultra Il DNA Library Prep Kit (E7645S). Libraries were sequenced on

an lllumina NovaSeq6000 with pairedd sequencing (150 bp reads, 60 million reads per sample).

RNA extraction and preparation for RNgeq

l'L52 wlkY2a OStta 6SNB SAGKSNI y2G GNBFGSRZ 2N G4NBY
nM C16 Approximately 10cells per sample were lysed in 1 ml Trizol (Invitrogen), incubated for 5
minutes at RT then centrifuged and the supernatant transferred to a new tube. 200 ul of chloroform was
added to each sample which was then vortexed for 15 seconds and incubateshatemperature RT)

for 3 minutes. Samples were spun (12000 x g for 15 minute§Gtahd the aqueous phase containing
RNA transferred to a new tube. RNA was mixed with 500 ul isopropyl alcohol, incubated for 10 minutes
at RT, and spun (12000 x g for 10 minutes°@)4Supernatant was removed and the precipitated RNA
washed 1 ml 75% ethanol (75000 x g for 5 minutes°@).4RNA pellets were air dried and dissolved in
DEP@reated H20 and quantified with nanodrop spectrophotometer. RNA was DNase treated following
the NEB DNase | reaction protoctQ303, purified with phenol/chloroform extraction, and WDR5
treatment validated by RGPCR of know target genes. RNA was submitted to the VANTAGE Core who
performed ribosomal RNA depletion, library preparation, and sequencing on an lllumina NovaSeq 6000.
RNA preparation for CHP134 24hr dTWGRS5 samples differed in that the RNA was purified with the
Zymo Research Direzbl RNA Miniprep Kit with DNase | treatment. R4 for CHP134 2dour C6

WIN site inhibition vs 0.1% DMSO was performed as described Bryaa et al., NAR020 from which

the data was obtained.
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CUT&RUN genomic mapping

CUT&RUN technique followed the EpiCypher CUTANA CUT&RUN protocol v1.6. Antibody information is
reported inAppendix Table 1Optimal digitonin concentration (> 95% permeabilization) for CHP134 cells
was empirically determined by titrating digitonin (5% stock in DMSO) in the digitonin wash buffer (20
mM HEPESpH 7.5, 150 mM NaCl, 0.5 mM spermidine, 1x Roche cOmplete Protease Inhibitor, X%
digitonin) for 3fold dilutions from 0.1% down to 0.001% and observing cell permeability using trypan
blue staining. Concanavalin A beads were resuspended and batch processed at 11 ul per sample in a 1.5
ml tube. Beads were placed on a magne#ick to clear the supernatant before mixing the beads with

100 ul per sample of cold bead activation buffer (20 mM HEPESpH 7.9, 10 mM KCI, 1 mM CaCl2, 1 mM
MnCI2) and returning them to the magnetic rack and repeating the process for a total of two washes.
After washing, beads were resuspended in 11 ul per sample of cold bead activation buffer and aliquoted
into PCR tubes and kept on ice. 500,000 CHP134 cells were harvested after theunse experiments

and resuspended in 100 ul per sample of RT wasfeb(#0 mM HEPES pH 7.5, 150 mM NaCl, 0.5 mM
spermidine, 1x Roche cOmplete Protease Inhibitor) for a total of two washes (600 x g for 3 minutes at
RT). Cells were resuspended in 100 ul per sample of RT wash buffer and aliquoted to the PCR tubes
containing the beads and gently vortexed to mix before a 10 minute incubation at RT. Tubes were placed
on a magnet strip to clear the supernatant and 50 ul of cold antibody buffer (20 mM HEPES pH 7.5, 150
mM NaCl, 0.5 mM spermidine, 1x Roche cOmplete Protease hidi®1% Digitonin, 2 mM EDTA) was
added to each sample, gently vortexed and 0.5 ul of antibody was mixed into each sample (1:100
dilution) and incubated on a nutator overnight aiG The next day, tubes were placed on a magnet to
remove the supernatant and, while on the magnet, were washed twice with 250 ul cold digitonin buffer
and finally resuspended in 50 ul cold digitonin buffer. 2.5ul of 20X-MA&@se was added to each
sample, mixed, and samples were incubated for 10 minutes at RT, the supernataoved, then

washed twice while on the magnet with 250 ul cold digitonin buffer. After washes, samples were
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resuspended in 50 ul cold digitonin buffer and 1 ul 100 mM CaCl2 was mixed in before incubating 2
hours at 4C for chromatin digestion, which was stopped by the addition of 33 ul stop buffer (340 mM
NaCl, 20 mM EDTA, 4 mM EGTA, 50 ug/ml RNase A, 50 ug/ml glycogen) and incubation in a PCR machine
(10 minutes at 37C). Beads were bound on a magnet and supernatant was transferred to a 1.5 ml tube
before purification with the CUTANA DNA purification kit @080) and elution in 12 ul elution buffer.

DNA vyieldswvere quantified with the Qubit fluorometer 1x dsDNA HS assay kit and used as input in

f AOGNI NE LINBLI N} GAZY F2ff26Ay3 bly [AdzQa fA0NFNE L
kit for lllumina (E7645) V.2 protocol, a method adapted for the amplification of short DNA fragments (25

150 bp). Equal amounts of DNA fragments (< 30 ng) were mixed in a 30 ul end prep reaction (25 ul
CUT&RUN DNA, 1.5 ul NEBNext Ultra Il End Prep Enzyme Mix. 3.5 ul NEBNext Ultra Il End Prep Reaction
Buffer) in a PCR miaine (20C for 30 minuites, 50C for 60 minutes, 4C hold with heated lid s€C> 60

For the adaptor ligation, reactions were mixed into samples (15 ul NEBNext Ultra Il Ligation Master Mix,
0.5 ul NEBNext Ligation Enhancer, 1.25 ul NEBNext Adaptor for lllumina), incubated (20C for 15 minutes)
in a thermal cycler, and 1.5ul USER enzyme was added to the reactions, mixed well, and incub@ted (37

for 15minutes, heated lid set to > 42). For reaction cleanup, AMPure XP beads were resuspended and

let warm to RThen 80 ul of beads were added to each reaction, mixed, and let sit for 5 minutes at RT.
Tubes were placed on a magnet stand to separate the supernatant from the beads which were then
washed twice in 200 ul 80% ethanol. Beads were air dried for up to 5 minutes and the DNA eluted in 15

ul 0.1X TE of which 13 ul was transferred to a new tube for library amplification. Amplification reactions
were set up in 30 ul (13 ul adaptor ligated DNA fragments, 15 ul NEBNext Ultra 1l Q5 Master Mix, 1 ul
Index Primer/i7 Amer, 1 ul Index Primer/i7 Primer) and amplified (1 cycle ¢Co®r 30 seconds, 12+

cycles of 9&C for 10 seconds and &5 for 10 seconds, 1 cycle of 65C for 5 minutes, hold@Gt £CR

products > 350 bp were removed by the first round of size selection with the mixing of reactions with 24

ul AMPure XP beads. After 5 minutes RT incubation, samples were placed on a magnetic rack and the
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supernatant was transferred to a new tube for the second round of size selection and the removal of PCR
products shorter than 150 bp with the addition of 12 ul of AMPure XP beads. After 5 minutes incubation,
samples were placed on a magnetic rack, the supernatant was removed and the beads were washed
twice with 200 ul 80% ethanol. Beads were air dried for up to 5 minutes and the DNA eluted in 15 ul 0.1X
TE of which 13 ul was transferred to a new tube. Libraries were submitted to the VANTAGE sequencing
core for quality control and sequencing on an lllumina NovaSeq6000 with 150 jemideckads and 5

million reads per sample.

PRGseq

For each condition (no treatment, 2 hour IAA 100 uM, 4 hour IAA 100 8®million AIDW cells were

after the time course experiment, cells were washed twice with 10 ml 1X PBS. Pellets were resuspended
in 2 ml Dounce homogenizing buffer (10 mM Tris pH 7.4, 300 mM Sucrose, 3 mM CaCl2, 2 mM MgCI2,
0.1% Triton, 0.5 mM DTT, 1X cOmplete protease inhibitor cocktail, 1X RNase inhibitor, + DNase/RNase
free H20) and incubated on ice for five minutes, staggered so samples do not incubate longer than five
minutes. Samples were homogenized (~20X plunges) then transferred to a 15 nall ¢cob& Nuclei

were spun and a fraction of supernatant kept to probe for nuclear extraction as the cytosolic fraction.
Pellets were washed with buffer, spun again and washed in 1 ml of storage buffer (10 mM Tris ph 8.0,
25% glycerol, 5 mM MgClI2, 0.1 mM EDTA, 5 mM DTT, 1X Protease Inhibitor Cocktail) of which 40 ul was
taken to probe as the nuclear fraction. Nuclei were resuspended in 100 ul storage buffer, transferred to a
fresh tube, snap frozen in liquid nitrogen, then stored&°C until the rumon reaction. Ruron reaction

buffer was prepared at 2X concentration (10 mM Tris pH 8.0, 5 mM MgCI2, 1 mM DTT, 300 mM KClI, 0.1
mM A/G/UTP, 0.2 mM Biotih1-CTP, 1% Sarkosyl, and 1X RNase Inhibitor) and for each sample aliquoted
100ul into 1.5 ml tubes. Briefly, tubes were preheated in a 30C water bath as nuclei thawed. Using a

pipette with the tip trimmed off by a clean razor, samples were added to the reaction tubes and pipetted
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at least 15 times to mix before incubating in the water bath. Samples were staggered such that each run

on was exactly 3 minutes long and reactions were stopped by addition of 3X volume of Trizol LS was
added. RNA was extracted with chloroform followed by a 75% ethanol wash. Extracted RNA was
fragmented by base hydrolysis with 0.2 M NaOH for 10 minutes, after which 1 volume of 1M Tris pH 6.8

was added to stop the reaction. RNA was eluted-BORspin columns and given 1 ul RNase inhibitor

before bead bindig. 30ul of Dynabeads per sample were prepped with manufacturer recommended
washes and resuspended in binding buffer (10 mM Tris pH 7.4, 300 mM NacCl, 0.1% Triton), added to RNA
samples and rotated 20 minutes at RT to collect RNA fragments. After incubation, beads were then given

3 sequential washes with high salt buffer (50 mM Tris pH 7.4, 2 M NaCl, 0.5% Triton), binding buffer, and

low salt buffer (5 mM Tris pH 7.4, 0.1% Triton). After the final wash, RNA was extracted with chloroform,
washed with 75% ethghf > | YR NB&adzaLISYRSR Ay 0Q I RFLII2N RAfc
DNase/RNase free.hl0 (2 O2YLX SGS GKS AyAlGAlFf o06SFR O0AYRAY3
reactions were carried out at 20C for 4 hours in 10 ul reactions with 2X reaction mix (10X T4 RNA ligase
buffer, RNase inhibitor, 50% polyethylene glycol, T4 RNA ligase |, 10 mM ATP). After ligation, sample
volume was brought to 50 ul with DNase/RNase free H20 and RNA was extracted by repeating the bead
OAYRAY 3 LINE OS a & of the RNARVEsOixed withks Sil ofi2R deSagping reaction mix (0.5 ul

CAP Clip Acid Pyrophosphatase, 1 ul RNase inhibitor, 1 ul 10X CAP CLIP buffer, 3 ul DNase/RNase free
H20) and incubated in a PCR machine for 2 hours &.3Reactions were cleaned up with Trzol

OKt 2 NB FT2N) SECG NI ORNA 8ayhgles tére mibddLulitth 2XJIT 4Palynéciédtide Xinase PNK

buffer (1 ul 10X PNK buffer, 1 ul 10 mM ATP, 0.5 ul T4 PNK, 1 ul RNase inhibitor, 2 ul DNase/RNase free
H20) and incubated for 1 hour at &. Ceanup reactions were repeated and pellets dissolved in adaptor

dilution buffer (1 ul of 10 uM VRAS5 + 4ul DNase/RNase free0H YAESR 6AGK p dzZA 27F p
reaction (1 ul 10X T4 RNA ligase buffer, 1 ul RNAse inhibitor, 1 ul 50% PEG, 1 ul T4 RNA ligase I, 1 ul 10

mM ATP) and ligated for 6 hours at°@0 Adaptotigated biotinylated RNA fragments were isolated by
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bead binding, extracted with Trizohloroform as described, and then reverse transcribed with the RP1
TRUseq sequencing primer and superscript 1l RTase. After the reverse transcription, samples were
diluted with DNase/RNase freex®l and an aliquot of cDNA was serially diluted for input in a standard
PCR amplification to determine the optimal number of PCR cycles freh7 Ehuivalent cycles. Final

library amplification was performed with RiAbdex primers for TRSeq sequencing (lllumina) and
Phusion polymerase (NEB). Libraries were precipitated in 100% Ethanol, ran on an 8% acrylamide gel and
stained with SYBR Safe for library extraction (14Q BP0 bp). Libraries were purified through a Spin X
column and Phenol/chloroform/isoamyl extraction then submitted to the VANTAGE Core for sequencing
on an lllumina NovaSeqg6000 with 150 patatd reads. Quality control metrics were assessed by
fragment analysis on ra Agilent Bioanalyzer TapeStation fragment analysis and concentration

guantification with Qubit.

