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Regulators of the epigenome are highly sought-after 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 proof-of-concept 

complimented by an acceptable safety profile (Siklos & Kubicek, 2022) (Table 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.  
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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 2024 (compiled 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 are myelodysplastic syndrome (MDS), 
cutaneous T-cell lymphona (CTCL), peripheral t cell lymphoma (PTCL), multiple 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 
DNMT 

Inhibitor 
non-specific DNA Hypomethylating Agent MDS May 2004 

Decitabine 
DNMT 

Inhibitor 
non-specific DNA Hypomethylating Agent MDS February 2006 

Vorinostat 
HDAC 

Inhibitor 
non-specific Hyperacetylating Agent CTCL October 2006 

Romidepsin 
HDAC 

Inhibitor 
non-specific Hyperacetylating Agent CTCL, PTCL 

November 
2009 

Belinosta 
HDAC 

Inhibitor 
non-specific Hyperacetylating Agent PTCL July 2014 

Panobinostat 
HDAC 

Inhibitor 
non-specific Hyperacetylating Agent MM February 2015 

Tazemetostat 
HMT 

Inhibitor 
EZH2 specific 

H3K27 Hypomethylating 
Agent 

ES January 2020 
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Most treatments approved or under 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 (PROTACs), are newly pioneered bivalent 

compounds engineered to simultaneously bind a target protein and the E3 ubiquitin ligase, bringing 

about the destruction of the bound element. Given 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 of PROTACs and targeting epigenetic regulators? It is evident much has yet to be 

defined. Despite existing as an idea for over two decades (Brown & Strathdee, 2002) (Jones & Saha, 

2002), the protein degradation-based experimental tools required to narrowly model direct mechanisms 

have only recently been introduced (Nabet et al., 2018; Natsume et al., 2016). Inhibition 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 RNA-mediated knockdowns. Gene activity in a eukaryotic cell is 

orchestrated by genome structure and networked genetic pathways, often too elaborate to depict with 
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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 uM in diameter (Lammerding, 2011). Electrostatic affinity 

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 

ƳƻŘƛŦƛŎŀǘƛƻƴǎ ŜȄƛǎǘ ƛƴ ŎƻƳōƛƴŀǘƻǊƛŀƭ ŘƻƳŀƛƴǎ ƻƴ ŎƘǊƻƳŀǘƛƴ ǿƘƛŎƘ Ŏŀƴ ōŜ ƛƴǘŜǊǇǊŜǘŜŘ ōȅ ǘƘŜ άƘƛǎǘƻƴŜ 

ŎƻŘŜέ ƘȅǇƻǘƘŜǎƛǎ (Strahl & Allis, 2000), the 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, 2018)Φ .ŜŎŀǳǎŜ ǘƘŜ ƳŜŀƴƛƴƎ ƻŦ άŜǇƛƎŜƴŜǘƛŎǎέ ŎƘŀƴƎŜǎ ƛƴ ǎǳōǎǘŀƴŎŜ ŀƴŘ ǎŎƻǇŜ ōŀǎŜŘ 

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 

άŜǇƛƎŜƴŜǘƛŎέ ŎƭŀǎǎΦ ²ƘƛƭŜ ƳƻŘƛŦƛŎŀǘƛƻƴǎ ƻƴ ƘƛǎǘƻƴŜǎ ŀƭǘŜǊ ŎƘǊƻƳŀǘƛƴ ǘƻ ǇǊƻƳƻǘŜ ŜǇƛƎŜƴŜǘƛŎ ǎǘŀǘŜǎ ǘƘŀǘ 

influence gene expression, the distribution of these marks should not be viewed as inherently instructive 

signals with universal patterns of influence. 

 

WDR5 is a highly conserved chromatin 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: WDR5 (Wysocka et al., 2005). Initially tied to a single chromatin modifying 

complex, this multifaceted protein scaffolds several chromatin regulating enzymes while also serving as a 
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transcriptional cofactor. WDR5 undeniably has vital function exhibited by its remarkably high sequence 

conservation (Guarnaccia & Tansey, 2018) and its essentiality across nearly all human cell types for which 

it is tested (WDR5 DepMap Gene Summary, n.d.). WDR5 belongs to the WD-40 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-!ǎǇ ό²5ύΣ ǘƘǳǎ ά²5-плέΦ ¢ƘŜ ƳƻǘƛŦǎ ŦƻǊƳ ƳƻŘǳƭŜǎ ǘƘŀǘ ǘȅǇƛŎŀƭƭȅ ŦƻƭŘ ǘƻƎŜǘƘŜǊ ƛƴǘƻ ŀ ŎƛǊŎǳƭŀǊ 

solenoid WD40 domain (Neer et al., 1994). The WD repeats are entirely made of beta-sheet protein 

ŘƻƳŀƛƴǎ ǿƘƛŎƘ ŦƻƭŘ ƛƴǘƻ ŀ άōŜǘŀ-ǇǊƻǇŜƭƭŜǊέ ǎƘŀǇŜΣ ƳŀŘŜ ƻŦ ǎŜǾŜǊŀƭ ²5 ǊŜǇŜŀǘ ǇǊƻǘŜƛƴ ƳƻŘǳƭŜǎ ǘŜǊƳŜŘ 

άōƭŀŘŜǎέΣ ƻŦ ǿƘƛŎƘ ǎŜǾŜƴ ŎƻƳǇǊƛǎŜ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ƻŦ ²5wр ƻǳǘǎƛŘŜ ƻŦ ǘƘŜ ŘƛǎƻǊŘŜǊŜŘ b-terminal domain 

(Figure 1-1). As one of the numerically largest protein families encoded in the human genome (Zou et 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 multi-protein complexes which bind and modify chromatin at histones 

(Guarnaccia & Tansey, 2018). Their elevated status is evident as the WD repeat sequence has been 

conserved across all species in eukaryotes (D. Li & Roberts, 2001) and is also observed in prokaryotes, 

albeit at relatively lower abundance (Hu et al., 2017).  
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Figure 1-1: WDR5 is a seven-bladed ̡ -propeller WD40-repeat protein 
Unlike crystal structures, newly deployed prediction-based models such as AlphaFold model WDR5 with 
the unstructured N-terminal residues included. WDR5 structure outside the N-terminal 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 WDR5 structure (entry: P61964). AlphaFold estimates a per-residue 
model confidence score (pLDDT) between 0 and 100 which is shown through the indicated color scaling. 
Each beta-propeller is labeled along with N and C termini. In isolation, N terminal residues 1-30 are 
predicted to have unstructured form.   
b) as in a) rotated 90Ј to depict the side view of the circular barrel-shaped 7-bladed -̡propeller 
structure. Predicted aligned error heatmap is shown to represent confidence in the relative position of 
two residues within the model structure for assessing inter-domain accuracy. 
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While the propeller shape is common among WD40 repeat family proteins, unique activities are 

endowed by partner-specific binding surfaces, of which two are known to exist for WDR5: the WDR5-

ōƛƴŘƛƴƎ ƳƻǘƛŦ ό².aύ ǎƛǘŜΣ ŀ ǎƘŀƭƭƻǿ ŎƭŜŦǘ ǎǳǊŦŀŎŜΣ ŀƴŘ ǘƘŜ ά²5wр-ƛƴǘŜǊŀŎǘƛƴƎέ ό²Lbύ ǎƛǘŜΣ ŀƴ ŀǊƎƛƴƛƴŜ-

binding cavity on an opposing surface (Figure 1-2). Presumably, recurring use of these two sites by 

interaction partners establishes the biological context in which WDR5 functions, thus excluding it from 

serving multiple purposes simultaneously. WDR5 function was first established in the context of skeletal 

development after its expression was shown to be induced during osteoblastic differentiation (Gori et 

al., 2001). The totality of WDR5 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 

ŀŎŎŜǎǎƛōƭŜΣ ŀǎ ƛǎ ŜǾƛŘŜƴŎŜŘ ōȅ ²5wрΩǎ ƛŘŜƴǘƛŎŀƭ ǎǘǊǳŎǘǳǊŜ ƛƴ ƳƻǳǎŜ ŀƴŘ ƘǳƳŀƴǎ ŀƴŘ ƛǘǎ Ϥфл҈ ǎŜǉǳŜƴŎŜ 

conservation among vertebrates (Guarnaccia & Tansey, 2018). Thanks to the highly ordered form into 

which WDR5 folds, there are several high-quality depictions of its structure along with the WBM/WIN 

sites (Couture et al., 2006; Dharmarajan et al., 2012). While 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 site (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 WDR5, it is necessary to 

appreciate that WDR5 regulates target genes through multiple distinct mechanisms, some of which may 

yet to be defined.  
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Figure 1-2: WDR5 interaction surfaces: the WBM and WIN sites 
WDR5 interactions are mediated by the WBM and WIN binding surfaces. Co-crystal structure of WDR5 
bound to RBBP5 peptide (green) at the WBM site cleft surface and KMT2A peptide (purple) at the WIN 
site cavity (PDB: 3P4F) (Avdic et al., 2011).  
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WDR5-RAD scaffolds SET1/MLL histone H3 lysine 4 methyltransferases 

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

as a core scaffolding member of the WRAD complex, a four-protein structure always consisting of WDR5, 

RBBP5, ASH2L, and DPY30. WRAD complexes with the six SET1/MLL histone methyltransferase (HMT) 

catalytic subunit proteins to promote histone 3 lysine 4 methylation (H3K4me) as the highly conserved 

Complex Proteins Associated with Set1 (COMPASS) complex (Mohan et al., 2011; Shilatifard, 2012). In 

2005, the Allis group demonstrated WDR5 directly associates with di- and tri-methylated H3K4 and is 

required for the SET1/MLL HMTs to bind the H3 tail and regulate global H3 K4 trimethylation and Hox 

gene expression (Wysocka et al., 2005). While this foundational study correctly depicts WDR5 as an 

epigenetic reader essential for supporting H3K4 methylation, WDR5 does not inherently possess 

ŜǇƛƎŜƴŜǘƛŎ άǿǊƛǘŜǊέ ŦǳƴŎǘƛƻƴ ōǳǘ ƛƴǎǘŜŀŘ ƛǎ ŀƴ ƛƴǘŜƎǊŀƭ ŎƻƳǇƻƴŜƴǘ ƻŦ ŀ ǇǊƻƳƛƴŜƴǘ ƘƛǎǘƻƴŜ ǿǊƛǘŜǊ 

complex. Integration of WDR5 occurs via surface-to-surface interactions between the WBM site and 

RBBP5, and the WIN site with SET1/MLL (Figure 1-3). SET1/MLL HMTs catalyze mono-, di, and tri 

methylation of H3K4, of which the latter two are associated with actively transcribed genes (Santos-Rosa 

et al., 2002). Pharmacological blockade of the WIN site on WDR5 impairs full HMT activity of MLL1 and 

SET1B in breast cancer cells (Alicea-Velázquez et al., 2016) suggesting the WDR5-H3K4me3 axis and the 