HistonePTM Analysis

Histones were chemically derivatized and digested using similar methods as previously dg€&aitméal

et al., 2007; Sidoli et al., 2016Mistones (10ug) were dried in a speed vacuum concentrator and
resuspended in 10 pl HPigEade water to achieve a protein concentration of 1 pg/pl. 1M ammonium
bicarbonate (100 mM final concentration) was added to each sample to achieve pH 8. Propionylation
reagent was freshly prepared by mixing propionic anhydride with anhydrous methanol in a ratio of 3:1
and added to each histone sample in a ratio of 1:1 (v/v). Concentrated ammonium hydroxide was rapidly
added to each sample to achieve and maintain ptar8erivatization. Samples were incubated for 20
minutes at room temperature. After 10 minutes, pH was reassessed, and additional ammonium
hydroxide was added if necessary to maintain pH 8. Samples were then dried completely in a speed vac
concentrator. Propionylation was repeated twice with fresh reagent. Samples were resuspended in 10uL

of 100 mM ammonium bicarbonate (100 mM, pH 8) and digested with trypsin (1:20 erinypnetein
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ratio) at 37°C overnight. Following digestion, samples were derivatized by three consecutive reactions
with propionylation reagent in order to fully derivatize the amitgomini of histone peptides. The
samples were dried completely and subsequently resuspended in 10uL of HPLC grade water. A dilution of

1:45 was prepared with 0.2% formic acid forM&/MS analysis.

An analytical column (360 um O.D. x 100 um 1.D.) was packed with 20 cm of C18 reverse phase material
(Jupiter, 3 um beads, 300A; Phenomenex) directly into a-fasiéed emitter tip. Peptides were loaded

on the reverse phase column using a Dionex Ultimate 3000 nanoLC and autosampler. The mobile phase
solvents consisted of 0.1% formic acid, 99.9% water (solvent A) and 0.1% formic acid, 99.9% acetonitrile
(solvent B). Peptides were gradiegitited at a flow rate of 350 nL/min, using a-Bnute gradient. The
gradient consisted of-45 min, 224.7 %B; 450 min, 24.790 %B; 5¢1.5 min, 90% B; 515 min, 90

2% B; 5860 min (column reequilibration), 2% B.

Upon gradient elution, peptides were analyzed using dateependent acquisition (DIA) on an Orbitrap
Exploris 480 mass spectrometer (Thermo Scientific), equipped with a nanoelectrospray ionization source.
For each duty cycle of the DIA method, two MS1 scans;3@D m/z) were collected with a resolution

of 120,000 and with an AGC target of 3%1Bubsequent to the first MS1 scan, 8 DIA MS/MS scans were
acquired spanning the range of 3000 m/z, using an isolation window of 50 m/z. Following the second
MS1 scan, 8 DIA scans were acquired over a range efI@@Dm/z. MS/MS were acquired using higher
energy collisional dissociation (HCD) with a normalized collision energy of 28. MS/MS were performed
with an AGC target of 3x105, a maximum injection time of 60 ms, and at an Orbitrap resolution of

15,000.
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Analysis of histone posttranslational modifications (PTMs) was performed using EpiProfifai@Oet
al., 2018)or extracting peak areas from raw files. Relative abundances of histone PTMs were calculated

using methods as describédgosto et al., 2023).

RNAseq data analysis
After trimming by CutadapMartin, 2011) RNASeq reads were aligned to hg19 using SDARIn et al.,
2013)and quantified by featureCounttiao et al., 2014 Differential analysis was performed by DESeq?2

(Love et al., 2014FDR < 0.05 was used to identify significantly changed genes.

ChlRseq data analysis

ChiIPSeq ChHSeq reads were aligned to the human genome hgl19 using Bo(ltz®ymead & Salzberg,
2012) Peaks in each sample were called using MACS2 with 4 dzS @éang et 8L 2D12)Peaks

were annotated using Homer (http:// homer. ucsd. edu/ homer/) to assign target genes. Consensus
peaks in each condition were identified using DiffB{Stark & Brown, n.d.)Differential analyses were
performed by DESeqf@Love et al.,, 2014)False Discovery Rate (FDR) < 0.05 was used to identify

significantly changed peaks.

CUT&RUN data analysis

CUT&RUN analysis: CUT&RUNTools  (Zhu et al., 2019) was used for CUT&RUN data analysis including

adapter trimming, alignment, duplication marking, and peak calling. DiffBind (Stark & Brown, n.dwas

then applied to get consensus peaks among replicates, and differential peaks between dTAG and

DMSO.
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PRGseq data analysis

After adapter trimming and low quality sequence removal by Cutadislatrtin, 2011) PRGseq reads

longer than 15 bp were reversed complemented using FABOKit (http://hannonlab.
cshl.edu/fastx_toolkit). Reverssomplemented reads were aligned to hgl9 using Bowtie2m48. Reads
mapping to rRNA loci and reads with mapping quality < 10 were removed. Reads were normalized by the
RLE implemented in DESgizangmead & Salzberg, 2012Jignment files were used as inputs to NRSA
(http://bioinfo.vanderbilt.edu/NRSA/) for estimating alterations of RNA polymerase abundance in
proximatpromoter and gene body region@Vang et al., 2018)The promotetproximal region was
defined by examining each 50 bp window with a 5 bp sliding step along the coding strand spanning + 500
bp from known TSSs; the 50 bp region with the largest number of reads was considered as the promoter
proximal region and its read density was calculaf€dre et al., 2008)Gene body was defined as the
region from + 1 kb downstream of a transcription start site (TSS) to its transcription termination site.
DESeqgZLove et al., 2014)as implemented to detect significant transcriptional changes for promoter
proximal and gene body regions accounting for the batch effect. Transcriptional changes with an FDR <

0.05 were considered significant.

65



References

Agosto, L. M., Mallory, M. J., Ferretti, M. B., Blake, D., Krick, K. S., Gazzara, M. R., Garcia, B. A., & Lynch, K.
W. (2023). Alternative splicing of HDAC7 regulates its interaction wig3lgroteins to alter histone

marks and target gene expressi@ell Report42(3), 112273.

https://doi.org/10.1016/j.celrep.2023.112273

Core, L. J., Waterfall, J. J., & Lis, J. T. (2008). Nascent RNA sequencing reveals widespread pausing and
divergent initiation at human promoter&cience (New York, N.832(5909), 18461848.
https://doi.org/10.1126/SCIENCE.1162228

Dobin, A., Davis, C. A., Schlesinger, F., Drenkow, J., Zaleski, C., Jha, S., Batut, P., Chaisson, M., & Gingeras,
T. R. (2013). STAR: ultrafast universal-B&¢falignerBioinformatics (Oxford, Englan@p9(1), 1521.
https://doi.org/10.1093/BIOINFORMATICS/BTS635

Feng, J., Liu, T, Qin, B., Zhang, Y., & Liu, X. S. (2012). Identifysepg@nifithment using MACSature
Protocols7(9), 17281740. https://doi.org/10.1038/NPROT.2012.101

Garcia, B. A., Mollah, S., Ueberheide, B. M., Busby, S. A., Muratore, T. L., Shabanowitz, J., & Hunt, D. F.
(2007). Chemical derivatization of histones for facilitated analysis by mass spectrddadtme
Protocols 2(4), 93%938. https://doi.org/10.1038/NPROT.2007.106

Langmead, B., & Salzberg, S. L. (2012). Fast gapaedlignment with Bowtie Nature Methods9(4),
357¢359. https://doi.org/10.1038/NMETH.1923

Liao, Y., Smyth, G. K., & Shi, W. (2014). featureCounts: an efficient general purpose program for assigning
sequence reads to genomic featur&oinformatics (Oxford, Englan@0(7), 92%930.
https://doi.org/10.1093/BIOINFORMATICS/BTT656

Love, M. I, Huber, W., & Anders, S. (2014). Moderated estimation of fold change and dispersion for RNA
seq data with DESeg@enome Biology5(12). https://doi.org/10.1186/S1305914-0550-8

Martin, M. (2011). Cutadapt removes adapter sequences from-tighughput sequencing reads.
EMBnet.Journall7(1), 1G;12. https://doi.org/10.14806/EJ.17.1.200

Nabet, B., Roberts, J. M., Buckley, D. L., Paulk, J., Dastjerdi, S., Yang, A., Leggett, A. L., Erb, M. A., Lawlor,
M. A., Souza, A., Scott, T. G., Vittori, S., Perry, J. A., Qi, J., Winter, G. E., Wong, K. K., Gray, N. S., & Bradner,
J. E. (2018). The dTAG system for immediate and tapgific protein degradatiomature Chemical

Biology 14(5), 431. https://doi.org/10.1038/S4158918-0021-8

Sidoli, S., Bhanu, N. V., Karch, K. R., Wang, X., & Garcia, B. A. (2016). Complete Workflow for Analysis of
Histone Postranslational Modifications Using Bottoop Mass Spectrometry: From Histone Extraction
to Data AnalysisV2 dzNJ/ | £ 2 F + A & dz {201 BLR). hApe: A& bid/DN0 SF0TIF11Y W2 + 9

Stark, R., & Brown, G. (n.dJjffBind: Differential binding analysis of GEI&q peak data
http://bioconductor.org/packages/release/bioc/vignettes/DiffBind/inst/doc/DiffBind.pdf.

Thomas, L. R., Adams, C. M., Wang, J., Weissmiller, A. M., Creighton, J., Lorey, S. L., Liu, Q., Fesik, S. W.,
Eischen, C. M., & Tansey, W. P. (2019). Interaction of the oncoprotein transcription factor MYC with its
chromatin cofactor WDR5 is essential for tumor maintenafceceedings of the National Academy of

66



Sciences of the United States of Amerld#(50), 2526Q25268.
https://doi.org/10.1073/PNAS.1910391116

Thomas, L. R., Wang, Q., Grieb, B. C., Phan, J., Foshage, A. M., Sun, Q., Olejniczak, E. T., Clark, T., Dey, S.,
Lorey, S., Alicie, B., Howard, G. C., Cawthon, B., Ess, K. C., Eischen, C. M., Zhao, Z., Fesik, S. W., & Tansey,
W. P. (2015). Interaction with WDR5 promotes target gene recognition and tumorigenesis by MYC.

Molecular Cell58(3), 44@452. https://doi.org/10.1016/J.MOLCEL.2015.02.028

Wang, J., Zhao, Y., Zhou, X., Hiebert, S. W., Liu, Q., & Shyr, Y. (2018). Nascent RNA sequencing analysis
provides insights into enhancenediated gene regulatioBMC Genomi¢cd 9(1).
https://doi.org/10.1186/S12864185016Z

Yuan, Z. F.,, Sidoli, S., Marchione, D. M., Simithy, J., Janssen, K. A., Szurgot, M. R., & Garcia, B. A. (2018).
EpiProfile 2.0: A Computational Platform for ProcessingPExdeomics Mass Spectrometry Dalaurnal
of Proteome Research7(7), 25382541. https://doi.org/10.1021/ACS.JPROTEOME.8B00133

Zhu, Q., Liu, N., Orkin, S. H., & Yuan, G. C. (2019). CUT and RUNTools: A flexible pipeline for CUT and RUN
processing and footprint analysiSenome Biology®0(1), 1c12. https://doi.org/10.1186/S1305919
1802-4/FIGURES/5

67



Parts of Chapter |IIV, and Wvere adapted from the following publication:
WIN site inhibition disrupts a subset of WDRS5 function.
Siladi, A. J., Wang, J., Florian, A. C., Thomas, L. R., Creighton, J. H., Matlock, B. K., Flaherty, D. K., Lorey, S.
L., Howard, G. C., Fesik, S. W., Weissmiller, A. M., Liu, Q., & Tansey, W. P.
Scientific Report2022 12:1, 12(1),c¢11.

https://doi.org/10.1038/s41598022-0594 79

68



Chapter llI

WDRS5 degradation and WIN site inhibition elicit unique responsesancercells

Introduction

In the modern era of WDR5 targeted therapeutics, the tools to perturb WDRS function extend past
binding surface inhibitors to include PROTACs with demonstrated efficacy against leukemia in preclinical
studies (Yu et al., 2021)PROTACs were first developed in 28akamoto et al., 2001)yet the
technology laid dormant for over a decaf@iulli & Trainor, 2021jue to the complex chemistry required

for their synthesis and challenges with membrane permeability, size, stability, and potency limiting their
use. In 2015, PROTACs saw major improvement in their development when new molecules were
generated capable of reducing protein levels by > 90% at nanomolar concentréfondeson et al.,

2015) As the process of designing PROTACs has improved significantly, so have sentiments surrounding
their therapeuticpotential leading to an increase in the attention PROTACs have received from the drug
industry. PROTACs began clinical testing in Z0M8lard, 2019)and as of 2023, ARA71 and ARM 10,
estrogen and androgen receptor degraders, have respectively reached phase Il and phase Il testing as

anti-cancer therapeutics.

The resurgence of PROTACs is a welcome development in cancer therapeutics as these compounds have
predicted functional and practical advantages to existing small molecule inhibitor andbgsed
medicines. Functionally, their ability to catalytically eliminate pathogenic proteins in their whole form

and impair protein complex scaffolding functions make them highly impactful therapies, while
practically, they can be orally bioavailable, relatively easy to manufacture, and can penetrate tissues

broadly. Orabioavailability can be particularly challenging for PROTACS; unlike traditional small molecule
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inhibitors, PROTACSs are large, bivalent compounds not easily optimized to meet classic oral drug criteria
ddzOK a GKS aNXz S FHan &Sun, ROR@ AOKE | WNEHRE $ &2 T AL yIEANBR A (
or permeation is more likely when there are more than #dhd donors, 10 Hhond acceptors, the
molecular weight (MWT) is greater than 500 and the calculated Log P (CLogP) is greater than 5 (or
af 23t b(Lipinsk ét &l., 2001)Vhile elimination of a pathogenic protein could produce desirable
therapeutic outcomes, many high value therapeutic targets possess essential functions, thus their
degradation is presumably harmful to cells. Regardless of undesirable effects, the impact of eliminating a
protein with PROTACs is predicted to have different consequences than the chemical blockade of a
protein binding surface. Designing and optimizing PROTACs requires labor asidté¢imséze chemical

biology, and despite recent R&D improvements, screening PROTACs remains less scalable than small
molecule inhibitors(Prozzillo et al., 2020Despite these drawbacks, there remains great potential in
adding protein degraders to the antancer toolkit. For these reasons, proper target selection is critical

to maximizing therapeutic investments in PROTACs.

As advances in medicinal chemistry have brought about tools for rapid, highly specific protein
degradation in the form of PROTACS, in parallel, CRISPR engireangeshave allowed for tagging

of moieties on protein surfaces to achieve proteolytic elimination of individual proteins. There are two
recently introduced, commonly practiced degrbased systems that provide rapid, targeted protein
depletion: auxin inducible degron (AIS. Li et al., 2019nd degradation tag (dTAGNabet et al.,

2018) AID involves taking a plant specific proteolytic pathway, regulated by the hormone auxin, and
transplanting it into norplant cells. This is achieved by genetically editing cells to express an AID tagged
mutant of a protein of interes{Natsume et al., 201&nd expressing the auxin perceptivddx protein

TIR1, which, in the presence of auxin, complexes the target protein to the endogenous E3 ligase SCF

(SkptCullinFbox), triggering its rapid depletion with a hdife typically within 1620 minutes. The dTAG
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system involves tagging proteins with a modified form of the cytosolic prolyl isomerase FKB12 degron
and treating with a corresponding heterobifunctional degraddfAG which recruits the E3 ligase
cereblon for rapid proteolysis of the POI. These systems are highly advantageous for modeling protein
function given the imparted perturbations are rapid, robust, reversible, and adaptable to essential

proteins that are inherently difficult to study with genetic knockout models.

The simultaneous introduction of dTAG/AID and PROTACSs into the world of molecular biology provides
newfound opportunity to model both basic POI functions and the cellular response to the elimination of

a POl through degradation. No longer is the painstaking process of creating a PROTAC prerequisite to
model its potential effects as a therapy; rather, degron tagged mutant cell lines are now widely used
investigative tools. There is high modularity in the design of PROTACs and therefore the library of
possibé substrates is effectively constrained by the level of confidence in the elimination of the POl as a
curative measureGiven the novelty of chromatin regulators as a class of drug targets, and PROTACs as a
class of drugs, having the capability to degrade a protein with high temporal resolution represents a
pivotal advancement in the field because the direct treatment effects measured by the rapid
perturbation presumablyreveal basitarget protein function.Importantly, my observations suggest that

this asumption can be confounded by collateral-té€fget protein loss at rapid timescaleBSigure 34¢)

and that these targeted protein degradation systems are not inherently foolptaafet validation
technigues Protein degradation could be an effective therapeutic strategy for any epigenetic factor,
cofactor, or other desirable target such as a transcription factor, but, given the common moonlighting
function of these proteins and our overall limited exposure to the effects of PROTACs on human cells,
modeling the impact of loss of a protein in different cellular contexts is a highly prudent preliminary step

to developing coherent treatment paradigms. As a testament to the momentum in this area of

therapeutics, there wer@ot openly disclosed WDR5 PROTACSs at the onset of this project, now, there are
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multiple (D. Li et al., 2022; Yu et al., 202T)me will tell whether these compounds are effective and
investable from a pharmaceutical standpoint such that they are pushed towards trials in human cancers,
but for now it is clear that their use must be carefully modeled against our most developmentally

advanced chemical means for targeting WDRS5: highly potentdé@Nnhibitors.

Most WDRS5 drug discovery efforts focus on blocking its WIN(Ahe et al., 2019; Cao et al., 2014;

Grebien et al., 2015; Karatas et al., 2017; D. D. Li et al., 2016; Tian et al., 2020; X. Zhang et #&he 2018)
argininebinding cavity that tethers WDR5 to chromatin and recognizes an arghhe/ G | Ay Ay 3 G2 |
Y2O0AF € Ay LI NIYSN LINPGSAya adzOK | & (Song & KifigStahmk a [ [
2008) KIF2AAli et al., 2017)the kinase PDPKGuarnaccia et al., 2021and others(Guarnaccia &

Tansey, 2018)In vitro profiling demonstrates that small molecule WIN site blockers can inhibit cancer
OStta OFNNRAYy3I 2y023SyA0 Ydzi (Tad &t ¥la 20My Grebipnemd., / k9 .
2015; Karatas et al., 2017; D. D. Li et al., 2016; Tian et al., 2020; X. Zhang et alfo@@b8}ing that

WIN site inhibitors could have widespread utility as @atncer agents. While in vivo studies of early
generation WIN site inhibitors were limited by poor ddilge characteristics, drug development efforts

have improved upon these properties and advanced newly synthesized compounds that demonstrate

significant invivo antitumor efficacy and safety in animal mod@lsuscher et al., 2023)

Successful application of WIN site inhibitors will require understanding the role of the WIN site in tumor
cell processes and knowing precisely how WIN site blockade leads to a cancer cell response. This
information is essential to apply WIN site inhibitors as a targeted therapy, to define patient selection
criteria, and to predict therapeutic windows and -target toxicities. In modern drug discovery, this
understanding often comes from probing the impact of lgagn loss or depletion of the target protei

on the cancer cell milieu and from correlative studies that tie phenotypic responses to a canonical
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molecular function of that targefKaelin, 2017)And WDRS5 is no exception. Ri#gdiated knockdown

is often used to predict whether WIN site inhibitors will have activity in specific contexts, and changes in
H3K4 methylation almost always assumed to drive the molecular mechanism of reqj@@aset al.,

2014; Chen et al., 2021; Grebien et al., 2015; Lu et al., 2021; Neilsen et al., 2018; Punzi et al., 2019; J.
Zhang et al., 2021; Zhu et al., 201But knockdown studies conflate blocking the WIN site of WDR5 with
loss of the entire protein, and because WDR5 is@ssential Tsherniak et al., 201 €annot explain how

WIN site inhibitors show cancer esklective inhibition in vitrqAho et al., 2019; Cao et al., 2014; Zhu et

al., 2015) Moreover, linking WIN site inhibition to changes in H3K4me fails to discriminate between
H3K4me as a mark of active chromatin versus a mark that promotes transcriptiove et al., 2017)

does not recognize that the WIN site is only required for the catalytic activity of one of six MLL/SET
enzymes(Aho et al., 2019a; Aliceédelazquez et al., 2016and cannot explain how WIN site inhibitors

induce transcriptional changes without altering H3K4@hbo et al., 2019a)

| reasoned that comparison of the impact of WDR5 loss versus WIN site inhibition could resolve whether
WIN site inhibitors block some or all of the function of WD®RBichwould prove timely given that the

arsenal of WDRS5 inhibitors has recently moved beyond those targeting the WIN site to those that trigger
WDR5 degradatioDolleet al., 2021; Yu et al., 2021)sing a potent WIN site inhibitor and two eell
based, targeted proteolytic degradation systems to perturb WDR5 with high temporal resolution in
different MYCdriven cancercell lines, | took an experimental approach capable of demonstrating both
direct and indirect effects of loss of WDRS5 function. These findings reveal that WDR5 loss cannot be used
to model the effects of WIN site inhibitors on cancer cells, show how an essential protein can be partially
inhibited to induce a desired response, and support distinct applications of WIN site inhibitors and

WDRS5 degraders in the clinic.
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Results

Comparing WDRS5 loss with WIN site inhibition

To ascertain whether WIN site inhibition impacts some or all of the functions of WDR5, | compared the
effects of acute depletion of WDR5 with those of WIN site inhibition in Ramos cells, a Burkitt lymphoma
line harboring a ¢MYC translocation and expressing mutant f88man et al., 1991)Lance Thomas, a
former research associate who led projects of which I later assumed ownership, engineered Ramos cells
so that WDRS5 could be degraded via an auxin inducible degron ((Ebjmura et al., 2009Figure 3

lab0 = ONBIFGAYy3I GKS fAYyS NBFSNNBR (2 Fa da!'L52éd [ SO
Ramos lineKigure 31b), perhaps due to leaky degradation via the AlID(¥&sbolatova et al., 2020y

the impact of the genomic modification on WDR5 expression. Regardless, upon addition of3indole
acetic acid (IAA), tagged WDRS5 is rapidly depleted from AIDW cells, but nogpel@VT) Ramos cells
(Figure 31¢). To inhibit the WIN site, | treated AIDW cells with 500 nM of WIN site inhibit6(Tian et

al., 2020) a concentration that maximally evicts WDR5 from chromafigure 31d). Because both
WDRS5 losgLi et al., 2020and WIN site inhibitior{fAho et al., 2019; Bryan et al., 20280icit a cellular
response via induction of p53, | reasoned that the mutant TP53 status of Ramos cells would allow me to

monitor transcriptional changes independent of complications from p53 activafigule 31¢€).
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Figure3-1: A system to compare loss of WDR5 with WIN site inhibition in Burkitt Lymphoma cells

a) Strategy fortagging endogenous WDR5 loci with the AID tag. Top panel shows a depiction of the 5'
region of thehuman WDR5 gene on chromosome 9qg34.2. Exons are numbered and depicted as boxes;
codingsequences are represented as blue; ramtling sequences as grey. Splicing events are depicted
by blue lines. Thdocation of gRNAs used to trigger cutting by Cas9 are indicated. Middle panel shows
the first step in the modification, which is to introduce sequences encoding the AID tag (orange) as well
asa puromycin resistance cassette (PUROR), and two loxP sites, as indicated. Introduced sequences also
include a P2A "selfleaving" peptide that permits translation of downstream WDR5 sequesepsrate

from those of the AID and PUROR sequences. The bottom panel shows the loces@sien of the
PUROR cassette by transient activation of CRE recombByate Thomas.

b) Expression of AHagged WDR5 and OsTIR1 in AIDW cells. Lysates were prepared fragpe/ifavT)
Ramos cells, oRamos cells engineered to express-fdfged WDR5 and OsTIR1 (AIDW), and WDRS5,
OsTIR1, oGAPDH (loading control) levels determined by Western blotting. OsTIR1 was detected by
antibodiesagainst the Myc epitope ta@gy L. Thomas.
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¢) Wild-type (WT) Ramos cells, or AIDW Ramos cells, n@réreated (NT) or treated for the indicated

GAYSa 6AlK wmnand SAPDH levelsbwete Slatepmined by Western blotting. NBy3d..