WIN site could be targets of a therapeutic intervention.  
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Figure 1-3: WDR5 is a core scaffolding component for COMPASS HMTs 
a) Structural model of the yeast COMPASS core architecture generated from 4.0-!ɕ  cryo-EM density 
mapping (PDB: 6BX3) (Qu et al., 2018). COMPASS subunits are labeled along with their mammalian 
SET1/MLL complex homologous elements. Set1 protein has been truncated (762ς1080) and includes the 
catalytic core. Model generated with ChimeraX (Pettersen et al., 2021) with surface molecular display. 
b) Same as in a) with 180Ј horizontal 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 motif (833-838, outlined in green) attaches to the Cps30 
surface.  
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Any discussion of WDR5 and SET1/MLL warrants further consideration of how we understand H3K4 

methylation within the histone code. WDR5 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 WRAD (Dou 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 tri-methylation. H3K4me3, the most prominent modification to H3K4, is considered to be primarily 

controlled by SET1A (Lee & Skalnik, 2008; Shinsky et al., 2015; M. Wu et al., 2008) and to depend on 

WDR5 for robust activity (Alicea-Velázquez et al., 2016). While 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 MLL1 (Cao et al., 2014). If 

inhibited rather than mutated, the WIN site is also dispensable for SET1A activity (Aho et al., 2019a; 

Alicea-Velázquez et al., 2016; Cao et al., 2014).  Therefore, 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 MLL1 is dispensable for hematopoiesis and leukemogenesis 

(Mishra et al., 2014) so it would be unlikely WIN site inhibitors could work by blocking MLL1 HMT activity 

in MLL-rearranged cancers, which are characterized by MLL1 fusion genes that drive transcriptional 

dysregulation. While the association of H3K4me3/2 with active genes is well-established, the ability for 

these chromatin modifications to instruct changes in gene activity remains a contentious issue (Howe et 

al., 2017). Ironically, given how the histone code is understood, data mapping the distribution of RNA 
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polymerase II on chromatin can be used to predict histone modification patterns including H3K4me3 (Z. 

Wang et al., 2022), implying chemical alterations to histones follow rather than precede the recruitment 

of pro-transcriptional, epigenetic reader enzyme complexes (Kouzarides, 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., 2022) with the exception of one set of experiments that 

suggest H3K4me3 regulates RNAPII occupancy and pause-release (H. Wang et al., 2023). The 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.  

 

WDR5 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., 2013) suggesting 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 H3K4me3-dependent 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 PDPK1 (Guarnaccia et al., 2021). Impairing the 

mTORC2 pathway through WDR5 is another potential confounder to the effects of blocking H3K4me3 

with treatments such as a multi-day WDR5 knockdown. Misinterpretation of the mechanism of action for 

therapeutically targeting WDR5 is often a result of attributing the secondary responses measured in 

sustained knockdown studies as primary effects indicative of core WDR5 functions. WDR5 plays many 

roles on chromatin, and its perturbation results in the disruption of a host of transcription-associated 

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 the nonspecific lethal (NSL) histone acetyltransferase 

(HAT) and the mouse embryonic stem cell-specific 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 methylation (Rice & 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 WDR5 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 WDR5-NSL connection. 

 

The H4 HAT KAT8 is the catalytic subunit of two independent protein complexes: male-specific lethal 

(MSL) and NSL. In male Drosophila, the MSL complex is required for sex chromosome dosage 

compensation and viability while depletion of the NSL complex is lethal to both Drosophila sexes 

(Mendjan et al., 2006; Su et al., 2016). KAT8 and WDR5 only associate within the NSL complex which 

depends upon WDR5 for its recruitment to chromatin where it acetylates promoter-proximal H4K5 and 

H4K8 (Radzisheuskaya et al., 2021). Within the NSL complex WDR5 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., 2014) that, when bound to WDR5, 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 activity (Zhao et al., 2013). The promiscuity with which WDR5 interacts with 

HMTs, HATs, and HDACs, which in total support both activating and repressive transcription patterns, 

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

 

New chromatin-centric WDR5 interactions are being revealed with time and are now known to extend 

beyond HMTs, HATs, and HDACs. These WDR5 capabilities will not be explored in depth here as they 

were not investigated by my studies, but they are worth mentioning. First, WDR5, via the WIN site, binds 

H3 at arginine 2 (H3R2) (Couture et al., 2006) where it acts an epigenetic reader that discriminates 

between symmetrically and asymmetrically dimethylated H3R2, associating with the former but not the 

latter. H3R2me2s, a modification 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 site is engaged and WDR5 is independent of 

SET1/MLL. Second, WDR5 directly interacts with several transcription factors, examples being: MYC, 

Oct4, HSF2, and TWIST1 (Guarnaccia & Tansey, 2021). Third is the ability of WDR5 to bind lncRNA. In an 

unprecedented model, WDR5 is posited to form a pro-metastatic regulatory complex at the HOXA9 

promoter with TWIST1 and SET1/MLL linked together by the HOXA transcript at the distal tip (HOTTIP) 

long noncoding-RNA (lncRNA) (Malek et al., 2017; K. C. Wang et al., 2011). CƻǳǊǘƘΣ ²5wр άōƻƻƪƳŀǊƪǎέ 

genes for reactivation during mitosis, integrating gene expression with cell division by binding with TBP 

at active interphase promoters for the recruitment of anaphase-promoting complex (APC/C) to specific 

transcription start sites during mitosis (Oh et al., 2020). Fifth, and finally, through direct or indirect 

contacts, WDR5 (Nuland et al., 2013) promiscuously 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 acetylation (Radzisheuskaya et al., 2021) 

and co-recruitment of transcription factors to chromatin (Bumpous et al., 2023). When studying how to 

apply chemicals that degrade or inhibit an epigenomic regulator with a variety of critical chromatin-

centric roles like WDR5, perturbations should be expected to produce unintended, secondary order 

effects. 

 

WDR5 is a high value therapeutic target in cancer 

Reflective of its multi-layered functions on chromatin, WDR5 is implicated in a host of pro-tumorigenic 

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., 2021). Until recently, the pro-tumorigenic 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 shows anti-tumor 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 leukemia (Ge et al., 2016) to 

neuroblastoma (Huang et al., 2020), the H3K4me3 maintaining 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 function Ą block H3K4me3 at target 

genes Ą 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 perplexing and problematic given 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., 2018) and WDR5 eviction 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 

MLL1 inhibition has been proposed as a therapeutic strategy for mixed-lineage leukemia (Cao et al., 

2014) suggesting WDR5 could serve as a parallel target for this indication. However, given MLL1 HMT 

function was shown to be dispensable for hematopoiesis and leukemogenesis it is difficult to envision 

MLL1 inhibitors functioning in MLLr cancers solely by blocking H3K4me (Mishra et al., 2014). 

 

WDR5 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 MYC (Thomas et al., 2015).  MYC is a family of three transcription factors (C-, N-, and 

L-MYC) and represents one of the most dominant proto-oncogene families in the human genome (Vita & 

Henriksson, 2006). Contributing to an estimated 100,000 cancer deaths in the United States annually 

(Vita & Henriksson, 2006), MYC is overexpressed in the majority of malignancies (Dang, 2012) wherein 

these master regulatory transcription factors coordinate the expression of large gene networks to 

synergistically drive cell growth and pathological mitosis. MYC is a highly disordered bHLH-LZ protein 

with rapid turnover as a monomer, and due to its inability to form homodimers, requires an obligatory 

binding partner, MAX (Blackwood & Eisenman, 1991)Σ ǘƻ ōƛƴŘ 5b! ŎŀƴƻƴƛŎŀƭƭȅ ŀǘ ά9-ōƻȄέ ƳƻǘƛŦǎ 

(CACGTG). Methods which block MYC from associating with target genes reliably impair tumor growth 

(Blackwood & Eisenman, 1991; Duffy et al., 2021; Massó-Vallés & 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 

ƳƻƭŜŎǳƭŜǎΦ ²ƛǘƘƛƴ a¸/ ǇǊƻǘŜƛƴǎ ŀǊŜ ǳǇ ǘƻ ŦƛǾŜ ŦǳƴŎǘƛƻƴŀƭ ŘƻƳŀƛƴǎ ǘŜǊƳŜŘ άa¸/ ōƻȄŜǎέ ǿƘƛŎƘ ǇƻǎǎŜǎǎ 

highly conserved sequences that facilitate known and presumed interactions (Tansey, 2014). The central 

portion of MYC contains three MYC-boxes, the purpose of which remained largely undefined in 2015 

when the Tansey group searched for factors that interact with the region in two-hybrid and proteomic 

screens. One protein identified in both assays, WDR5, was shown to interact with MYC directly at MYC-

box IIIb and be required for MYC to associate with target genes and drive tumorigenesis (Figure 1-4) 

(Thomas et al., 2015). Blocking the MYC-WDR5 interaction in lymphoma cells had an anti-tumor effect 

equivalent to that of excluding MYC from the nucleus entirely and deleting its DNA binding domain 

(Figure 1-5) (Thomas et al., 2019). Henceforth, WDR5 would represent a proposed Achilles heel for one 