Thomas.

d) AIDW cells were treated with DMSO %00 nMC16F 2 NJ my KX | YR / KLEWDREZJIS NJF 2 Ny
antibody or 1gG control. Gorecipitating DNAscorresponding to the indicated loci were detected by

gPCR. RPTOR and RPL14 are not bound by \Eibétbars are standard error. N = 3.

e) As in (c) but treatments were for four days, and blots probed for WDRS5, p53, and GAPDHB\WNA= 3.

Florian.

76



In longer termtreatments, depletion of WDRS5 leads to a decrease in cell proliferation, and by day four
the number of AIDW cells is less than 10% that of untreated contfitpure 32a). Growth of
unmodified Ramos cells is not impacted by IAA treatmEigure 32b), demonstrating that this growth
deficit is due to AID tagging of WDR5. A 4 day treatment with 50@a&/lin contrast, reduces viable
AIDW cells to just 65% of DM&®ated controls Figure 32d), and the IC50 fo€16in these cells is
tenfold higher than that required to evict WDRS5 from chromatiig(ires 2¢; 3-1d); likely due to the
mutant p53 status of this line. Neither WDR5 degradation nor WIN site inhibition results in changes in

the distribution of cell cycle phaseBigure 32d).
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Figure3-2: Cellular impact of IAA and C16 on Ramos cells
a)l L52 gSNB GNBF (SR ¢ A KClaoriompfar 1 tb 4 days oviakelckll nugnbrsp nn Y
determined, and expressed as a percentage of the not treated (NT) or BXd&ed (DM) control

cultures. Error bars are standard error. N = 3.

b) Wildi 8 LIS wl Y2a OStta ¢SNBE GNBFISR gA0GK wmnn >a L!
determined, and expressed as a percentage of the not treated (NT; vehicle) control cultures. Error bars

are standard error. N = 3

c) Dose response of AIDW cells@6in a three day treatment paradigm. Data are expressed as the
percentage of cells remaining at day three, compared to the DMSO control. N = 3. Error bars are
standard error. IC50 was calculated by fitting the data to a normatiesplonse model.

d) Bar graphs, showing distribution of cell cycle phases as determined by flow cytometry for AIDW
wlky2a OSftfa GNBFGSR gA0GK o0f STAho mnOLeorDMSQ, fot 18 2 NJ y 2 (
hours. N = 3. Error bars are standard error.
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To ask whether effects due to WIN site inhibition or loss of WDR5 observed in AIDW cells were Ramos
cell specific, | used an existing WDR5 dTAG system genetically engineered in the WIN site inhibitor
sensitive CHP134 neuroblastoma cell line by Alissa Guarr@egan et al., 2020)Figure 334). In this

system the endogenous WDR5 is tagged with the FKB12@AF6¥jodule, and the addition of dTAG

triggers rapid loss of WDR5. The inclusion of the HA module allows WDR5 to be probed with either
antibodies that bind epitopes on WDRS5 or those against thetadA the latter of which can be
advantageous for genomic assays like Geidfpand CUT&RUN. CHP134 cells ak&YI® amplified, p53
wild-type neuroblastoma cellgCarrWilkinson et al., 2010Q)as such they provide a complimentary and
parallel cellular context to Ramos cells which includes an active p53 respgeagaee(33b). Initial study

of these cells has found induction of p53 in response to WDR5 los<aifEigure 33c), an early
generation WIN site inhibitor. Both twday treatment withCéand dTA&47 induce p53 and after 7 days

shift cell cycle phases to increase the <Gib population Eigure 33¢).

Together, the AIDW Ramos cells and the CHP134-WBR5 cells (hereafter referred to as dTAGW
CHP134 cells) are dual systems for investigating the impacts of targeted WDR5 degradation in different
cancer cell contexts. The use of two cell lines provides perspective into whether effects of WDR5
targeting are likely to extend to more than one type of cancer or tissue. These two genetic models for
protein degradation are robust and rapid making them dependable systems to study potential use of

PROTAC degraders against a potent WIN site inhibitor.
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3-3: dTAGW CHP134 cellA system to compare loss of WDR5 and WIN site inhibition in
Neuroblastoma cells

Figures Ba-e are direct references froryan et al., 2020 NAR

a) Immunoblotting for WDR5 in CHP34 cells in which endogenous WDRS5 is tagged with an
FKBP12(F368HIA cassette. The blot for WDR5 shows that its molecular weight is shifted upon
introduction of the cassette in tagged cell populations, compared to untaggedl@Heells (middle
panel). Addition of 500 nM of dTAZ ligand induces disappearance of tagged WDR5, as judged by both
the total WDRS5 blot and the arHA blot (top panel), which visualizes only tagged WDR5. GAPDH is a
loading control.

b) Immunoblotting of steadystate levels of the indicated proteins in tagged €I3R cells that were
treated with DMSO or 500 nM dTA43 for 2 days. GAPDH is a loading control.

¢) Immunoblotting of steadgtate levels of the indicated proteins in GHB% cells that were treated with
DMSO, or 5 MC§ for 2 days. GAPDH is a loading control.

d) Distribution of cell cycle phases as determined by flow cytometry of tagged. 8Hexlls treated with
DMSO or 500 nM dTA& (dT47) for 2, 4 or 7 days. Data are presented as mean, error bars are standard
SNNEN®» ft I ndams fFfrpt [ nonnpI tesErp=t3. I ndnnnol
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e) Distribution of cell cycle phases as determined by flow cytometry forlGKiRells treated with
DMSO, or 5MC6for 2 or 7 days. Data are presented as mean, error bars are standard error. *P = 0.04,
FFt I ndnnotesh®=3F GdzRSy (4 Qa
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Among other multprotein complexes, studies of ribosomésam et al., 2007; Sung et al., 2016;
Yanagitani et al., 201 8nd membrane protein complexddueller et al., 2015; Natarajan et al., 2020)

have demonstrated complex assembly patterns involving quality control mechanisms that maintain
subunit stoichiometry through the faster degradation kinetics of unassembled subunits relative to their
assembled counterparts. Given WDRS5 functions as a scaffold for both SET1/MLL HMT and the ATAC
(ADAtwo-A-containing) HAT complexgSpedale et al., 2012) reasoned rapid loss of WDR5 could
impact protein complex formation and result in the loss of proteins WDR5 operates with through
SET1/MLL and ATAT test this concept, | profiled the effects of WDR5 degradation and WIN site
inhibition on bulk protein levels for components of these complexes. An exploratory panel was
constructed of various targets with direct and indirect association with WDR5: SET1/MLL HMTs (SET1A,
SET1B, MLL1, MLL2), WRAD components (RBBP5, @&RldPhaccia & Tansey, 2018JYAC components

(MBIP, TADA3A¥pedale et al., 2012a known cofactor for coordinating SET1/MHCF1)Wysocka &

Herr, 2003; Zhao et al.,, 2013and a protein known to function with WDRS5 off chromatin (PDK1)
(Guarnaccia et al.,, 2021WDR5 degradation was sustained for over 24 hours in d-TAGW CHP134 and
AIDW Ramos cells by the addition of 500 nM d#&Gnd 100 uM IAA respectivend lysates we
harvested for western blotting. Parallel experiments with 500 G¥6WIN site inhibitor(Tian et al.,
2020)were carried out to compare the effects of WIN site blockade against WDR5 degradation and to
determine if any protein levels were directly tied to a functioning WIN site. WDR5 degradation resulted

in a loss of the HMTs SET1A, SET1B, and MLL2C in both CHP134 and Ramos cells while levels of these
proteins were not reduced by WIN site inhibitioRiqure 34a). Similarly, MBIP, which interacts with
WDRS5 in the ATAC scaffold, shows significant reduction in protein levels following loss of WDR5 but is
stable folowing inhibition of the WIN site. RBBP5, the WBM binding WRAD element, exhibits a modest

reduction following WDR5 degradation in both cell lines. These results were contrasted by the other
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proteins in the panel (MLL1, ASH2L, TADA3L, PDK1, HCF1) the levels of which displayed little if any

change after 24 hours of WDRS5 loBigy(re 34b).

Considering loss of WDR5 alters the levels of SET1/MLL proteins, | reasoned to discern whether the
change was attributable to an increase in the turnover rate of SET1/MLL rather than alternative
transcription or translation dependent mechanisms. To investigate this, | took an approach of degrading
WDRS5 at an early timepoint and measuring the steady state protein stability of two SET1/MLL proteins
with the protein synthesis inhibitor cycloheximide. As the primary HMT responsible for H3Kdew&

Skalnik, 2008; Shinsky et al., 2015; Wu et al., 2088T1A was probed alongside MLL2, another
SET1/MLL family HMT oriented towards H3K4mel. To determine if SET1A and MLL2 protein are rapidly
lost following WDR5 degradation while also preserving protein levels sufficient for detection via western
blotting, | conducted the cycloheximide chase following a -foaur dTAG/IAA treatmentDue to the
propensity of cycloheximide to activate cell stress pathways which activate apoptosis in Burkitt
lymphoma cells(Ishi et al., 1995hnd generate artificially long protein hdifes through the rapid
clearing of E3 ligasd®ai et al., 2013)he cycloheximide chase was limited to four hours. After four
hours of WDR5 degradation levels of SET1A and MLL2 were < 50% of the untreated controls in both
dTAGW CHP134 and AIDW Ramos ¢éalisife 34¢), demonstrating that rapid loss of SET1/MLL HMTs is

a primary effect of WDR5 degradation which is not exclusive to a single cancer cell type. Interestingly,
WDR5 degradation accelerated the turnover of SET1A and MLL2 in Ramos cells but not CHP134s,
suggesting depending on the cell type, disparate mechanisms can achieve the like outcome of rapid
SET1A/MLL2 losBigure 34c). Given SET1A/MLL2 levels are tied to WDR5 across cell types via different
mechanisms further suggests that the tuning of cells to match SET1A/MLL2 levels to WDR5 serves a

function vital enough that it would be preserved through orthogonal pathways.
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3-4. WDR5 degradation triggers rapid loss of SET1/MLL proteins that are unaffected by WIN site
inhibition

a) For 24 hours, dTAGW CHP134 cells were treated with 0.1% DMSO, 8006nd4 500 nM dTA&Q7,

and AIDW Ramos cells were either not treated (NT) or treated with 100 uM IAA. Altered target levels
were determined by Western blotting. N = 3

b) As ina) but target levels remained stable following WDR5 degradation. N = 3

c¢) Cycloheximide chase of dTAGCHP134 and AIDW Ramos cells following WDR5 degradation; for 4
hours, dTAGW CHP134 cells were treated with 0.1% DMSO, or 500 nMldT&e AIDW Ramos cells
were either NT or treated with 100 uM IAA, after which cells were cultured in RPMI media with 400
ug/ml cycloheximide (CHX) for the indicated times. SET1A and MLL2 levels were determined by Western
blotting. N =3
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I next sought to validate that the loss of WDR5 impacts the complex integrity of SET1/MLL by probing the
migration of the WRAD component RBBP5 in a sucrose density gradient following 24 hours WDR5
degradation. Consistent with incorporation into high molecular weight complexes, the bulk of WDR5 and
RBBP5 migrates into fractions of greater sucrose densitgufe 35a). RBBP5 sedimentation in
untreated controls extends further into lower molecular weight fractions suggesting a larger fraction of
the pool of RBBP5 in CHP134 and Ramos cells is ceimbdgendent than is observed for WDRS.
Following 24 hours of WDR5 degradation RBBP5 shifted towards lower molecular weight fractions of the
gradient in both CHP134 and Ram&$g(re 35b), indicating reduced RBBPS5 incorporation into high
molecular weight multprotein complexes is a consequence of WDR5 loss. These results affirm that
WDRS5 is a critical subunit for the complex assembly of functionally related proteins like RBBP5 and that
its loss is catastrophic for the integrity of the WRAD complex, an effect which likely extends to other

complexes in which WDRS5 serves as a scaffold.

From this analysis, | conclude that WDR5 degradation results in the loss of various proteins related to its
function on chromatin, and that the loss of some of these proteins like SET1A and MLL2 is a rapid impact
occurring on a time scale unlikely to be influenced by levels of gene expression or other secondary
effects. These data support the understanding of WIN site inhibitors as selective therapeutic agents and
put on display the destructive consequences of WDR5 degradation, particularly the immediate loss of
the common essential HMT protein SETIsherniak et al., 201L7WIN site inhibition sustained for 24

hours does not trigger loss of proteins which interact with WDR5 while WDR5 degradation accelerates
their turnover and blocks complex assembly. These findings suggest that WDR5 loss should not be used
to model the effects of WIN site inhibitors on cancer cells and show how an essential protein can be
partially inhibited to induce a desired response.
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3-5: WDR5 degradatiodestabilizes RBBP5 complexing

a) WDR5 density sedimentation analysis of d-TAGW CHP134 and AIDW Ramos cell extracts without WDR5
degradation. dTAGW CHP134 were treated with DMSO and AIDW Ramos cells were not treated (NT) for
24 hours and following sucrose gradient density sedimentation WDRS5 levels were determined for each
sedimentation fraction.

b) RBBP5 density sedimentation analysis of dTAGW CHP134 and AIDW Ramos cell extracts after WDR5
degradationdTAGW CHP134 were treated with 0.1% DMSO, or 500 nM4ITAdhd AIDW Ramos cells

were either NT or treated with 100 uM IAA and RBBP5 levels were determined with Western blotting. N
=3
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WDRS5 loss alters histone postanslational modifications (PTMs)

Given my observation that WDR5 degradati@aluces the steady state levels of proteins involved in
histone methylation and acetylation, | reasoned that the loss of WDR5 would impact the abundance of
these proteins on chromatin. H3K4me3, a stable and-lwedwn histone PTM regulated by WDRYS5, is lost
rapidly following WDRS5 degradation in AIDW Ramos cells with little H3K4me3 detectable in bulk lysates
after only four hours of IAA treatmenfFigure 36a). After 10 hours oC16treatment, H3K4me3 levels
remain stable Figure 36a). To allow analysis of purified histone material and follow accepted
methodologies for study of histone proteins, | purified histones through acid extraction of cell nuclei.
Nuclei were obtained from dTAGW CHP134 cells and AIDW Ramos cells that were treated for 24 hours
with dTAG4A7/IAA,C16 or 0.1% DMSO. Histones were extracted for 30 minutes in 0.4SK Hs to

avoid coextracting highly basic ndistone proteins through extended incubations. Acid extracted
histone protein was prepared for PAGE and loaded at equal amounts of protein, then visualized by
Coomassie Blue staining to assess determine amounts of histone proteins in each $agyske 36b).

If discrepancies in histone precipitation were detected among samples, ImageJ software was used to
normalize sample loading in accordance with the area under curve measurements of a single histone

band.

To investigate the impact of WDR5 degradation and WIN site inhibition on histone PTMs, a panel was
selected from the PTMs regulated through complexes scaffolded by WDR5 on chromatin: H3K4me3/2
(SET1/MLL HMT), H3K9ac (ATAC HAT), and H4K5/8/16ac (NuRD HDAC). WDR5 degradation resulted in
significant loss of H3K4me3 and a more moderate reduction in H3K4me2, which was more significant in
the CHP134 cellsFigure 36c). After 24 hours of WIN site inhibition, the levels of these two
modifications remained relativg stable, albeit slightly reduced. Changes to histone acetylation following

WDR5 degradation and inhibition were less discernable. H3K9ac showed no response to either
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treatment, while H4K5ac, H4K8ac, and H4K16ac were modestly induced in Ramos cells following WDR5
loss but not CHP134s. The only acetylated peptide displaying any treatment respoisks weas
H4K8ac, which was moderately induced in both CHP134 and Ramos cells. These results demonstrate that
both WDR5 degradation and WIN site inhibition impact levels of different histone PTMs, and that the

effects of WDR5 degradation are more pronounced, particularly with regards to H3K4me3.
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3-6: Loss of WDR5 impacts histone modifications that are mostly insensitive to WIN inhibition

a) Impact of WDR5 degradation on bulk H3K4me3. AIDW cells were treated withd00L ! | nM@ NJ p nn
Cl6for the indicated times and H3K4me3, WDR5, and GAPDH levels determined by Western blotting.
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b) Coomassie blue stained 15% SDS gel with 10 ug of acid extracted histones. Bands of the linker histone
protein H1 and the core histone proteins H3, H2B, H2A and H4 are noted.

c) as inFigure 34a, but levels of histone PTMs were determined from 5 ug of acid extracted histones

with Western blotting. As in b), bottom row shows the equal loading of histone protein sample with
Coomassie blue stained H2A/H2B/H3 banding. N = 3
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Considering WDRS5 scaffolds many different chromatin regulatory complexes that modify histone
residues, and that many of these histone PTMs are in close proximity on chromatin and possess inherent
crosstalk/feedback mechanism@. Zhang et al., 2015; Zhao et al., 2013jeasoned a proteomics
approach would be the best way to measure the totality of changes to histone PTMs following WDR5
degradation. Given its high sensitivity and mass accuracy, liquid chromatography coupled with high
resolution tandem mass spectrometry (MS/MS) has emerged as the leading technology for global
histone PTM analysiévuan et al., 2015)Histone PTMs are difficult to parse due to the variety of
modifications, their large number, high density, and wide dynamic range of abundance. These challenges
perhaps explairwhy global analysis of WDREpendent histone PTMs wamt studied in human cell

lines before my experiments and why this was the first attempt at MS of histones by our chromatin
centric lab. To carry these experiments out, | closely collaborated with the leader of the Vanderbilt Mass
Spectrometry core, Kristie Rose, who oversaw theMISIMS of 24hr WDR5 degradation samples
prepared alongside those used feigure 36¢. My approach ultimately benefits both from the novelty of

the AID/dTAG systems and the newly developedMISIMS analysis pipelines capable of reliably
discriminating ratios of highly similar histone peptides through alpendent and datandependent
acquisition methodgShechter et al., 2007; Yuan et al., 2018y applying these technologies to study

WDRS5, | have generated the first catalogues of histone PTMs regulated through WDR5.

To benchmark the variance of my results against published histone PTM MStdatdard deviations

(SDs) of ratios for each peptide within each condition were calculated and plotted as a distribution
(Figure 37a) and compared to peptide ratio SDs frakgosto et al Cell Reports 20Zhe total variance

of the peptide ratio data published by Agosto etfiblre 37b) is higher than that of mind={gure 37a)

(average SD across sample groups: 0.0262917 > 0.0178825) validating that my replicates represent

similar samples appropriate for use in differential histone PTM analysis. AIDW Ramos cells had larger fold
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changeskigure 37¢) andmore than 3.&imesas many PTM level changes as dTAGW CHP134s (p < 0.05)
with 53, the majority of which were reduced (log2fold < 0 = 37 PTAM®)dndix Table 2 Only 14 PTMs
showed differential abundance in CHP134s, all of which were induced except for H3K4me3, H3K4me2,
and H3K4melCorroborating the western blot resultEifure 36b), these three PTMs were also reduced

in Ramos cells following dbur IAA treatment, H3K4me3 having one of the largest magnitude fold
changes among all peptides (log2fold4=23). Besides H3K9ac (Ramos log2fotf.49), none of the
acetylated PTMs in the panel probed wWsestern blotting showed differential abundance when
measured with MS. In both CHP134 and Ramos cells H3K27mel was among the highest induced histone
PTMs, as was the combinatorial peptide that includes H3K27mel and H3K36mel. The same
modifications on H3.3, a variant of H3 that replaces H3 at actively transcribed {(@rersker et al.,

2011) corroborated these results. In Ramos cells the two PTMs showing the greatest induction were
H3.3K27mel and H3.3K36mel (log2fold = 5.56; 5.51), and in CHP134s, H3.3K36mel, H3.3K27mel and
H3.3K27melkK36mel were all induced (log2fold = 1.12; 1.49; 1.92) Additionally, H3K79mel was induced
in Ramos cells (log2fold = 3.19) while K27me3/2 and K36me1/2 on H3 and H3.3 were reduced in single
and combinatorial PTM forms. Numerous additional changes were detected across the various histone
variants and subvariants for peptides with poorly characterized functions or those existing as a

combination of several PTMs.

These results support the conclusion that degradation of WDR5 alters methylation and acetylation at a
variety of histone PTMs, some of which (i.e H3K27mel or H3K36mel) have not previously been tied to
WDRS5 function. Differential histone PTM analysis affirms that WDR5 functions to regulate histone
peptides outside the context of SET1/MLL catalyzed H3K4me. The levels of histone PTMs affected by
WDRS5 degradation are largely unaffected by WIN site inhibition suggesting that loss of the WIN site has

a more limied impact on chromatin than loss of WDR5.
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3-7: Cataloguing landscape of WDHBpendent histone PTMs with proteomics

a) Distribution plot of peptide ratio standard deviations (SDs). Histone PTMs in dTAGW CHP134 and
AIDW Ramos cells were quantified by ndi@MS/MS and the SDs of the ratios for each peptide within
each condition was calculated and plotted. Mean; median SD values: CHP134 DMSO (0.01955;
0.001410), CHP134 dTAG (0.01833; 0.001585), Ramos_DMSO (0.01730; 0.0008960), Ramos IAA
(0.01635; 0.001088).

b) Same asa) but for histone PTM ratios from cell lines Agosto et al., Cell Reports, 202dean;

median SD values: stim WT (0.02785; 0.005110), unstim WT (0.03821; 0.004594), stim dE9 (0.02069;
0.003375), unstim dE9 (0.01925; 0.002486), stim iE9 (0.03483; 0.004725), unstim iE9 (0.01692;
0.003291).

c¢) Differences in histone PTMs in quantified by ndi@MS/MS. Results are shown with peptide
clustering. Full analysis of histone PTMs is showApjendix Table 2
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Rapid loss of functionally connected proteins due to targeted protein degradation extends to other
chromatin regulators

The cohort of potential chromatin regulatory proteins that could be degraded with PROTACs extends far
beyond WDR5, so ihvestigated whether degrading other targets similarly induced rapid loss of
functionally related proteins. After observing the unexpected effects of WDR5 degradation, | sought to
better understand whether the impacts were specific to WDR5 or representative of a more general
consequence of targeted protein degradation. | chose two targets to study with dTAG systems: RBBP5, a
core WRAD component which is essential to scaffolding SET1/MLL, and HCF1, a transcriptional cofactor
with known ability to promote SET1/Midependent methylation of histones. Following methodology
equivalent to what was used for generating the dTAGW CHP134 cells, Lance Thomas genetically
engineered Ramos cells with RBBRBRXHA endogenously tagged for both alleles (dTAGR Ramos
cells). Ramos HCHETAG cells were obtained frofopay et al eLife 202(TAGH Ramos cells) and
CHP134 HCHITAG cells were engineered by Andi Florian (ATAGH CHP134 cells). These cells represent
ideal systems for testing whether it is WDR5 or the complete WRAD complex that is hecessary for stable
levels of SET1A protein, and whether the degradation of other targets that regulate genes through

mechanisms like WDR5 can induce rapid, unintended protein loss.

Like WDRS5, degradation of RBBP5 induces a rapid reduction in H3Kimeaq 28a; 364), indicative

of the necessity of an intact WRAD scaffold for the complete enzymatic activity of SET1/MLL HMTs. Due
to the fact WDR5 degradation triggers both a loss of H3K4me3 and SET1A, the primary HMT regulating
H3K4me3 levels, | assayed levels of SET1A aftehdaus of RBBP5 degradation. The majority of bulk
SET1A levels are lost following the skertn loss of RBBP¥%igure 38b) demonstrating the reduction in

SET1A is a primary consequence of RBBP5 degradation. This observation reveals that a rapid reduction in
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SET1A protein levels is an effect not exclusive to WDR5 but one that could extend to the rest of the

WRAD components.
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3-8: Loss of SET1A and H3K4me3 accompany the rapid degradation of RBBP5

a) dTAGR Ramos cells were treated with 0.1% DMSO, or 500 nMAd@TiaGthe indicated times. RBBP5,
H3K4me3 and GAPDH levels were determined by Western blddynlg. Thomas.

b) As witha) dTAGR Ramos cells were treated for 4 hours with efAG
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A panel ofproteins related to HCF1 and/or WDR5 function was selected and probed following 24 hours

of HCF1 degradation in CHP134s. The panel included MBIP and TADA3L (ATAC HAT complex), SET1A,
SET1B, MLL2, and RBBP5 (SET1/MLL HMT), and SIN3A (HDAC). While SET1A and SET1B levels did no
change following HCF1 degradation, MBIP was reduced to levels near the limit of detEjioe 39a).

A moderate reduction was observed for TADA3L, MLL2, RBBP5, and SIN3A. Four targets (MBIP, TADA3L,
MLL2, and RBBP5) which demonstrated a response to HCF1 degradation in CHP134 cells were again
probed in the lysates of Ramos cells after 24 hours HCF1 degradation. While levels of TADA3L and MLL2
protein were slightly reduced and increased respectivElgyre 39b), overall, there was little change in

response to HCF1 loss.