of the highest-value, most-elusive, drug targets in oncology. 
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Figure 1-4: Loss of WDR5-MYC interaction shows anti-tumor effects 
Figures 1-4b-e are direct references from Thomas et al, Molecular Cell, 2015Φ ά!ƭŀƴƛƴŜ ǎǳōǎǘƛǘǳǘƛƻƴǎ 
at I262, V264, and V265 reduced the affinity of interaction by 6- to 10-fold, while mutation of V264 to 
ƎƭȅŎƛƴŜ ό±нспDύΣ ƻǊ ǎƛƳǳƭǘŀƴŜƻǳǎ Ƴǳǘŀǘƛƻƴ ƻŦ Lнснκ±нспκ±нср ǘƻ ƎƭǳǘŀƳƛŎ ŀŎƛŘ όΨΨ².aΩΩύΣ ŘƛǎǊǳǇǘŜŘ 
ƛƴǘŜǊŀŎǘƛƻƴ ǿƛǘƘ ²5wр όYŘ Ҕ рлл ƳaύΦέ - (Thomas et al., 2015) 
a) Crystal structure of WDR5 in complex with MYC MbIIb peptide (PDB: 4Y7R) with the residues involved 
in WBM binding labeled in yellow. Model generated with ChimeraX (Pettersen et al., 2021) with 
electrostatic potential labeling. 
b) The MYCςWDR5 interaction is dispensable for MYC-driven transformation in vitro. NIH 3T3 cells were 
engineered to express vector control, or FLAG-tagged WT or WBM mutant MYC, and tested for ability to 
promote colony formation when plated in soft agar. After 30 days, colonies were blind counted and 
colony numbers expressed ǊŜƭŀǘƛǾŜ ǘƻ ²¢ a¸/ όмлл҈ύΦ {ǘǳŘŜƴǘΩǎ ǘ test showed no significant difference 
between WT and WBM MYC in this assay (p = 0.26). Data are presented as mean ± SEM, n = 6. 
c) The MYCςWDR5 interaction is required for the tumorigenicity of MYC in vivo. The same engineered 
NIH 3T3 cells used in (b) were injected into the flanks of athymic nude mice (vector, n = 10; WT, n = 11; 
WBM, n = 11; V264G, n = 12). The graph shows tumor volumes at the indicated times postinjection. Data 
are presented as mean ± SEM. 
d) Representative tumors from four injection sites for vector control and each of the MYC variants. 
e) Tumor masses from mice in (c). Tumors were excised 21 days after injection and weighed. For 
{ǘǳŘŜƴǘΩǎ ǘ ǘŜǎǘΥ ǾŜŎǘƻǊ ǾŜǊǎǳǎ ²¢Σ Ǉ Ґ 0.00000010; WT versus WBM, p = 0.0000025; WT versus V264G, p 
= 0.00000044; vector versus WBM, p = 0.038; vector versus V264G, p = 0.0091; WBM versus V264G, p = 
0.45. Data are presented as mean ± SEM. 
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Figure 1-5: Blocking the MYC-WDR5 interaction in lymphoma cells 
Figures 1-5a-h are direct references from Thomas et al., PNAS, 2019. The ability of MYC to interact with 
WDR5 is required for tumor growth and maintenanceΦ ά¢ƘŜ ².a Ƴǳǘŀǘƛƻƴ όLнсн9κ±нсп9κ±нср9ύ ŀƭǘŜǊǎ 
residues encoded within the third exon of c-MYC, 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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ǘƘŀǘ ǘǊǳƴŎŀǘŜǎ a¸/ ŀǘ ǊŜǎƛŘǳŜ нсп όɲнспύΣ ǊŜƳƻǾƛƴƎ ǎŜǉǳŜƴŎŜǎ ǊŜǉǳƛǊŜŘ ŦƻǊ ƴǳŎƭŜŀǊ ƭƻŎŀƭƛȊŀǘƛƻƴ ŀƴŘ 5b! 
ōƛƴŘƛƴƎΦέ - (Thomas et al., 2019) 
a) {ŎƘŜƳŀǘƛŎ ƻŦ ǘǳƳƻǊ ŦƻǊƳŀǘƛƻƴ ŀǎǎŀȅΦ ¦ƴǎǿƛǘŎƘŜŘ ²¢Σ ɲнспΣ ƻǊ ².a ŎŜƭƭǎ ǿŜǊŜ ƎǊƻǿƴ ƛƴ ŎǳƭǘǳǊŜ ŀƴŘ 
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 
ǘƘŜ ŜȄǇŜǊƛƳŜƴǘΦ ¢ǳƳƻǊ ǾƻƭǳƳŜǎ ŦƻǊ ɲнсп ŀƴŘ ².a ŎŜƭƭǎ ǿŜǊŜ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ŘƛŦŦŜǊŜƴǘ όϝύ ŦǊƻƳ ²¢ όt ғ 
4.84E-3; 2-tailed t test). 
c) KaplanςaŜƛŜǊ ǎǳǊǾƛǾŀƭ ŎǳǊǾŜǎ ƻŦ ƳƛŎŜ ƛƴƧŜŎǘŜŘ ǿƛǘƘ ǎǿƛǘŎƘŜŘ ²¢Σ ɲнспΣ ƻǊ ².a ŎŜƭƭǎ όƴ Ґ ф ǇŜǊ 
group); P < 0.0001 (log-rank 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 
ǳƴŀōƭŜ ǘƻ ŜȄǘǊŀŎǘ ǳǎŀōƭŜ 5b! ŦǊƻƳ ƻƴŜ ƻŦ ǘƘŜ ǘǳƳƻǊǎ ƛƴ ǘƘŜ ɲнсп ƎǊƻǳǇΦ 
e) {ŎƘŜƳŀǘƛŎ ƻŦ ǘǳƳƻǊ ƳŀƛƴǘŜƴŀƴŎŜ ŀǎǎŀȅΦ ¦ƴǎǿƛǘŎƘŜŘ ²¢Σ ɲнспΣ ƻǊ ².a ŎŜƭƭǎ ǿŜǊŜ ƛƴƧŜŎǘŜŘ ƛƴǘƻ ŀ 
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 
ǎǿƛǘŎƘƛƴƎ ǿŜǊŜ ƛƴŘǳŎŜŘΣ ōŜƎƛƴƴƛƴƎ ŀǘ Řŀȅ мр όǊŜŘ ŀǊǊƻǿ ά¢ŀƳέύΦ !ŦǘŜǊ ǎǿƛǘŎƘΣ ǘǳƳƻǊ ǾƻƭǳƳŜǎ ŦƻǊ ɲнсп 
and WBM cells were significantly different (*) from WT (P < 7.0E-9; 2-tailed t test). 
g) KaplanςMeier survival curves of mice (in F) (n = 9 per group); P < 0.0001 (log-rank test). 
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 
ǇƻǎƛǘƛǾƛǘȅ ό!ƴƴŜȄƛƴ ±Ҍύ ŀƴŘ ŀƴŀƭȅǎƛǎ ōȅ Ŧƭƻǿ ŎȅǘƻƳŜǘǊȅΦ ¢ƘŜ ŜȄǘŜƴǘ ƻŦ !ƴƴŜȄƛƴ ± ǇƻǎƛǘƛǾƛǘȅ ƛƴ ɲнсп ŀƴŘ 
WBM tumor cells was significantly different (*) from WT tumors (P < 1.65E-5; 2-tailed t test). 
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Over almost a decade of rigorous investigation, much has been revealed about the MYC-WDR5 axis and 

ƛƴŎƻǊǇƻǊŀǘŜŘ ƛƴǘƻ ǘƘŜ άŦŀŎƛƭƛǘŀǘŜŘ ǊŜŎǊǳƛǘƳŜƴǘέ ƳƻŘŜƭΦ !ǘ a¸/-WDR5 facilitated recruitment sites 

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 amplifier (Nie et al., 2012, 2020), E-box motif status alone does not account for the majority of 

MYC binding events (Lorenzin et al., 2016) suggesting 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 angiogenesis (Poole & 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 accumulation (Ji et al., 2011; Zielke et al., 2022). 

WDR5 reflects a similar binding pattern, associating with a conserved set of about 70 genes most of 

which encode ribosomal subunit proteins (RPGs) (Bryan et al., 2020).  The overlap of these MYC and 

WDR5 loci obtained from chromatin immunoprecipitation sequencing (ChIP-seq) reveals a subset of 

RPGs always bound by the pair whereas other RPGs appear bereft of WDR5 (Figure 1-6). These 

observations bolster the case for WDR5 as an anti-cancer 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 cancer-sustaining function. 

 

Soon after the discovery of the MYC-WDR5 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 WIN-site inhibitors. In collaboration with Dr. Steve Fesik, potent small-molecule WIN-site 

inhibitors were developed that confirm chemical blockade of the WIN-site displaces WDR5 from 

chromatin along with MYC at co-bound sites (Aho et al., 2019a; Bryan et al., 2020) (Figure 1-7). 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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Figure 1-6: MYC-WDR5 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. ChIP-seq mapping 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 mutation (MYC Exon 3: 
I262E/V264E/V265E), considered sites of WDR5-dependent facilitated recruitment, and whether these 
peaks overlap with an E-box or E-box variant (CANNTG). GB change highlights transcriptional responses 
to WDR5 degradation in Ramos cells measured by changes in RNA polymerase II gene body density (+, 
increase; -, decrease; /, no change) and does not increase for any putative facilitated recruitment genes 
(Siladi et al., 2022).  
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Figure 1-7: C6 inhibitor binds the WIN site with picomolar affinity and displaces WDR5 from chromatin  
a) Three WDR5 WIN site inhibitors. C6, an early generation compound binds WDR5 with picomolar 
affinity (Aho et al., 2019). C16, with the addition of a dihydroisoquinolinone bicyclic core, exhibits 
improved binding affinity and anti-proliferative activities relative to C6 (Tian et al., 2020). C41 is an 
advanced generation WIN site inhibitor with enhanced on-target potency and optimized drug-like 
properties (Teuscher et al., 2022). 
b) X-ray co-crystal structure of WDR5 bound to C6 (PDB: 6E23) (Aho et al., 2019) Residues involved in 
binding at the WIN site are highlighted in yellow. Model generated with ChimeraX (Pettersen et al., 2021) 
with electrostatic potential labeling. 
c) Scatterplot of normalized average read counts for WDR5 binding peaks in DMSO-, C6nc-, and C6-
treated MV4:11 cells. Peaks are ranked based on read counts in DMSO-treated cells. (A direct reference 
from Aho et al., Cell Reports 2020).  
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Targeting WDR5 in Cancer with Potent Chemical Compounds 

Nearly a decade of basic science and preclinical testing has bolstered the MYC-WDR5 facilitated 

recruitment model by demonstrating the functional conservation of the interaction (Bryan et al., 2020; 

Bumpous et al., 2023) and the potent anti-tumor efficacy of chemically blocking MYC-WDR5 recruitment 

to chromatin at sites of coregulation (Teuscher et al., 2023; Thomas et al., 2015, 2019) (Figure 1-8). 

Efforts during this time have achieved the removal of MYC-WDR5 from chromatin with several 

generations of highly potent WIN site inhibitors (Figures 1-7a; 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 p53 (Aho et al., 2019a; Florian et 

al., 2022). ChIP-seq 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 

MYC-WDR5 target genes reveals insights into the basic role played by WDR5 in facilitating MYC driven 

cancers via the expression of protein synthesis genes (PSGs) (Bryan 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 the pro-mitogenic transcriptional effector 

downstream of major growth signaling pathways such as Wnt, and Ras (Kortlever et al., 2017; Rennoll & 

Yochum, 2015; Wong et al., 2015) so possessing the fundamental ability to regulate ribosome levels is an 

attribute well-suited 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 applicable anti-cancer 

ǘƘŜǊŀǇŜǳǘƛŎ ŀƴŘ ŀƴ ŀǘǘǊŀŎǘƛǾŜ ǎǘǊŀǘŜƎȅ ǘƻ ǎǘǊƛƪŜ ŀǘ ǘƘŜ ƘŜŀǊǘ ƻŦ ǘƘŜ άǳƴŘǊǳƎƎŀōƭŜέ a¸/ (Aho et al., 2019b; 

Thomas et al., 2020). However, the cell-specific sensitivities observed for WIN site inhibitors suggests the 
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predominant pro-tumorigenic WDR5 activity varies among cell types. There is then good reason to probe 

the effects of WDR5 interventions, whether it may be via MYC-WDR5 or through other WDR5-dependent 

processes such as COMPASS-guided histone methylation. 
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Figure 1-8: Preclinical WIN-site inhibitor testing 
Figures 1-9a-e are direct references from Teuscher et al, PNAS, 2022. Compounds 9 and 10 demonstrated 
antitumor effects in an MV4:11 subcutaneous tumor xenograft model. 
a) In vivo PK profiles of 6, 7, 9, and 10 in CD-1 mice (n = 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) with 9 via p.o. administration at the indicated doses. Treatment started on day 11 and 
tumor volumes were recorded twice a week for the 3-wk study. 
c) The percentage of mean body weight change from initial weights during the study at the indicated 
doses of 9. 
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d) The mean tumor volumes of MV4:11 subcutaneous xenografts after QD treatment with 10 via p.o. 
administration. 
e) The percentage of mean body weight change from initial weights following QD treatment with 10. 
Error bars represent the SEM, in (b)ς(e) there were n = 10 mice per group. Statistical analysis was 
performed using an unpaired two-ǎƛŘŜŘ {ǘǳŘŜƴǘΩǎ t test in Excel. *P < 0.05, **P < 0.01, ***P < 0.001, 
**** P < 0.0001. 
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Much of what has been revealed since the discovery of the MYC-WDR5 interaction would suggest the 

most potent pro-tumorigenic signals directly regulated by WDR5 are independent of its role in H3K4me, 

which it cannot support when MYC is occupying the WBM site. The H3K4me axis overlaps with MYC-

WDR5 both conceptually and biologically due in part to the established propensity for MYC to bind E-

boxes proximal to H3K4me3 (Tansey, 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 MYC-WDR5 interactions. A good demonstration of this confusion is evident 

in Sun et al, Cancer Research, 2015, wherein RNAi-mediated depletion of WDR5 was used to suggest 

MYC-WDR5 transcriptional regulation occurs through a H3K4me3-dependent mechanism rather than 

through the activity of MYC as a transcription factor. RNAi-mediated 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 response (Cao et al., 2014; 

Chen et al., 2021; Grebien et al., 2015; Lu et al., 2021; Neilsen et al., 2018). But knockdown studies 

conflate blocking the WIN site of WDR5 with loss of the entire protein, in effect equating the totality of 

complex tasks performed by WDR5 to the function of a single binding surface. Additionally, because 

WDR5 is pan-essential, knockdown studies forfeit the ability to explain how WIN site inhibitors exhibit 

cancer cell-selective inhibition in vitro. 

 

Reliance on knockdown studies has contributed to two commonly made assumptions regarding the 

application of WIN site inhibitors: 1) WIN site inhibition blocks the majority of WDR5 function, and 2) 

changes in H3K4me drive the transcriptional response to WIN site inhibition in cancer cells. Now is a 

prescient time to test these assumptions as WDR5 is a therapeutic target of growing importance with 

newly formulated degrader molecules to consider (D. Li et al., 2022; Yu et al., 2021) and 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 TRPH-395  for the treatment of blood 

cancers (Celgene Strikes Deal Worth Nearly $1 Billion for Blood Cancer Treatment | BioSpace, n.d.) and 

Novartis recently publishing WBM site inhibitors (Ding et al., 2023). Basic understanding of WDR5 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 PROTACs are the second most-advanced modality by 

which WDR5 function can be eliminated from cells. Such degraders are a compelling way to remove 

WDR5 from chromatin because they can simultaneously inhibit all pro-tumorigenic functions of WDR5. 

Indeed, one degrader, MS67, degrades WDR5 to a level still observable with Western blotting which 

results in loss of RPG expression and H3K4me3/2  (Yu et al., 2021) (Figure 1-9). 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 non-cancerous 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 

²5wр ƛƴ ŎŜƭƭǎ ǘƻ ŀƴ ŜŦŦŜŎǘƛǾŜ ōǳǘ ǎŀŦŜ ƭŜǾŜƭΦ ¢ƘƻǳƎƘ ƛǘ ŎŀƴΩǘ ōŜ ǎŀƛŘ ŘǳŜ ǘƻ ŀ ƭŀŎƪ ƻŦ ǘƛǎǎǳŜ ǎǘǳŘƛŜǎΣ ƛǘ ŎƻǳƭŘ 

also be that M67 does not diffuse through the mouse body 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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Figure 1-9: MS67 is an efficacious WDR5 PROTAC 
Figures a-g are direct references from Yu et al., Science Translational Medicine 2021.  
a) Chemical structures of WDR5 degrader MS67 and a negative control of MS67, MS67N. 
b) Overview of the VHL-MS67-WDR5 ternary complex, with VHL, WDR5, and MS67 shown in gray, pale 
green, and orange, respectively. 
c) Plasma concentrations of MS67 over a 12-hour 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.). 
Tumor-bearing 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 ± 
{9aΦ {ǘǳŘŜƴǘΩǎ ǘ ǘŜǎǘΣ ϝt ғ лΦлр ŀƴŘ ϝϝt ғ лΦлмΦ 
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 MLL-complex proteins and c-MYC, either in total cell extract or in 
chromatin-bound fractions, in MV4;11 cells treated with DMSO or 0.1 uM OICR-9429, MS67N, or MS67 
for 3 days. GAPDH, glyceraldehyde-3-phosphate 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 matter (Table 1), let alone any which would degrade 

components of such enzymes that are essential to cell viability. Furthermore, little has been done to 

compare the cellular effects of WDR5 inhibition with its proteolytic degradation. At this point, the only 

anti-cancer therapies which exert their effects through protein degradation are thalidomide and its 

analogues (Jan et al., 2021). PROTACs 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 WDR5, a careful comparison against inhibition is necessary. 

 

Inhibition versus degradation is a compelling comparison to make regarding chromatin binding proteins 

with transcription-related functions. Newly introduced PCNA inhibitors are a good illustration of why the 

effects are inherently distinct. PCNA, a pan-essential regulator of DNA replication, is commonly 

expressed in cancers as an isoform that resolves replication-transcription conflicts (González-Magaña & 

Blanco, 2020). Inhibition of the cancer-specific PCNA isoform induces double strand breaks in a 

transcription-dependent manner, selectively killing cancer cells across all lines in which it was tested (Gu 

et al., 2023). This remarkable compound is rapidly entering phase I 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 cancer-killing 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 moot when the therapeutic target is a cancer specific protein isoform. In such a case, both 

compounds would only 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 anti-cancer therapeutic target, but when viewed through the bigger 

picture of epigenetics and oncology, WDR5 represents the greater challenge posed by developing drugs 

designed to impact 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 MYC-WDR5 interaction confirms WDR5 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 WDR5 biology. Genetic modification of WDR5 to express a degron 

tag allows for direct perturbation of all WDR5 functions and recapitulation of PROTAC methods via rapid 

proteasomal degradation. It is with multiple MYC-driven cancer cell lines that WDR5 was modified to 

express degrons such that cell type specific effects of WDR5 loss could be investigated and compared to 

WIN site inhibition. Through these studies I 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 

genes, and 4) H3K4me3 does not direct WDR5-dependent transcription.  
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Chapter II 

 

Materials and Methods 

 

Plasmids 

Ramos AID-WDR5 cells (adapted from Siladi et al, Cell Reports 2022): pX330-U6-Chimeric_BB-CBh-

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 PCR. The AID-WDR5 targeting vector 

was made by assembly of six fragments into pBluescript II SK+: (i) [WDR5 Promoter region (Chr9: 

134,138,834ς134,139,883) as KpnI/XhoI]; (ii) [AID Tag : Ex2-Int2 (CHr9: 134,139,881ς134,140,009): loxP: 

Int2-Ex3 (Chr9: 134,140,503ς134,140,708) was synthesized by Genscript and inserted as XhoI/HindIII]; 

(iii) [Puromycin resistance (from pcDNA3.1-Puro) as HindIII/XmaI]; (iv) P2A (synthesized by Genscript) as 

XmaI/EcoRI]; (v) [Ex2-Int2 (Chr9: 134,139,881ς134,140,009): loxP as EcoRI/BamHI]; and (vi) [Int2-Ex3-

Int3 (Chr9: 134,140,336ς134,141,445) as BamHI/XbaI]. pLL4-osTIR1 was made by PCR-amplification of 

osTIR1-9xMyc from pBabe-osTIR1-9Myc (gift from Don Cleveland, Addgene plasmid # 47328) and used 

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

 

CHP-134 dTAG-WDR5 cells (adapted from Bryan et al., NAR, 2019): To tag endogenous WDR5 with the 

FKBP12(F36V)-HA module (Nabet et al., 2018), a chemically-modified 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 pAW63.YY1.FKBP.knock-in.BFP were a gift from Richard Young (Addgene plasmid 

#104370 and #104371, respectively). pAW62.YY1.FKBP.knock-in.mCherry carries the FKBP12(F36V)-



47 
 

2xHA-P2A-mCherry cassette; pAW63.YY1.FKBP.knock-in.BFP carries the FKBP12(F36V)-2xHA-P2A-BFP 

cassette.  

 

Cell culture 

Ramos AID-WDR5 (AIDW) cells (adapted from Siladi et al, Cell Reports 2022): Ramos cells were obtained 

from the ATCC (CRL-1596) and cultured at 37°C in RPMI media supplemented with l-glutamine, 10% FBS, 

млл L¦κƳƭ tŜƴƛŎƛƭƭƛƴΣ ŀƴŘ млл ˃ƎκƳƭ ǎǘǊŜǇǘƻƳȅŎƛƴΦ AIDW Ramos cells were generated by Lance Thomas. 

Ramos cells expressing CREςERT2 were described previously (Thomas et al., 2019) and used to construct 

the AIDW line. AIDW cells were created in a four step process. First, the AID tag was integrated into the 

endogenous WDR5 gene via CRISPR-ƳŜŘƛŀǘŜŘ ƘƻƳƻƭƻƎƻǳǎ ǊŜŎƻƳōƛƴŀǘƛƻƴ ōȅ ŜƭŜŎǘǊƻǇƻǊŀǘƛƻƴ ǿƛǘƘ мл ˃Ǝ 

ǘŀǊƎŜǘƛƴƎ ǾŜŎǘƻǊΣ мр ˃Ǝ ƻŦ Ǝwb! ǾŜŎǘƻǊΣ ŀƴŘ мр ˃Ǝ ƻŦ Ǉ·оол-U6-Chimeric_BB-CBh-hSpCas9. Second, after 

a 2-day recovery, stable cells were selected with 200 ng/ml puromycin, expanded, treated with 4-OHT to 

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 AID-tagged and untagged WDR5 species. Third, to target the remaining WDR5 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 carrying a c-Myc epitope tag. 

Lentiviral infections of the selected Ramos cell clone with pLL4-osTIR1 were performed as described 

(Thomas et al., 2015); OsTIR1 expression was confirmed by Western blotting with antibodies against the 

Myc epitope. 