Together, these results demonstrate that WDR5 is not unique in how its degradation triggers the rapid
loss of proteins it complexes with on chromatin, thus | conclude that this effect could extend to any
target of targeted protein degradation, depending on the protein and the cellular context. There is clear
celttype dependency underlying the concomitant loss of proteins functionally connected to the
degraded protein, as evidenced by MBIP being impacted by H&jradation in CHP134 cells but not
Ramos cells. My experiments show that the shertn stability of SET1A is tied to WRAD complex
integrity and that when integrity is lost through WDR5 degradation, cells may respond through disparate
mechanisms to achieve the rapid elimination of SET/MLL HMTSs, further suggesting that the assembly of

COMPASS may be regulated by redundant quality control pathways.
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3-9: HCF1 degradation modifies levels of functionally related proteins

a) dTAGHCHP134 cells were treated with 0.1% DMSO, or 500 nM-4TAGr 24 hours. Target levels
were determined by western blotting. N =By A. Alam

b) as ina) but with dTAGH Ramos cells. NBy3A. Alam.
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Discussion

Using cancer cebased genetic models of targeted protein degradation for WDR5 and other chromatin
regulatory factors, | find that degradation of a single protein can lead to the rapid loss of parallel protein
complex subunits, and that this response is achieved through disparateypelspecific mechanisms.
Whether WDR5 or RBBP5 is degraded, their loss increases turnover in SET1A suggesting this effect could
extend to the entirety of WRAD elements. Interestingly, there was little to no impact ofsWdN
blockade on stable protein levels among the targets tested. In Ramos cells, less than 10% of cells
remained viable after fouday IAA treatment while more than half remained after the same time course
with C16(Figure 32a). These results suggest WDR5 degradation and WIN site inhibitors are unequal
modalities and would likely have distinct applications in clinical medicine, in part due to the relatively
unappreciated potential of WDR5 degradation to impact cells and chromatin throughrangéng

effects. Additionally, the loss of other proteins in response to HCF1 degradation provides evidence that
for any given target of a PROTAC there are possiblargit consequences to its elimination. My work
highlights potent unintentional effects of WDR5 degradation, such as loss of SET1A and MLL2, are
conserved across cell lines and illustrates the need for high resolution modeling of protein degradation

prior to the administration of PROTACSs as targeted therapies.

WDRS5, mainly viewed through the lens of a H3K4me regulator, influences transcription through its role
as a scaffolding protein within a multitude of protein complexes that modify histone PTMs. Since
H3K4me3 is the most prominent histone PTM controlled by WDRS5, its reduction is commonly portrayed
as a driving factor in the antimor response elicited by WDR5 knockdown studies. Historically, these
experimental approaches have lacked the temporal resolution necessary to investigate direct effects of
WDRS5 pentirbation and have misrepresented WDR5 knockdown as a model of WIN site inhjBigars

et al., 2014; Chen et al., 2021; Grebien et al., 2015; Lu et al., 2021; Neilsen et al., 2018; Punzi et al., 2019;
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J. Zhang et al., 2021; Zhu et al., 2018y studies show that WIN site inhibition does not equate to
WDRS5 degradation and that many of the proteins impacted by WDR5 degradation are preserved during
WIN site inhibition. Despite the fact that WDR5 associates with chromatin via the WIN site and WIN site
inhibitors evict WDR5 from chromatin, blockade of the WIN site does not inherently evict WDR5 from
complexes it associates with via its WBM site. My observations are consistent with SILAC studies in
HEK?293 cells showing that WIN site inhibition does not evict MLL1 from WDR5 con@lexesaccia et

al., 2021) Multivalent, redundant interactions among contacting surfaces within the greater protein
complex presumably reduce WIN site blockade to a perturbation not catastrophic to complex stability

with respect to COMPASS, and possibly others.

In CHP134 and Ramos cells, WDR5 degradation impacts H3 and H3.3 PTMs that are known to either
influence or associate with gene activity, the most notable being H3K4me. H3K4me3, considered a
relatively durable chromatin modification, remains stable with WIN site inhibitibgufes 34a; 36a),

but is significantly and rapidly reduced following both WDR5 and RBBP5 degradétjoneé 34a; 3

8a), suggesting an active removal process. Such active removal of H3K4me3, which remains stable from
timescales of several hours to days, may likely occur through by the KDM5 (JARID1) family proteins
(Beacon et al., 2021WDR5 may influence gene activity through H3K4me, or alternatively via other
histone PTMs which respond to its degradation. Among the top induced PTMs in CHP134s were
H3K27mel, H3K36mel, H3K27melK36mel and their respective H3.3 PTMs. The corroboration of H3
and H3.3 PTMs is compelling and points to WDR5 involvement in regulation of H3.3, an H3 variant which
replaces Hat promoters during active transcriptio(Gzenker et al., 2011) ike with H3K4me3, the
relationship between H3.3 enrichment and gene activity is under debate, nevertheless H3.3 is required
during mammalian developmer{Szenker et al., 2011Further corroboration of WDR5 regulating the

stated PTMs is evidenced by the induction of these same modifications in Ramos cells.
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Interestingly H3K27mel H3K27me2, and H3K27me3, all of which are regulated by PRC2 to silence gene
activity (Ferrari et al., 2014)are impacted by WDR5 degradation in Ramos cells. Polycomb complexes
(PRC1, PRC2, and their variants) are enriched at gene promoters, such as bivalent promoters
characterized by H3K27me3 and H3K27me3, and other gene regulatory eldBenistein et al., 2006;

Boyer et al., 2006; Bracken et al., 2006; Cai et al., 2021; Ku et al., 2008; Ngan et almak2@) them

proximal to WDRS5 associated loci. While WDRS5 is not directly tied to PRC2, in humans WDRS5 scaffolds a
PRC1 variant, PRCIHauri et al., 2016)which also utilizes MAX for targeting teb&xes. PRC1 and its
variants operating alongside PR@#ough feedback suppoymay indirectly tie WDR5 to PRC2 function

on chromatin.Given the relative nearness of H3K4me3 and H3K27me3 domains at bivalent promoters
active during development, and thaduction of WDR5 during stages of dynamic gene expression such

as differentiation, it is reasonable to suspect WDR5 may indirectly influence H3K27me. In mice ESCs,
SetlA acts as a H3K4me HMT to regulate bivalent promoters, implying the indirect effect of WDR5
degradation on H3K27me could involve the loss of SHCEAik et al., 2022)Magnified by the
observation that WDR5 interacts with the canonical PRC1 protein Cbx8 to sustain mammary tumors
(Chung et al., 2016)urther investigation into the connection between WDR5 and PRC1/2 is an
attractive area of WDRB8ependent gene expression to investigate. Though the connection between
WDR5 and PRC2 is not establishtittre is potential for WIN site inhibition to impact H3K27me.
However, 24hour WIN site inhibition had little effect on SET1A or the histone Ppidsed in my

studies supporting the concept that WIN site inhibitors act selectively and do not eliminate all histone

PTM maintaining functions of WDRS5, despite removing WDR5 from chromatin as measured-$soChIP

Thecellular response t9WDR5 degradation could be mediated by changes to histone PTMs, particularly

H3K4me3, while alternatively they may be directly tied to histone PTM independent functions of the
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epigenetic regulatory complexes scaffolded by WDR5 and impacted by its loss. Inherent to WDR5 being
able to carry out its functions on chromatin is its ability to bind and complex with other proteins, such as
members of the COMPASS and ATAC complexes which methylate and acetylate histones respectively.
While post translational modification of histones is a core function of these complexes, their
involvement in chromatircentric activities is understood to extend beyond their canonical catalytic
functions. WDR5 degradation, which confers collateral complex disassembly for COMPASS, thus would
be expected to elicit greater consequences than what are directly attributable to alterations in histone
PTMs. The catalytindependent activities of the COMPASS family of HMTs have recently been explored.
SET1A is required for the survival of acute myeloid leukemia cells, but mutagenesis screening shows the
enzymatic SET domain is not necessary for AML cell survival, rather SET1A possesses an indispensable
region tying it to the regulation of DNA damage response genes independent of histone methylation
(Hoshii et al., 2018Additionally, SetA catalytic methyltransferase activity is critical in regulating mouse
embryonic stem cell differentiation but not selnewal and proliferation, and loss of the SetlA SET
domain does not diminish bulk H3K4mg&&ze et al., 2017When taken together, this evidenseiggests

that the corresponding loss of proteins like SET1A and MLL2 due to WDR5 degradation will trigger
AYLI OGta tA1Ste y24 tAYAUGSR G2 OFy2yAO0lrt OFOGFtedaAao

these enzymes are being revealed as fairly typical among chromatin regulators which includes WDR5.

The majority of human proteins function as part of multimeric complexes with distinct architectures and
compositiongPlaPrats & Thoma, 2022)heir assembly is an intrinsicakyror prone process that must

be kept in check by systems of quality control. When proteins are prodinced/q complex subunit
stoichiometry is widely variable, thus a significant portion of the proteome consists of non
stoichiometric synthesis opposed primarily by the ubiguiloteasome system (UPS) acting as a quality

control mechanism by degrading unassembled monomers and defective comfiitgeer & Bennett,
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2016; Mena et al., 2018Much of this occurs within the endoplasnnaticulum-associated protein
degradation (ERAD) pathway that ties misfolded proteins and their aggregates to degradation through
UPS and notdPS mediated degradation, both of which could plausibly control the elimination of SET1A
and MLL2. Outside of the ER, ubiquitnjugating enzymes like UBE20 elicit degradation of
unassembled orphan subunif¥anagitani et al., 201,73uggesting that SET1A and MLL2 could also be
degraded in the cytosol. Approximately 10% of all newly synthesized proteins may be orphan monomers
subject to rapid degradatioiMcShane et al., 201@&nd with no unifying biochemical feature shared
among orphan proteins, it is expected many unigue biochemical recognition pathways exist across the

proteome in a normal, cell maintenance procéxs et al., 2016)

One major noAJUPS pathway is chaperomeediated autophagy, wherein misfolded proteins and their
aggregates are translocated along microtubulsough retrograde transport to lysosomes for
degradation(Ding & Yin, 2008)Such aggregates form to oppose the exposure of hydrophobic residues

on misassembled or unfolded proteins and could hypothetically apply to SET1A/MLL2. However,
considering aggregate formation and transport is not an immediate process, against the rapidity of
impacts triggered by WDR5 degradation, cells would presumably be less likely to use autophagy than the
UPS to achieve SET1A/MLL2 clearance. Additionally, autophagy is a process associated with cell
maintenance which operates with less specificity and rapidity than the (URé&baum, 2013)WDR5
degradation triggers collateral loss of specific COMPASS elements while others are presiguueds(

4a,b), suggesting these proteins are selected individually for elimination.

Taken together, these evidence point to the UPS as controlling SET1A/MLL2 levels, however my
interpretation is limited by primarily three factors: 1) my lack of data to support whether COMPASS is

assembled in the ER or in the nucleus 2) my lack of data to explain what underlies the observed
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difference in SET1A/MLL2 stability in Ramos and CHPERflsg 34¢), and 3) an understanding of
whether proximity to WDR5 influences nearget ubiquitination. Despite these limitations, examining

the relationship between the UPS and protein complex assembly provides context into what may be
happening. Hemoglobin compléXguyen et al., 2017; Yanagitani et al., 20d4ng ribosomegLam et al.,

2007b; Sung et al., 2016; Yanagitani et al.,, 20aAr¢ two major examples of protein complexes
regulated by the UP3yoth of which involve subunits being substrates of the ubiquitin conjugating
enzyme UBEZ20. In reticulocytes, UBE20 selectively eliminates unassengbiéihavhile across cells its

more fundamental, widely conserved role is that of a quality control factor for ribosome assembly.
Nascent unassembled ribosomal proteins engage either nuclear import factors or UBE20O which
recognizes elements on excess ribosomal proteins that are ordinarily shielded by nuclear import factor
binding or through ribosome complex formation, as a result targeting these subunits for degradation in a
UPS dependent manndlianagitani et al., 20L.7YJBE20 represents an inducible quality control factor
capable of recognizing basic and hydrophobic surfaces on unassembled, misfolded, and mislocalized
proteins, and is therefore redundant to ERAD while being located in the cytosol. While COMPASS
elements such as SET1A and MLL2 might be selectively degraded is not obvious, the process by which

COMPASS assembly is regulated may appear similar to that of ribosomes.