 

CHP-134 dTAG-WDR5 (dTAGW) cells (adapted from Bryan et al., NAR 2019): Sigma-Aldrich (06122002-

1VL; 12B021) and cultured at 37C in RPMI media supplemented with l-glutamine, 10% FBS, 100 IU/ml 
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tŜƴƛŎƛƭƭƛƴΣ ŀƴŘ млл ˃ƎκƳƭ ǎǘǊŜǇǘƻƳȅŎƛƴΦ Targeting vectors were modified by Gibson cloning to include 

ŀǎȅƳƳŜǘǊƛŎ ƘƻƳƻƭƻƎȅ ŀǊƳǎ ŦƻǊ ²5wрΥ нлл ōǇ рΩ όǳǇ ǘƻ ǘƘŜ ǎǘƻǇ ŎƻŘƻƴύ ŀƴŘ улл ōǇ оΩ όǎǘŀǊǘƛƴƎ мт ōǇ 

after the stop codon to ensure deletion of PAM sequence). After construction, plasmids were purified 

with the QIAGEN Midi-prep kit and their integrity confirmed by DNA sequencing. Targeting vectors and 

Cas9-sgRNA ribonucleoprotein complexes were introduced to cells using the Neon Electroporation 

Transfection System (Invitrogen). Three reactions of Cas9-sgRNA 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 min. CHP-134 cells 

were counted and resuspended in Neon Buffer R. 600 000 CHP-134 cells 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 delivery tips 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 

counter-stained for 15ς30 min with 1:2000 Zombie NIR viability dye (BioLegend #423105) in PBS, washed 

in PBS, and resuspended in 0.5% BSA in PBS. Cells were then analyzed by the Vanderbilt University Flow 

Cytometry Shared Resource using a BD LSRII Fortessa (BD Biosciences-US) instrument 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 FACSAriaϰ III (BD 

Biosciences-US), expanded, and analyzed by immunoblotting. For lysate analysis, cells were plated and 

allowed to adhere. One or two days later the media was replaced with media containing 500 nM dTAG-

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% NP-40, 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 dTAG-RBBP5 and CHP134 dTAG-HCF1 were generated by Lance Thomas and Andrea Florian in 

a process reflecting that of the CHP134 dTAG-WDR5 stated above and in Popay et al., eLife, 2021. 

 

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, 500 nM C16, or 

0.1% DMSO for the indicated timepoints. 

 

Preparation of protein lysates 

Cells were collected washed with 1X PBS and lysed in Kischkel buffer (50 mM TrisẗHCl pH 8.0, 150 mM 

NaCl, 5 mM EDTA, 1% Triton X-100) 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 5% 2-mercaptoethanol, and bromophenol blue) for SDS-PAGE.  

 

Western blotting analysis 

Samples were boiled, spun and run on homemade acrylamide gels (8-15%) and Bio Rad pre-cast 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 1. Membranes were washed with TBST and incubated with HRP-conjugated 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 and cell viability assays 

For C16 compound testing in AIDW cells, a 3-day 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 

C16 ranging from 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 uM C16 stock 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 incubated at 37°C for 

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 CellTiter-Glo reagent was 

thawed until RT. 50ul of CellTiter-Glo 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 GloMAX plate reader using the CellTiter-Glo protocol. Raw 

luminescence values were compared to the DMSO treated wells and PRISM software was used to 

generate IC50 values. 

 

Proliferation response to WDR5 degradation and WIN site inhibition was assayed. For WDR5 

ŘŜƎǊŀŘŀǘƛƻƴΣ ŎŜƭƭǎ ǿŜǊŜ ǘǊŜŀǘŜŘ ǿƛǘƘ млл ˃a L!! ό{ƛƎƳŀ-Aldrich). For WIN site inhibition, cells were 

treated with 500 nM C16 or 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 course, plates were covered and allowed to reach room temperature 

before quantifying with CellTiter-Glo. Luminescence was measured using the CellTiter-Glo protocol on a 

GloMax plate reader raw luminescence values were compared to the DMSO and no treatment wells and 

PRISM software was used to generate IC50 values.  

 

Cell cycle analysis 

For cell cycle analysis, 106 AIDW cells were collected after no treatment, or treatment with 0.1% DMSO, 

IAA, or C16, fixed in ice-ŎƻƭŘ тл҈ ŜǘƘŀƴƻƭΣ ŀƴŘ ǎǘƻǊŜŘ ŀǘ ҍ нлϲ/ ŦƻǊ ŀǘ ƭŜŀǎǘ п ƘΦ CƛȄŜŘ ŎŜƭƭǎ ǿŜǊŜ ǿŀǎƘŜŘ 

with 1× phosphate buffered saline (PBS), resuspended in propidium iodide (PI) staining buffer (1× PBS + 

мл ˃ƎκƳƭ tL Ҍ млл ˃ƎκƳƭ wb!ǎŜ ! Ҍ н Ƴa aƎ/ƭнύ ŀƴŘ ǎǘŀƛƴŜŘ ƻǾŜǊƴƛƎƘǘ ŀǘ пϲ/Φ /Ŝƭƭ ŎȅŎƭŜ ŘƛǎǘǊƛōǳǘƛƻƴ 

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. 

 

Cycloheximide chase 

CHP134 dTAG-WDR5 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 nM dTAG-47, and 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 mls of ice-cold 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 into pre-cast 4-15% 

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 hand-ƳŀŘŜ ƎŜƭǎ ŀƴŘ ŀǊŜ ƻǇǘƛƳƛȊŜŘ ŦƻǊ ǳǎŜ ǿƛǘƘ ǘƘŜ άƘƛƎƘ a²έ 

BioRad Trans-Blot 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 in Appendix 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 stored at 4°C. Sucrose 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 ul ς 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 TH-660) was pre-chilled, 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 MgCl2, 10 mM KCl, 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 at 4°C), with the supernatant 

removed before an additional wash of hypotonic lysis buffer (1000 x g for 30 minutes at 4°C). Wash 

supernatant was discarded and pellets were thoroughly resuspended in 200 uL of 0.4 N H2SO4 and 

rotated for 30 minutes at 4°C to avoid coextraction of basic proteins due to prolonged incubation with 

acid.  After centrifugation (1000 x g for 30 minutes at 4°C), 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 at -20C for four hours with occasional vortexing. Precipitated proteins were spun down 

(max speed 20 minutes at 4°C) 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% HCl 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 H2O. Protein 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 H2O with Kimwipes to absorb the stain. 

Samples were imaged on a Chemidoc and the signal intensity of the same individual histone band was 

quantified 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 reported in Appendix Table 1. 

 

ChIP-qPCR  

ChIP was performed in Ramos cells using antibodies against WDR5 (#13105) or a rabbit IgG control 

(#2729; Cell Signaling). Antibody information is reported in Appendix Table 1. For 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 mL ice-cold PBS, resuspended in 

250 ul 1% SDS FA lysis buffer (50 mM HEPES pH 7.5, 140 mM NaCl, 1 mM EDTA, 1% Triton X-100, 1% 

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 time-course experiment then spun down 

(13000 rpm for 10 minutes at 4°C) and the supernatant transferred to a new tube at -80C. For 

immunoprecipitation, 100ul of sheared chromatin was added to two tubes: one anti-WDR5, one IgG. 

Each sample was diluted to 0.1% SDS by adding 900 ul 0% 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 washed three 

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 Protein-A beads was 

added to each sample before incubating the samples 4 hours rotating at 4°C. Beads 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 NaCl, 1 mM EDTA, 1% Triton X-100), LiCl wash buffer (10 

mM Tris pH 8.0, 250 mM LiCl, 1 mM EDTA, 1% Triton X-100), 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 minutes at 4°C). Supernatant 

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 in qPCR. ChIP-qPCR primers used were: 

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

RPL35: (CTT GTG CAG CAA TGG 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). 

qPCR was performed in triplicate wells of 15 ul reactions with the KAPA SYBR FAST qPCR master-mix 

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

 

ChIP-seq 

For Ramos H3K4me3 ChIP-Seq, ChIP was performed with an anti-H3K4me3 antibody (PA5-27029; 

Thermo Fisher), DNA was purified, and libraries prepared as described in Thomas et al., PNAS, 2019. For 

CHP134 HA-WDR5 ChIP, 107-cells were treated with either 0.1% DMSO or 500 nM dTAG-47 for 24 hours, 

after which cells were resuspended in 1X PBS and crosslinked in 1% formaldehyde for 10 minutes, then 

quenched with 2.5M glycine. After 1X PBS washes, cell pellets were lysed on ice for five minutes in Buffer 

A + NP-40 (10 mM HEPEs, Ph 7.9, 10 mM KCl, 0.1 mM EDTA, 0.4% NP-40). 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 stored 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 NaCl, 1 mM EDTA, 1% Triton X-100, 1X 

Protease Inhibitor Cocktail, 1X PMSF]) which were rotated overnight at 4°C. Antibody information is 

reported in Appendix Table 1. Protein 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% Triton X-100, 1X Protease Inhibitor Cocktail). Beads were 

incubated with samples for four hours rotating at 4°C, then IPs were washed with 1 ml of the following 

buffers: Low salt (20 mM Tris, pH 8.0, 150 mM NaCl, 2 mM EDTA, 1% Triton X-100), high salt (20 mM Tris, 

pH 8.0, 500 mM Nacl, 2 mM EDTA, 1% Triton X-100), LiCl wash (10 mM Tris, pH 8.0, 250 mM LiCl, 1 mM 

EDTA, 1% Triton X-100), and 1X TE. IPs and input chromatin were de-crosslinked overnight at 6°5C and 
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DNA purified with the QIAquick PCR Purification Kit (#28104), then assayed with qPCR prior to NGS 

library generation with the NEBNext Ultra II DNA Library Prep Kit (E7645S). Libraries were sequenced on 

an Illumina NovaSeq6000 with paired-end sequencing (150 bp reads, 60 million reads per sample). 

   

RNA extraction and preparation for RNA-seq  

!L5² wŀƳƻǎ ŎŜƭƭǎ ǿŜǊŜ ŜƛǘƘŜǊ ƴƻǘ ǘǊŜŀǘŜŘΣ ƻǊ ǘǊŜŀǘŜŘ ŦƻǊ му ƘƻǳǊǎ ǿƛǘƘ лΦм҈ 5a{hΣ млл ˃a L!!Σ ƻǊ рлл 

nM C16. Approximately 107 cells 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 incubated at room temperature (RT) 

for 3 minutes. Samples were spun (12000 x g for 15 minutes at 4°C) and 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 at 4°C). Supernatant was removed and the precipitated RNA 

washed 1 ml 75% ethanol (75000 x g for 5 minutes at 4°C). RNA pellets were air dried and dissolved in 

DEPC-treated H2O and quantified with nanodrop spectrophotometer. RNA was DNase treated following 

the NEB DNase I reaction protocol (M0303), purified with phenol/chloroform extraction, and WDR5 

treatment validated by RT-qPCR of know target genes. RNA was submitted to the VANTAGE Core who 

performed ribosomal RNA depletion, library preparation, and sequencing on an Illumina NovaSeq 6000. 

RNA preparation for CHP134 24hr dTAG-WDR5 samples differed in that the RNA was purified with the 

Zymo Research Direct-zol RNA Miniprep Kit with DNase I treatment. RNA-seq for CHP134 24 hour C6 

WIN site inhibition vs 0.1% DMSO was performed as described in the Bryan et al., NAR, 2020  from which 

the data was obtained. 

 

 

  

https://www.neb.com/en-us/protocols/0001/01/01/a-typical-dnase-i-reaction-protocol-m0303
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CUT&RUN genomic mapping 

CUT&RUN technique followed the EpiCypher CUTANA CUT&RUN protocol v1.6. Antibody information is 

reported in Appendix Table 1. Optimal 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 3-fold 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 magnetic rack 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 KCl, 1 mM CaCl2, 1 mM 

MnCl2) 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 the time-course experiments 

and resuspended in 100 ul per sample of RT wash buffer (20 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 Inhibitor, 0.01% 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 at 4°C. 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 pAG-MNase was added to each 

sample, mixed, and samples were incubated for 10 minutes at RT, the supernatant removed, 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 4°C 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 (#14-0050) and elution in 12 ul elution buffer. 