The preservation of protein levels following WIN site inhibition may result from the remaining scaffolding
function of WDR5 contributing to stabilization. Protein scaffolding allows binding partners to maintain
their folded forms, thus shielding hydrophobic residues and degron surfaces. The human UPS consists of
over 600 E3 ligasd4V. Li et al., 2008hat adhere to structural surfaces on proteins to selectively induce
their degradation; though only a small fraction have known substrate pai(Mgszaros et al., 2017

is plausible one or more may exist for SET1A. While no degron has been identified for human SET1A, in

yeast Setl is intrinsically unstable and the stability of its chromatin bound fraction is enhanced by Cla4
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dependent phosphorylation of Serine 228 at theiINS NY Ay I f aRS& G NH2OGA2Yy 062E¢
degradation via E3 ligase APC/C*"Cdh1 complex mediated protg@ysig et al., 2023While this RNSL
sequence is not conserved in humans, investigation of SET1/MLL HMT sequences recognized by E3
ligasesin vivois warranted. Given E3 ligase expression varies across cell(§abe & Sapkota, 2023)

there may be tissues wherein E3 expression is low and SET1A levels would be maintained following
WDR5 degradation. Additionally, ways to inhibit SET1A degradation could be built upon an accurate
understanding of SET1A degradation in human cells. However, it should be acknowledged that this
experimentation would not be straightforward in a WDR5 degradation model system as any attempts to
chemically inhibit protein degradation could collaterally prevent loss of WDR5, thus a scalable E3 gene
knockout screen would be an appropriate alternative. To uncover potential mediators of SET1A
degradation, a strategy may involve tagging SET1A with a fluorescent label in a human cell line,
performing a CRISPR knockout screen with a library of gRNAs targeting the > 600 E3 proteins, degrading
WDRS5, sorting cells for high fluorophore levels with flow cytometry, and sequencing knockouts with
maintained SET1A levels. A framework for this is type of single substrate refiasedd CRISPR screen

is described byfimms et al., Science, 20@mms et al., 2019)hough a recently developed multiplexed
CRISPR screen systéiimms et al., 2023)ould be adapted for widscale identification of E8ubstrate

pairs mediating collateral protein degradation following WDR5 degradation.

My work expands upon the observed loss of a SET1/MLL HMT and RBBP5 following WDR5 degradation
that was first made during testing of the PROTAC degrader MS67 in-lmeade leukemia cell models

(Yu et al., 2021)The MS67 studies were conducted over 72 hours and are thus limited to measuring
indirect effects, while my shoterm exposures allow me to infer the loss of SET1A and MLL2 is a direct
consequence of WDR5 degradation. Additionally, the observed loss in chromatin bound MLL1 following

MS67 treatment is not confirmation of a drop in MLL1 protein levels, which | found to be stable following
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WDRS5 degradation in my studies of neuroblastoma and lymphoma Eadlsr¢ 34b). This discrepancy

could be explained by the difference in experimental endpoints and that hypothetically, MLL1 off
chromatin could increase while its chromatin bound form is reduced. These PROTAC experiments are
also appreciably different from my studies in that MS67 works as a relatively weak degrader of WDR5
compared to the efficiency demonstrated by the AID and dTAG systems. It should be noted that MS67 is
RSAONAROSR +a aly STTFSOGAOS 25wp RSINI RSN o0& | dz=
level of degradation below the maximum amount they could demonstrate through their strubased

design strategy. The apparent safety profile demonstrated by MS67 in Figeré€1-9) may result from

MS67 acting as a weak or incomplete degrader which maintains some WDR5 basal function in non
cancerous cells. The increased degradation efficiency exhibited by AID and dTAG systems relative to
PROTACs could also explain why | observed SET1A/B levels are lost beyond the point of detection
following 24 hours WDR5 degradation while some MLL1 remained following 3 days of MS67 treatment.
The discrepancy between degradation efficiencies of AID/dTAG versus MS67 does not detract from my
studies as augmented target degradation could likely be achieved with future generations of WDR5
PROTACs that are conjugated with higher affinity WBIR&ing ligands. Had these studies been
published prior to the onset of my work, parallel studies modeling incomplete degradation would likely
have been included in my experimental framework. A compelling area of preclinical testing will involve
direct comparison of potent and weak degraders, the latter of which could present a more tolerable

therapeutic strategy by bringing canesustaining protein levels down to levels which sustain essential

function in healthy cells but not tumors.

To determine if WDR5 degradation could selectively inhibit cancer cell proliferation without triggering
major loss of essential proteins like SET1A, | would conduct similar experiments to those presented in

this chapter with dTAG/AID treatments calibrated to reduce WDRS5 levels by betweB0%25While
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targeted protein degradation is a valid model of the potential effects of PROTAC use, any given PROTAC
which degrades its substrate at an efficiency inferior to dTAG/AID systems has the potential to perform
differently than the models. Additionally, while loss of MBIP following HCF1 degradation is a striking
result, the 24hour timepoint tested does not rule out indirect or protein expression level effects as the
primary reason for the observed change. My experiments presented to this point utilize bulk
measurements of protein and thus lack the capability of detecting any locus specific transcriptional
changes, such as those tying H3K4me3 changes to the transcriptional response to WDR5 degradation.
Future studies of RNA and localization of targets on chromatin are therefore required for an accurate
understanding of the impacts of WDR5 degradation. These signhals were quantified through precise

genomics assays presented in the next chapter.

Through future study, my AID/dTAGDR5 systems allow me to investigate the role of H3K4me3 in
controlling human gene expression through RNA Polymerase Il Pause release, as has been suggested by
RBBP5 degradation studies in m{dang et al., 2023Despite the fact | have demonstrated that loss of

both WDR5 and RBBP5 rapidly impact not only H3K4me3 but also SET1A, rendering these studies are
plagued by confounding HMT independent effects of COMPASS loss, | can attempt to replicate or refute
the finding in a human system with nascent RNA sequencing methods such aedR@rough a run

on experiment, this NGS technique captures both direct transcriptional targets and polymerase
positioning on genes. By applying a method like BBPDto Ramos cells after short WDR5 degradation

(2-4 hours), | can determine A) direct WDR5 target genes, and B) the impact of WDR5 on polymerase

pause release.

While my studies establish newly ascribed WDR5 functions, further investigation would enhance the

understanding of these findings. Several key proteomics experiments should be pursued. Quantitative
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proteomics aids targeted protein degradation studies by delineating the specificity of POI degradation,
off-target effects, biological consequences of POI degradation, and mechanism of degradation, all of
which can inform the understanding of PROTAC mode of a¢Bathe & Sapkota, 2023Fonventional
methods for analyzing targeted protein degradation focus on the abundance of only the POI, as a result
these degradation analysis methods fail to provide an unbiased estimation of the specificity of target
degradation. Striking otarget specificity of PROTACs has been demonstrated with the tanuzsstag

(TMT) labeled global proteomic analysis of a PROTAC targeting kinase SGK3, revealing only SGKS3
expression was significantly impacted after 8 hours treatment in HEK293 Tmlisll et al., 2019)To
catalogue the extent to which offirget protein loss coincides with WDR5 degradation, similar unbiased,
TMTMS based, whole cell proteomics analysis should be conducted following WDR5 degradation in
multiple cell lines at early {2 hours) and intermediate (24 hours) timepoints. Early timepoints catalogue
proteins the stability of which may directly involve WDR5, while later timepoints capture the totality of
protein level changes that may result from expression level changes and modulated stability. Stmilarly,
determine the portion of histone PTMs regulated by WDRS5 through indirect effects, acid extracted
histones should be isolated and profiled with proteomics after skewn WDR5 degradation. To gain
insights into what portion of PTMs are regulated by WDR5 are dependent on the WIN site and
SET1/MLL, | would apply proteomics to histones extracted following early/intermediate term WIN site
inhibition and RBBP5 degradation. Proteomics experiments establish the landscape of histone PTMs
regulated through WDR5, while the corresponding fold changes are derived from histone PTMs that vary
widely in abundance making relatively small impacts appear large. Techniques like CUT&RUN are well
suited to capture locus specific histone PTM maps and can be leveraged to map H3K27mel/2/3 and

other PTMs to better understand their relationship with WBdRpendent transcription.

In conclusion, | reasoned that comparison of the impact of WDR5 loss versus WIN site inhibition could
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resolve whether WIN site inhibitors block some or all of the function of WDR5, and would be timely
given that the arsenal of WDRS5 inhibitors has recently moved beyond those targeting the WIN site to
those that trigger WDR5 degradatidiolle et al., 2021; Yu et al.,, 2021)sing a potent WIN site
inhibitor and two ceHlbased, targeted proteolytic degradation systems to perturb WDRS5 with high
temporal resolution in differenMYGdrivencancercell lines, | took an experimental approach capable of
demonstrating both direct and indirect effects of loss of WDR5 function. These findings reveal that
WDRS5 loss cannot be used to model the effects of WIN site inhibitors on cancer cells, show how an
essential protein can be partially inhibited to induce a-fiverapeutic response, and support distinct

applications of WIN site inhibitors and WDRS5 degraders in the clinic.
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Chapter IV

WDRS5 directly regulates transcription patterns through mechanisms independent of H3K4me3 and

detectable chromatinbinding

Introduction

For a multitasking protein such as WDR5, the mechanisms by which it may directly or indirectly regulate
gene expression are diverse, encompassing both histone PTM modifying dependent and independent
functions. However, studies of WDR5 as a target for cancer therapy widely focus on its function as a
regulator of H3K4megQ. Cao et al., 2020; Chen et al., 2021; Lin et al., 2020; Shimoda et al,, 2019)
which has led to two major assumptions being made about WDR5 and WIN site inhibitors: 1) WIN site
inhibition disables nearly all WDR5 function and 2) H3K4me changes drive the transcriptional response
in cancer cells. As demonstrated in the previous chapter, sustained WIN site inhibition does not disable
all WDR5 functions and has a far more limited impact on complex proteins and histone PTMs than WDR5
degradation, suggesting only a fraction of the role WDR5 plays as a regulator of protein stability and
chromatin is WIhsite dependent. Therefore, | sought to address the second assumption in this chapter
through high resolution analysis using a multitude of methods to precisely map WDR5, H3K4me3, RNA

Pol Il, on chromatin and determine direct/indirect WDRS5 target genes.

The accepted framework for establishing target genes of a given protein of interest involves identifying
genomic sequences where it binds chromatin and transcripts responsive to loss of the {gentein
interaction, therefore | strategized an approach that would use complimentary techniques to capture

these data for WDR5. Combining standard lower resolution methods -88glRnd RNAeq) with
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recently introduced, higher resolution techniques (CUT&RUN and-seRO provides a more
comprehensive picture of where WDR5 localizes on chromatin and which genes it regilates.
determine the relationship between H3K4me3, transcription, and RNA Pol Il positioning, | degraded
WDRS5 and applied Ch#eq and CUT&RUN to map WDRS5 and H3K4me3, anddgRO@map RNA Pol I1.

The rapid, targeted degradation of WDRS5 through dTAG and AID and paired with CUT&RUN-segl PRO
gives an unprecedented view into WDR5 chromatin binding and direct effects on transcription in cancer
cells. With this experimental strategytdsted the assumption that H3K4me3 drives the transcriptional
response to WDR5 loss, and the hypothesis that H3K4me3 dictates RNA Pol |l pmmateal pause
release. Additionally, | investigatehe extent to which WDRS5 transcriptional regulation is Veitd
dependent, providing insights into the differences between the transcriptomic impact of WIN site
inhibitors vs targeted WDR5 degradation. The results of these analyses suggest that WDR5 regulates
gene expression widely through mechanisms independent of H3K4me3 and that WIN site inhibition
disrupts a subset of transcripts regulated by WDRS5. Finally, VéBRigiated genomic loci profiled by
ChlPseq are a subset of the sites detected by CUT&RUN, the latter of which maps WDR5 widely across

the genome where its presence does not reliably correlate with transcriptional regulation.