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

ƭƛōǊŀǊȅ ǇǊŜǇŀǊŀǘƛƻƴ ŦƻƭƭƻǿƛƴƎ bŀƴ [ƛǳΩǎ ƭƛōǊŀǊȅ ǇǊŜǇ ŦƻǊ /¦¢ϧw¦b ǿƛǘƘ b9.bŜȄǘ ¦ƭǘǊŀ LL 5b! ƭƛōǊŀǊȅ ǇǊŜǇ 

kit for Illumina (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 II End Prep Enzyme Mix. 3.5 ul NEBNext Ultra II End Prep Reaction 

Buffer) in a PCR machine (20C for 30 minuites, 50C for 60 minutes, 4C hold with heated lid set > 60°C. 

For the adaptor ligation, reactions were mixed into samples (15 ul NEBNext Ultra II Ligation Master Mix, 

0.5 ul NEBNext Ligation Enhancer, 1.25 ul NEBNext Adaptor for Illumina), incubated (20C for 15 minutes) 

in a thermal cycler, and 1.5ul USER enzyme was added to the reactions, mixed well, and incubated (37°C 

for 15minutes, heated lid set to > 47°C). For reaction cleanup, AMPure XP beads were resuspended and 

let warm to RT then 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 II Q5 Master Mix, 1 ul 

Index Primer/i7 Primer, 1 ul Index Primer/i7 Primer) and amplified (1 cycle of 98°C for 30 seconds, 12+ 

cycles of 98°C for 10 seconds and 65°C for 10 seconds, 1 cycle of 65C for 5 minutes, hold at 4°C). PCR 

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 



60 
 

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 Illumina NovaSeq6000 with 150 paired-end reads and 5 

million reads per sample. 

  

PRO-seq 

For each condition (no treatment, 2 hour IAA 100 uM, 4 hour IAA 100 uM), 30 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 MgCl2, 

0.1% Triton, 0.5 mM DTT, 1X cOmplete protease inhibitor cocktail, 1X RNase inhibitor, + DNase/RNase 

free H2O) 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 ml conical tube. 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 MgCl2, 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 at -80°C until the run-on reaction. Run-on reaction 

buffer was prepared at 2X concentration (10 mM Tris pH 8.0, 5 mM MgCl2, 1 mM DTT, 300 mM KCl, 0.1 

mM A/G/UTP, 0.2 mM Biotin-11-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 in P-30 spin columns and given 1 ul RNase inhibitor 

before bead binding. 30ul of Dynabeads per sample were prepped with manufacturer recommended 

washes and resuspended in binding buffer (10 mM Tris pH 7.4, 300 mM NaCl, 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% ethanƻƭΣ ŀƴŘ ǊŜǎǳǎǇŜƴŘŜŘ ƛƴ оΩ ŀŘŀǇǘƻǊ Řƛƭǳǘƛƻƴ ōǳŦŦŜǊ όм ǳƭ мл ǳa w9±о Ҍ пǳƭ 

DNase/RNase free H2hύ ǘƻ ŎƻƳǇƭŜǘŜ ǘƘŜ ƛƴƛǘƛŀƭ ōŜŀŘ ōƛƴŘƛƴƎ ŀƴŘ wb! ŜȄǘǊŀŎǘƛƻƴΦ оΩ ŀŘŀǇǘƻǊ ƭƛƎŀǘƛƻƴ 

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 I, 10 mM ATP). After ligation, sample 

volume was brought to 50 ul with DNase/RNase free H2O and RNA was extracted by repeating the bead 

ōƛƴŘƛƴƎ ǇǊƻŎŜǎǎΦ ¢ƻ ŘŜŎŀǇ ǘƘŜ рΩ Ŝƴd of the RNA was mixed with 5 ul of 2X decapping reaction mix (0.5 ul 

CAP Clip Acid Pyrophosphatase, 1 ul RNase inhibitor, 1 ul 10X CAP CLIP buffer, 3 ul DNase/RNase free 

H2O) and incubated in a PCR machine for 2 hours at 37°C. Reactions were cleaned up with Trizol-

ŎƘƭƻǊƻŦƻǊƳ ŜȄǘǊŀŎǘƛƻƴΦ ¢ƻ ǊŜǇŀƛǊ рΩ ŜƴŘǎΣ RNA samples were mixed with 2X T4 Polynucleotide Kinase 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 

H2O) and incubated for 1 hour at 37°C. Cleanup reactions were repeated and pellets dissolved in adaptor 

dilution buffer (1 ul of 10 uM VRA5 + 4ul DNase/RNase free H2hύ ƳƛȄŜŘ ǿƛǘƘ р ǳƭ ƻŦ рΩ ŀŘŀǇǘƻǊ ƭƛƎŀǘƛƻƴ 

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 20°C. Adaptor-ligated biotinylated RNA fragments were isolated by 
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bead binding, extracted with Trizol-chloroform as described, and then reverse transcribed with the RP1 

TRU-seq sequencing primer and superscript II RTase. After the reverse transcription, samples were 

diluted with DNase/RNase free H2O and an aliquot of cDNA was serially diluted for input in a standard 

PCR amplification to determine the optimal number of PCR cycles from 11-17 equivalent cycles. Final 

library amplification was performed with RPI-index primers for TRU-seq sequencing (Illumina) and 

Phusion polymerase (NEB). Libraries were precipitated in 100% Ethanol, ran on an 8% acrylamide gel and 

stained with SYBR Safe for library extraction (140 bp ς 300 bp). Libraries were purified through a Spin X 

column and Phenol/chloroform/isoamyl extraction then submitted to the VANTAGE Core for sequencing 

on an Illumina NovaSeq6000 with 150 paired-end reads. Quality control metrics were assessed by 

fragment analysis on an Agilent Bioanalyzer TapeStation fragment analysis and concentration 

quantification with Qubit.  

 

Histone PTM Analysis 

Histones were chemically derivatized and digested using similar methods as previously described (Garcia 

et al., 2007; Sidoli et al., 2016). Histones (10ug) were dried in a speed vacuum concentrator and 

resuspended in 10 µl HPLC-grade water to achieve a protein concentration of 1 µg/µl. 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 pH 8 for derivatization. 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 enzyme-to-protein 
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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 amino-termini of histone peptides. The 

samples were dried completely and subsequently resuspended in 10µL of HPLC grade water. A dilution of 

1:45 was prepared with 0.2% formic acid for LC-MS/MS analysis. 

 

An analytical column (360 µm O.D. x 100 µm I.D.) was packed with 20 cm of C18 reverse phase material 

(Jupiter, 3 µm beads, 300Å; Phenomenex) directly into a laser-pulled 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 gradient-eluted at a flow rate of 350 nL/min, using a 60-minute gradient. The 

gradient consisted of 1-45 min, 2-24.7 %B; 45-50 min, 24.7-90 %B; 50-51.5 min, 90% B; 51.5-52 min, 90-

2% B; 52-60 min (column re-equilibration), 2% B.  

 

Upon gradient elution, peptides were analyzed using data-independent 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 (300ς1100 m/z) were collected with a resolution 

of 120,000 and with an AGC target of 3x106. Subsequent to the first MS1 scan, 8 DIA MS/MS scans were 

acquired spanning the range of 300-700 m/z, using an isolation window of 50 m/z. Following the second 

MS1 scan, 8 DIA scans were acquired over a range of 700-1100 m/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 EpiProfile 2.0 (Yuan et 

al., 2018) for extracting peak areas from raw files. Relative abundances of histone PTMs were calculated 

using methods as described (Agosto et al., 2023). 

  

RNA-seq data analysis 

After trimming by Cutadapt (Martin, 2011), RNA-Seq reads were aligned to hg19 using STAR (Dobin et al., 

2013) and quantified by featureCounts (Liao et al., 2014). Differential analysis was performed by DESeq2 

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

 

ChIP-seq data analysis 

ChIP-Seq ChIP-Seq reads were aligned to the human genome hg19 using Bowtie2 (Langmead & Salzberg, 

2012). Peaks in each sample were called using MACS2 with q-ǾŀƭǳŜ ƻŦ мŜҍр (Feng et al., 2012). Peaks 

were annotated using Homer (http:// homer. ucsd. edu/ homer/) to assign target genes. Consensus 

peaks in each condition were identified using DiffBind (Stark & Brown, n.d.). Differential analyses were 

performed by DESeq2 (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.d.) was 

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

DMSO.  
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PRO-seq data analysis 

After adapter trimming and low quality sequence removal by Cutadapt (Martin, 2011), PRO-seq reads 

longer than 15 bp were reversed complemented using FASTX-Toolkit (http://hannonlab. 

cshl.edu/fastx_toolkit). Reverse-complemented reads were aligned to hg19 using Bowtie2m48. Reads 

mapping to rRNA loci and reads with mapping quality < 10 were removed. Reads were normalized by the 

RLE implemented in DESeq2 (Langmead & Salzberg, 2012). Alignment files were used as inputs to NRSA 

(http://bioinfo.vanderbilt.edu/NRSA/) for estimating alterations of RNA polymerase abundance in 

proximal-promoter and gene body regions (Wang et al., 2018). The promoter-proximal 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 calculated (Core 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. 