Results

WIN site inhibitor induces a subset of transcript changes caused by WDR5 loss

To assess the extent to which WDRS5 target gene regulation issitéiNlependent, | compared the
effects of WDRS5 degradation and WIN site inhibition on the transcriptome of AIDW cells afteurs8 h

of treatment with 1AA oiIC16(Figure 41a). Five major observations were made: (i) loss of WDR5 has a
more pronounced impact on the transcriptome than WIN site inhibition, as judged by principal

component analysisHgure 41b) and by the number of genes dysregulat€ig(re 41¢); (ii) transcript
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changes caused by WIN site inhibition are largely a subset of those caused by WDR5 dé&jidrtiont(

1d); and iii) WDR5 degradation results in larger changes in transcript levels than WIN site inhibition
(Figure 41e) with ~ 550 transcripts altered bylog1.5- fold in IAAtreated cells, compared to just two

with C16 Figure 41f); (iv) both treatments share similarities in the types of genes dysregulated,
particularly those relating to cell cycle processes and protein synth&sgurés 42; 4-3; see
Supplementary Tables S1, S2 fr@ifadi et al., Scientific Reports, 2D2@/) gene expression changes
unique to WDRS5 degradation are enriched in those linked to mitochondrial procdsgeses 42b, 4-

30). Thegreater impact of WDR5 loss on transcript changes is observed genomeRigdez(41e), at

genes that respond to both IAA ai@llg and at genes bound by WDR5 in Ramos ¢Ellemas et al.,
2019)(Figure 44a0 @ LG Aa y20G 20aSNIBSRI K2gSOSNE |G 3ISySa
lines (Bryan et al., 2020fsee Supplementary Table S3 frddiladi et al., Scientific Reports, 222
revealing that these genesmost of which encode ribosomal proteinigure 44b) and two thirds of
which are shared M@VDRS5 target§Thomas et al., 20195ee Supplementary Table S3 fr@itadi et

al., Scientific Reports, 2022are some of the few sites in the genome where the impact of WDR5 loss

and WIN site inhibition are comparable.
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Figure 41: Transcriptomic impact of VMRS5 loss versus WIN site inhibition

a) Comparison of the effects of WDR5 degradation and WIN site inhibition on the transcriptome of AIDW
cells. Aransformation heatmaps displaying replicates of RB&Y analysis of samples from 18 hQir6

or IAAtreated AIDW cells. DMSO is the control ©©t6 NT (no treatment) is the control for IAA.
Transcripts that are significantly (FDR < 0.05) impacted in treated samples are shown. R; replicate
number. N = 3.

b) Principal component analysis (PCA) plot of Ri¢4 data based on gene expression levels for the four
treatment regimens (DMS@16 NT, and I1AA).

c)Summary of RNA Slj = aK2gAy3d GKS ydzYoSNI 2F RAFFSNBYOGAIf €@
h treatment of AIDW cells with 500 n®1162 NJ mnn >a L! ! & b T n

d) Venn diagram, showing the overlap of transcripts decreased or increased in response toGA& or
treatment of AIDW cells.

e) Violin plot, displaying the magnitude of significant transcript changes associatedCdflor IAA
treatment, plotted as logfold change (log2FC).

121



a

Enrichment plot: HALLMARK_G2M_CHECKPOINT

(1]

Enrichment plot: HALLMARK_E2F_TARGETS

Enrichment plot: HALLMARK_MITOTIC_SPINDLE

z g 7
e 1AA Fus I1AA Fos 1AA
foa § 8.
0z 0:
0z
01 0.1
Ros
Z 0ot oo
o
- pr— - P - pr—
= -
= = =
o ame dom e ki ome s e o i som s e oo e e ¢ i som son e cow e e
Rank n Ondered Datusel Rank In Ondered taset Rank n ndere Dtaset
[ Enrctmenmctie — His—— Farving meiic cara] I i ] [ i ]
NES: 2.48 FDR: 0.00 NES: 2.17 FDR: 0.01 NES:2.24 FDR: 0.00

Enrichment plot: HALLMARK_G2M_CHECKPOINT
06

Enrichment plot: HALLMARK_E2F_TARGETS
05

@

Enrichment plot: HALLMARK_MYC_TARGETS_V1

[X]

o c16 g ci6 || £ c16
§01 §«:3 5 :D
[ Ennichment pratie — Hits Ranking mefric scores | [ — Hits | [ — Hils |
NES: 3.23 FDR: 0.00 NES: 3.10 FDR: 0.01 NES:3.01 FDR: 0.00

IAA Decreased transcripts

d

C16 Decreased transcripts

mitochondrial RNA metabolic process PN =¥ yJ 36 SRP-dependent cotranslational protein targeting 38
mitochondrial gene expression i1 ] S k] 119 cotranslational protein targeting to membrane 38
mitochondrial translational elongation &My =% 73 viral transcription 41
mitochondrial translational termination ERE ] %[ 73 nuclear-transcribed mRNA catabolic processes | ;== ! 42
mitochondrial translation &Nyl =¥}:] g1 protein targeting to ER |1 -1/ = ] 38

translational termination 3] =i/ 79 cytoplasmic translation | /1= 41

protein targeting to mitochondrion k] ¥k} 46 establishment of protein localization to ER || [<{= 1)) 38
tRNA modification 35141 70 intraciliary transport 17

0 1 2 3

fold enrichment

IAA Increased transcripts

0 2 4 6
fold enrichment

C16 Increased transcripts

c sister chromatid cohesion [E - =¥k 24 e DNA replication |14 =11 k) 11
regulation of mitotic sister chromatid segregation c¥:1:{ /Y. 21 ribonucleoprotein complex biogenesis |11 =41k} 14
DNA damage respense, signal transduction by p53 B E:] M1k 25 chromatin organization [rikt:] =ik 18
regulation of antigen receptor signaling pathway p3&1:] k] 28 mitotic cell cycle processes [«j{i}:] =iy 16
mitotic spindle organization ER:] k| 68 chromosome organization X8l =51 25

mitotic G1 DNA damage checkpoint signaling 3 E:] =¥k} 29 DNA metabolic processes [ Jid:] =1k} 18
regulation of sister chromatid segregation [§ Wy M1k 30 cell cycle processes [/01i| =51 1] 19
regulation of mitotic metaphase/anaphase transition & 4] =¥ 20 cell cycle L k] 25

0 1 2 3 4
fold enrichment

fold enrichment

Figure 42: Enrichment analysis of RNgeq data from IAA and C16
a) Gene set enrichment analysis (GSEA) of-Bébpdata from 1A4top) andC16(bottom) treated AIDW
cells. Top three categories are shown; full results are in Supplementary Tables S1feord Sitadi et
al., Scientific Reports, 2028ES normalized enrichment score, FDR false discovery rate.
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b) Gene ontology (GO) term enrichment analysis of transcripts significantly (FDR < 0.05) decreased by
IAAtreatment of AIDW cells, compared to NT controls. Only the top eight GO terms (according to fold
enrichment) are shown. The numbers inside each bar are the respectiatups; the numbers to the
right of the graph are the number of gene hits in each category.

c)As in (b) but for transcripts significantly increased byti&atment.

d) As in (b) but for transcripts significantly (FDR < 0.05) decreasétilBiyreatment of AIDW cells,
compared to DMSO controls

e) As in (c) but for transcripts significantly increased by -ttd&iment. Note that for decreased
transcripts, IAA an@€16share thematically similar categories relating to protein synthesis; for increased
transcripts, IAA an@16share thematically similar categories relating to mitosis, the cell cycle, and DNA
replication/repair.For (ad) the GO domain used is "Biological Process" (BP).
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Figure 43: Enrichment analysis of significantly impacted transcripts

a) GO term enrichment analysis of transcripts significantly (FDR < 0.05) decreased by batidi326
treatment of AIDW cells, compared to their respective controls. Rest of the figure as in figbrévibst

of the genes in the last six categories are the same and encode protein subunits of the ribosome.

b) As in (a) but for transcripts significantly increased by both treatments.

¢) GO term enrichment analysis of transcripts significantly (FDR < 0.05) decreased onfy(@mdiA#ot
Cl9-treated AIDW cells. Rest of the figure asdn These transcripts are strongly connected to nuclear
encoded mitochondrial processes.

d) As in @) but for transcripts significantly increased only in4fgated AIDW Ramos cells. Focdathe
GOdomain used is "Biological Process" (BP).
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Figure 44: WDR5 degradation and WIN site inhibition have comparable effects at universally bound
WDRS5 genes
a) Volcano plots, comparing transcript changes in-1&ap) or C16 (bottom) treated AIDW cells,
confined to either: (i) transcripts that change in both the IAA @iésamples (left), (ii) transcripts from
genes bound by WDR5 in Ramos c@lilsomas et al., 2019)niddle), and (iii) transcripts from genes
Gdzy AGSNEIFf f&¢ 02dzy R {Byarrebal,R2020)yight).KBdbvle size iOd&atds méan v S &
of normalized counts of all samples, normalizing for sequencing depth.
b) Heatmap, displaying ledold change (log2FC) in transcripts (IAA, t6Af bottom) that altered in
both treatments and confined to the set of genes "universally" bound by WDRS5 in human cell lines.
Although there are ~100 universal WDRBuUnd genes, only 43 respond to WDR5 perturbation at the
transcriptional level. Genes labeled in red cluster under the GO BP (G0:0006412) term "translation" and
most are ribosomal protein genes.
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Based on these data, | conclude that depletion of WDR5 has a widespread effect on the transcriptome;
one that is much broader that that elicited by WIN site inhibition, both in terms of the number of genes
dysregulated and the magnitude of the transcript changes. | further conclude that most transcript
changes caused by WIN site inhibition are a subset of those caused by WDRS5 depletion, indicating that
transcriptional responses t&C1& which are biologically focused on genes connected to protein
synthesis and the cell cycleare mediated via an otarget (WDRH&lirected) mechanism. Moreover,
because there are only ~ 400 genes that are bound by WDR5 in Ramos cells as detectedsey ChIP
(Thomas et al., 2019) also conclude that a majority of transcript changes resulting from WDR5

depletion occur at sites where physical recruitment of WDR5 to chromatin is presently undetected.

WDRS5 impacts transcriptional patterns independent of H3K4me3

The role of H3K4me3 as activating epigenetic mark is controvéksiale et al., 2017)Nonetheless,
because H3K4me3 is widely posited to be the mechanistic focal point of WDRS5 foratidrthus of

WDRS5 inhibitorgQ. Cao et al., 2020; Chen et al., 2021; Lin et al., 2020; Lu et al., 2018; Shimoda et al.,
2019; Wu et al., 2011; Yang et al., 2014; Zhang et al., 20240nd to attempt to understand the
extensive transcriptomic impact of WDR5 depletidnnext asked whether mRNA changes caused by

loss of WDR5 correlate with changes in H3K4me3 status.

We used chromatin immunoprecipitation sequencing (€3¢g) to localize H3K4me3 on chromatin in
1L52 OSftfaszs o06ST2NB FYyR | FGUSNI 25wp RSLESGAZYyod Ly
H3K4me3 Kigure 45a), the majority of which are within 5 kb of an annotated transcription start site,
and show the expected distributigiBernstein et al., 2005peaking immediately downstream of the TSS

(Figure 45b). Despite the disappearance of bulk H3K4me3 in western blothiguie 36a0 = 9 mMnZonn

sites of H3K4me3 are still detected by C8H? after 18 burs of IAA treatment Figure 45a), albeit at
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reduced levels Rigures 45d,e). Similar differences between bulk histone modifications and those
detected by ChHSeq have been reported after treatment of cells with EZH2 inhibfEegan et al., 2016;

Xu et al., 2015)and could be due to different sensitivities of the two factors (western blotting versus
ChiP), different pools of modified histones, or other metlspecific considerations. Reductions in
H3K4me3 occur throughout the transcription uniigures 45f, 4-6a), and are most pronounced at
genes with the lowest levels of H3K4med3glre 46b). Overlaying these data with transcriptomic
changeskigure 47a), we observe that although many genes suppressed by WDR5 depletion experience
decreased H3K4me3, there is no trend between methylation and transcript chafigese(47b). Forty
percent of genes undergoing a reduction in H3K4me3 are transcriptionallyesponsive, and more

than two thirds of the genes induced by WDR5 depletion display decreased H3K4me3 levels. Indeed,
both induced and suppressed genes are more likely to experience a decrease in H3K4me3 than those
that are transcriptionally unresponsive-igure 47¢), and the correlation between H3K4me3 and
transcript changes is pooFigure 47d)t and does not improve if restricted to genes that change in
response to both IAA an@16(Figure 47¢), genes bound by WDR5 in Ramos céligufe 47d), or

universal WDRbBound genesKigure 47¢).
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Figure 45: Impact of WDR5 degradation on chromatassociated H3K4me3

CHP134 H3K4me3 Cisidy performed by.. Thomas

a) Venn diagram, displaying the overlap of H3K4me3 -SktP peaks in netieated (NT) or treated
(18h/100>a L! !0 !'L52 OStfad b I o F2NJ SIOK aSao

b) Distribution of H3K4me3 binding sites in NT AIDW cells, relative to an annotated transcription start
site (TSS). Chi®eq peaks are plotted according to distance from nearest TSS (kb), binnegidsy On

the xaxis, blue numbers represent bins upstream of the TSS; red numbers represent bins dowmdétream
the TSS. Theaxis shows the percentage of each bin, relative to all peaks; the numbers abovbagach
show the number of peaks in each bin.

c) Impact of WDR5 degradation on bulk H3K4me3. AIDW cells were treated withd400L ! ! n NJ p nn
C1l6for the indicated times and H3K4me3, WDR5, and GAPDH levels determined by Western blotting.
Gb¢eéT y20G GNBIFIIGSR® a5a¢T 5a{h O2yiNRBft® b I o
d) Volcano plot, comparing the log2FC in H3K4me3 peak intensity (IAA versus NT) against
0KS b f 23waue) R2dzaiSR LJ
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