DESeq2 (Love et al., 2014) was 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. 
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Chapter III 

 

WDR5 degradation and WIN site inhibition elicit unique responses in cancer cells 

 

Introduction 

In the modern era of WDR5 targeted therapeutics, the tools to perturb WDR5 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 2001 (Sakamoto et al., 2001), yet the 

technology laid dormant for over a decade (Ciulli & Trainor, 2021) due 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 concentrations (Bondeson et al., 

2015). As the process of designing PROTACs has improved significantly, so have sentiments surrounding 

their therapeutic potential leading to an increase in the attention PROTACs have received from the drug 

industry. PROTACs began clinical testing in 2019 (Mullard, 2019) and as of 2023, ARV-471 and ARV-110, 

estrogen and androgen receptor degraders, have respectively reached phase III and phase II 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 and gene-based 

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. Oral bioavailability can be particularly challenging for PROTACs; unlike traditional small molecule 
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inhibitors, PROTACs are large, bivalent compounds not easily optimized to meet classic oral drug criteria 

ǎǳŎƘ ŀǎ ǘƘŜ άǊǳƭŜ ƻŦ рέ ŀǊǘƛŎǳƭŀǘŜŘ ōȅ [ƛǇƛƴǎƪƛ (Han & Sun, 2022)Φ ¢ƘŜ ΨǊǳƭŜ ƻŦ рΩ ǇǊŜŘƛŎǘǎ άǇƻƻǊ ŀōǎƻǊǇǘƛƻƴ 

or permeation is more likely when there are more than 5 H-bond donors, 10 H-bond acceptors, the 

molecular weight (MWT) is greater than 500 and the calculated Log P (CLogP) is greater than 5 (or 

aƭƻƎtҔпΦмрύέ (Lipinski et al., 2001). While 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 and time-intensive chemical 

biology, and despite recent R&D improvements, screening PROTACs remains less scalable than small 

molecule inhibitors (Prozzillo et al., 2020). Despite these drawbacks, there remains great potential in 

adding protein degraders to the anti-cancer 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 engineering advances have allowed for tagging 

of moieties on protein surfaces to achieve proteolytic elimination of individual proteins. There are two 

recently introduced, commonly practiced degron-based systems that provide rapid, targeted protein 

depletion: auxin inducible degron (AID) (S. Li et al., 2019) and degradation tag (dTAG) (Nabet et al., 

2018). AID involves taking a plant specific proteolytic pathway, regulated by the hormone auxin, and 

transplanting it into non-plant cells. This is achieved by genetically editing cells to express an AID tagged 

mutant of a protein of interest (Natsume et al., 2016) and expressing the auxin perceptive F-box protein 

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

(Skp1-Cullin-F-box), triggering its rapid depletion with a half-life typically within 10-20 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 degrader άdTAGέ 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 PROTACs into the world of molecular biology provides 

newfound opportunity to model both basic POI functions and the cellular response to the elimination of 

a POI 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 

possible substrates is effectively constrained by the level of confidence in the elimination of the POI as a 

curative measure. Given 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 presumably reveal basic target protein function. Importantly, my observations suggest that 

this assumption can be confounded by collateral off-target protein loss at rapid timescales (Figure 3-4c) 

and that these targeted protein degradation systems are not inherently foolproof target validation 

techniques. 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 were not openly disclosed WDR5 PROTACs at the onset of this project, now, there are 
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multiple (D. Li et al., 2022; Yu et al., 2021). Time 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 WDR5: highly potent WIN-site inhibitors. 

 

Most WDR5 drug discovery efforts focus on blocking its WIN site (Aho 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 al., 2018), the 

arginine-binding cavity that tethers WDR5 to chromatin and recognizes an arginine-ŎƻƴǘŀƛƴƛƴƎ ά²Lb 

ƳƻǘƛŦ έ ƛƴ ǇŀǊǘƴŜǊ ǇǊƻǘŜƛƴǎ ǎǳŎƘ ŀǎ ǘƘŜ {9¢мκa[[ ŦŀƳƛƭȅ ƻŦ ƘƛǎǘƻƴŜ ƳŜǘƘȅƭǘǊŀƴǎŦŜǊŀǎŜǎ (Song & Kingston, 

2008), KIF2A (Ali et al., 2017), the kinase PDPK1 (Guarnaccia et al., 2021), and others (Guarnaccia & 

Tansey, 2018). In vitro profiling demonstrates that small molecule WIN site blockers can inhibit cancer 

ŎŜƭƭǎ ŎŀǊǊȅƛƴƎ ƻƴŎƻƎŜƴƛŎ Ƴǳǘŀǘƛƻƴǎ ƛƴ a[[мΣ /κ9.tʰΣ ǇроΣ ŀƴŘ a¸/ (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 al., 2018), forecasting that 

WIN site inhibitors could have widespread utility as anti-cancer agents. While in vivo studies of early 

generation WIN site inhibitors were limited by poor drug-like characteristics, drug development efforts 

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

significant in vivo antitumor efficacy and safety in animal models (Teuscher 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 on-target toxicities. In modern drug discovery, this 

understanding often comes from probing the impact of long-term loss or depletion of the target protein 

on the cancer cell milieu and from correlative studies that tie phenotypic responses to a canonical 
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molecular function of that target (Kaelin, 2017). And WDR5 is no exception. RNAi-mediated 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 response (Cao et 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., 2015). But knockdown studies conflate blocking the WIN site of WDR5 with 

loss of the entire protein, and because WDR5 is pan-essential (Tsherniak et al., 2017) cannot explain how 

WIN site inhibitors show cancer cell-selective inhibition in vitro (Aho 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 transcription (Howe 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; Alicea-Velázquez et al., 2016), and cannot explain how WIN site inhibitors 

induce transcriptional changes without altering H3K4me (Aho et al., 2019a). 

 

I 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 WDR5, which would prove timely given that the 

arsenal of WDR5 inhibitors has recently moved beyond those targeting the WIN site to those that trigger 

WDR5 degradation (Dölle et al., 2021; Yu et al., 2021). Using a potent WIN site inhibitor and two cell-

based, targeted proteolytic degradation systems to perturb WDR5 with high temporal resolution in 

different MYC-driven cancer cell lines, I took an experimental approach capable of demonstrating both 

direct and indirect effects of loss of WDR5 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 

WDR5 degraders in the clinic. 
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Results 

 

Comparing WDR5 loss with WIN site inhibition 

To ascertain whether WIN site inhibition impacts some or all of the functions of WDR5, I compared the 

effects of acute depletion of WDR5 with those of WIN site inhibition in Ramos cells, a Burkitt lymphoma 

line harboring a c-MYC translocation and expressing mutant p53 (Wiman et al., 1991). Lance Thomas, a 

former research associate who led projects of which I later assumed ownership, engineered Ramos cells 

so that WDR5 could be degraded via an auxin inducible degron (AID) (Nishimura et al., 2009) (Figure 3-

1a-bύΣ ŎǊŜŀǘƛƴƎ ǘƘŜ ƭƛƴŜ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ά!L5²έΦ [ŜǾŜƭǎ ƻŦ ²5wр ŀǊŜ ƭƻǿŜǊ ƛƴ !L5² ŎŜƭƭǎ ǘƘŀƴ ǘƘŜ ǇŀǊŜƴǘŀƭ 

Ramos line (Figure 3-1b), perhaps due to leaky degradation via the AID tag (Yesbolatova et al., 2020) or 

the impact of the genomic modification on WDR5 expression. Regardless, upon addition of indole-3 

acetic acid (IAA), tagged WDR5 is rapidly depleted from AIDW cells, but not wild-type (WT) Ramos cells 

(Figure 3-1c). To inhibit the WIN site, I treated AIDW cells with 500 nM of WIN site inhibitor C16 (Tian et 

al., 2020); a concentration that maximally evicts WDR5 from chromatin (Figure 3-1d). Because both 

WDR5 loss (Li et al., 2020) and WIN site inhibition (Aho et al., 2019; Bryan et al., 2020) elicit a cellular 

response via induction of p53, I reasoned that the mutant TP53 status of Ramos cells would allow me to 

monitor transcriptional changes independent of complications from p53 activation (Figure 3-1e). 
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Figure 3-1: A system to compare loss of WDR5 with WIN site inhibition in Burkitt Lymphoma cells  
a) Strategy for tagging endogenous WDR5 loci with the AID tag. Top panel shows a depiction of the 5' 
region of the human WDR5 gene on chromosome 9q34.2. Exons are numbered and depicted as boxes; 
coding sequences are represented as blue; non-coding sequences as grey. Splicing events are depicted 
by blue lines. The location 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 
as a puromycin resistance cassette (PUROR), and two loxP sites, as indicated. Introduced sequences also 
include a P2A "self-cleaving" peptide that permits translation of downstream WDR5 sequences, separate 
from those of the AID and PUROR sequences. The bottom panel shows the locus after excision of the 
PUROR cassette by transient activation of CRE recombinase. By L. Thomas. 
b) Expression of AID-tagged WDR5 and OsTIR1 in AIDW cells. Lysates were prepared from wild-type (WT) 
Ramos cells, or Ramos cells engineered to express AID-tagged WDR5 and OsTIR1 (AIDW), and WDR5, 
OsTIR1, or GAPDH (loading control) levels determined by Western blotting. OsTIR1 was detected by 
antibodies against the Myc epitope tag. By L. Thomas. 
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c) Wild-type (WT) Ramos cells, or AIDW Ramos cells, were not treated (NT) or treated for the indicated 
ǘƛƳŜǎ ǿƛǘƘ млл ˃a L!!Φ ²5wр and GAPDH levels were determined by Western blotting. N = 3. By L. 
Thomas. 
d) AIDW cells were treated with DMSO or 500 nM C16 ŦƻǊ му ƘΣ ŀƴŘ /ƘLt ǇŜǊŦƻǊƳŜŘ ǿƛǘƘ ŀƴ ʰ-WDR5 
antibody or IgG control. Co-precipitating DNAs corresponding to the indicated loci were detected by 
qPCR. RPTOR and RPL14 are not bound by WDR5. Error bars are standard error. N = 3. 
e) As in (c) but treatments were for four days, and blots probed for WDR5, p53, and GAPDH. N = 3. By A. 
Florian. 
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In longer term treatments, depletion of WDR5 leads to a decrease in cell proliferation, and by day four 

the number of AIDW cells is less than 10% that of untreated controls (Figure 3-2a). Growth of 

unmodified Ramos cells is not impacted by IAA treatment (Figure 3-2b), demonstrating that this growth 

deficit is due to AID tagging of WDR5. A 4 day treatment with 500 nM C16, in contrast, reduces viable 

AIDW cells to just 65% of DMSO-treated controls (Figure 3-2a), and the IC50 for C16 in these cells is 

tenfold higher than that required to evict WDR5 from chromatin (Figures 3-2c; 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 phases (Figure 3-2d). 
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Figure 3-2: Cellular impact of IAA and C16 on Ramos cells 
a) !L5² ǿŜǊŜ ǘǊŜŀǘŜŘ ǿƛǘƘ млл ˃a L!! όǘƻǇύ ƻǊ рлл ƴa C16 (bottom) for 1 to 4 days, viable cell numbers 
determined, and expressed as a percentage of the not treated (NT) or DMSO-treated (DM) control 
cultures. Error bars are standard error. N = 3. 
b) Wild-ǘȅǇŜ wŀƳƻǎ ŎŜƭƭǎ ǿŜǊŜ ǘǊŜŀǘŜŘ ǿƛǘƘ млл ˃a L!! ŦƻǊ ƻƴŜ ǘƻ ŦƻǳǊ ŘŀȅǎΣ ǾƛŀōƭŜ ŎŜƭƭ ƴǳƳōŜǊǎ 
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 to C16 in 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 normalized-response model. 
d) Bar graphs, showing distribution of cell cycle phases as determined by flow cytometry for AIDW 
wŀƳƻǎ ŎŜƭƭǎ ǘǊŜŀǘŜŘ ǿƛǘƘ όƭŜŦǘύ млл ˃a L!! ƻǊ ƴƻǘ ǘǊŜŀǘŜŘ όb¢ύΣ ƻǊ όǊƛƎƘǘύ рлл ƴa C16 or DMSO, for 18 
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, I used an existing WDR5 dTAG system genetically engineered in the WIN site inhibitor 

sensitive CHP134 neuroblastoma cell line by Alissa Guarnaccia (Bryan et al., 2020) (Figure 3-3a). In this 

system the endogenous WDR5 is tagged with the FKB12(F36V)-HA module, and the addition of dTAG-47 

triggers rapid loss of WDR5. The inclusion of the HA module allows WDR5 to be probed with either 

antibodies that bind epitopes on WDR5 or those against the HA-tag, the latter of which can be 

advantageous for genomic assays like ChIP-seq and CUT&RUN. CHP134 cells are N-MYC amplified, p53 

wild-type neuroblastoma cells (Carr-Wilkinson et al., 2010), as such they provide a complimentary and 

parallel cellular context to Ramos cells which includes an active p53 response (Figure 3-3b). Initial study 

of these cells has found induction of p53 in response to WDR5 loss and C6 (Figure 3-3c), an early 

generation WIN site inhibitor. Both two-day treatment with C6 and dTAG-47 induce p53 and after 7 days 

shift cell cycle phases to increase the sub-G1 population (Figure 3-3e).   

 

Together, the AIDW Ramos cells and the CHP134 dTAG-WDR5 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 cells: A system to compare loss of WDR5 and WIN site inhibition in 
Neuroblastoma cells  
Figures 3-3a-e are direct references from Bryan et al., 2020 NAR. 
a) Immunoblotting for WDR5 in CHP-134 cells in which endogenous WDR5 is tagged with an 
FKBP12(F36V)ςHA cassette. The blot for WDR5 shows that its molecular weight is shifted upon 
introduction of the cassette in tagged cell populations, compared to untagged CHP-134 cells (middle 
panel). Addition of 500 nM of dTAG-47 ligand induces disappearance of tagged WDR5, as judged by both 
the total WDR5 blot and the anti-HA blot (top panel), which visualizes only tagged WDR5. GAPDH is a 
loading control. 
b) Immunoblotting of steady-state levels of the indicated proteins in tagged CHP-134 cells that were 
treated with DMSO or 500 nM dTAG-47 for 2 days. GAPDH is a loading control. 
c) Immunoblotting of steady-state levels of the indicated proteins in CHP-134 cells that were treated with 
DMSO, or 5 M C6, for 2 days. GAPDH is a loading control. 
d) Distribution of cell cycle phases as determined by flow cytometry of tagged CHP-134 cells treated with 
DMSO or 500 nM dTAG-47 (dT47) for 2, 4 or 7 days. Data are presented as mean, error bars are standard 
ŜǊǊƻǊΦ ϝt Ґ лΦлмΣ ϝϝt Ґ лΦллрΣ ϝϝϝt Ґ лΦлллоΣ ϝϝϝϝt ғ лΦлллм ōȅ {ǘǳŘŜƴǘΩǎ ǘ-test. n = 3. 
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e) Distribution of cell cycle phases as determined by flow cytometry for CHP-134 cells treated with 
DMSO, or 5M C6 for 2 or 7 days. Data are presented as mean, error bars are standard error. *P = 0.04, 
ϝϝt Ґ лΦлло ōȅ {ǘǳŘŜƴǘΩǎ ǘ-test. n = 3.  
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²5wр ƭƻǎǎ ǘǊƛƎƎŜǊǎ ǊŀǇƛŘ ƭƻǎǎ ƻŦ {9¢мκa[[ Ia¢ǎ όƻǊ άŎƘǊƻƳŀǘƛƴ ǊŜƎǳƭŀǘƻǊȅ ǇǊƻǘŜƛƴǎέύ 

Among other multi-protein complexes, studies of ribosomes (Lam et al., 2007; Sung et al., 2016; 

Yanagitani et al., 2017) and membrane protein complexes (Mueller 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 WDR5 functions as a scaffold for both SET1/MLL HMT and the ATAC 

(ADA-two-A-containing) HAT complexes (Spedale et al., 2012), I reasoned rapid loss of WDR5 could 

impact protein complex formation and result in the loss of proteins WDR5 operates with through 

SET1/MLL and ATAC. To test this concept, I 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, ASH2L) (Guarnaccia & Tansey, 2018), ATAC components 

(MBIP, TADA3A) (Spedale et al., 2012), a known cofactor for coordinating SET1/MLL (HCF1) (Wysocka & 

Herr, 2003; Zhao et al., 2013), and a protein known to function with WDR5 off chromatin (PDK1) 

(Guarnaccia et al., 2021). WDR5 degradation was sustained for over 24 hours in dTAGW CHP134 and 

AIDW Ramos cells by the addition of 500 nM dTAG-47 and 100 uM IAA respectively, and lysates we 

harvested for western blotting. Parallel experiments with 500 nM C16 WIN 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 inhibition (Figure 3-4a). Similarly, MBIP, which interacts with 

WDR5 in the ATAC scaffold, shows significant reduction in protein levels following loss of WDR5 but is 

stable following 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 WDR5 loss (Figure 3-4b).  

 

Considering loss of WDR5 alters the levels of SET1/MLL proteins, I 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, I took an approach of degrading 

WDR5 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 H3K4me3 (Lee & 

Skalnik, 2008; Shinsky et al., 2015; Wu et al., 2008), SET1A was probed alongside MLL2, another 

SET1/MLL family HMT oriented towards H3K4me1. To determine if SET1A and MLL2 protein are rapidly 

lost following WDR5 degradation while also preserving protein levels sufficient for detection via western 

blotting, I conducted the cycloheximide chase following a four-hour dTAG/IAA treatment. Due to the 

propensity of cycloheximide to activate cell stress pathways which activate apoptosis in Burkitt 

lymphoma cells (Ishi et al., 1995) and generate artificially long protein half-lives through the rapid 

clearing of E3 ligases (Dai et al., 2013) the 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 cells (Figure 3-4c), 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 loss (Figure 3-4c). 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, 500 nM C16, or 500 nM dTAG-47, 
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 in a) but target levels remained stable following WDR5 degradation. N = 3  
c) Cycloheximide chase of dTAGW CHP134 and AIDW Ramos cells following WDR5 degradation; for 4 
hours, dTAGW CHP134 cells were treated with 0.1% DMSO, or 500 nM dTAG-47, and 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 density (Figure 3-5a). 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 complex-independent than is observed for WDR5. 

Following 24 hours of WDR5 degradation RBBP5 shifted towards lower molecular weight fractions of the 

gradient in both CHP134 and Ramos (Figure 3-5b), indicating reduced RBBP5 incorporation into high 

molecular weight multi-protein complexes is a consequence of WDR5 loss. These results affirm that 

WDR5 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 WDR5 serves as a scaffold.   

 

From this analysis, I 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 SET1A (Tsherniak et al., 2017). WIN 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 degradation destabilizes RBBP5 complexing 
a) WDR5 density sedimentation analysis of dTAGW 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 WDR5 levels were determined for each 
sedimentation fraction. 
b) RBBP5 density sedimentation analysis of dTAGW CHP134 and AIDW Ramos cell extracts after WDR5 
degradation. dTAGW CHP134 were treated with 0.1% DMSO, or 500 nM dTAG-47, and 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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WDR5 loss alters histone post-translational modifications (PTMs) 

Given my observation that WDR5 degradation reduces the steady state levels of proteins involved in 

histone methylation and acetylation, I reasoned that the loss of WDR5 would impact the abundance of 

these proteins on chromatin. H3K4me3, a stable and well-known histone PTM regulated by WDR5, is lost 

rapidly following WDR5 degradation in AIDW Ramos cells with little H3K4me3 detectable in bulk lysates 

after only four hours of IAA treatment (Figure 3-6a). After 10 hours of C16 treatment, H3K4me3 levels 

remain stable (Figure 3-6a). To allow analysis of purified histone material and follow accepted 

methodologies for study of histone proteins, I 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 dTAG-47/IAA, C16, or 0.1% DMSO. Histones were extracted for 30 minutes in 0.4 N H2SO4 as to 

avoid coextracting highly basic non-histone 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 sample (Figure 3-6b). 

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 cells (Figure 3-6c). After 24 hours of WIN site inhibition, the levels of these two 

modifications remained relatively 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 response to C16 was 

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 with 100 ˃ a L!! ƻǊ рлл nM 
C16 for the indicated times and H3K4me3, WDR5, and GAPDH levels determined by Western blotting. 
άb¢έΤ ƴƻǘ ǘǊŜŀǘŜŘΦ ά5aέΤ 5a{h ŎƻƴǘǊƻƭΦ b Ґ оΦ 
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 in Figure 3-4a, 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 WDR5 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 mechanisms (T. Zhang et al., 2015; Zhao et al., 2013), I reasoned 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 (LC-MS/MS) has emerged as the leading technology for global 

histone PTM analysis (Yuan 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 explain why global analysis of WDR5-dependent histone PTMs was not 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, I closely collaborated with the leader of the Vanderbilt Mass 

Spectrometry core, Kristie Rose, who oversaw the LC-MS/MS of 24hr WDR5 degradation samples 

prepared alongside those used for Figure 3-6c. My approach ultimately benefits both from the novelty of 

the AID/dTAG systems and the newly developed LC-MS/MS analysis pipelines capable of reliably 

discriminating ratios of highly similar histone peptides through data-dependent and data-independent 

acquisition methods (Shechter et al., 2007; Yuan et al., 2018). By applying these technologies to study 

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

 

To benchmark the variance of my results against published histone PTM MS data, standard deviations 

(SDs) of ratios for each peptide within each condition were calculated and plotted as a distribution 

(Figure 3-7a) and compared to peptide ratio SDs from Agosto et al Cell Reports 2023. The total variance 

of the peptide ratio data published by Agosto et al (Figure 3-7b) is higher than that of mine (Figure 3-7a) 

(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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changes (Figure 3-7c) and more than 3.5 times as many PTM level changes as dTAGW CHP134s (p < 0.05) 

with 53, the majority of which were reduced (log2fold < 0 = 37 PTMs) (Appendix Table 2). Only 14 PTMs 

showed differential abundance in CHP134s, all of which were induced except for H3K4me3, H3K4me2, 

and H3K4me1. Corroborating the western blot results (Figure 3-6b), these three PTMs were also reduced 

in Ramos cells following 24-hour IAA treatment, H3K4me3 having one of the largest magnitude fold 

changes among all peptides (log2fold = -4.23). Besides H3K9ac (Ramos log2fold = -0.49), none of the 

acetylated PTMs in the panel probed via Western blotting showed differential abundance when 

measured with MS. In both CHP134 and Ramos cells H3K27me1 was among the highest induced histone 

PTMs, as was the combinatorial peptide that includes H3K27me1 and H3K36me1. The same 

modifications on H3.3, a variant of H3 that replaces H3 at actively transcribed genes (Szenker et al., 

2011), corroborated these results. In Ramos cells the two PTMs showing the greatest induction were 

H3.3K27me1 and H3.3K36me1 (log2fold = 5.56; 5.51), and in CHP134s, H3.3K36me1, H3.3K27me1 and 

H3.3K27me1K36me1 were all induced (log2fold = 1.12; 1.49; 1.92) Additionally, H3K79me1 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 H3K27me1 or H3K36me1) have not previously been tied to 

WDR5 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 

WDR5 degradation are largely unaffected by WIN site inhibition suggesting that loss of the WIN site has 

a more limited impact on chromatin than loss of WDR5.  
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3-7: Cataloguing landscape of WDR5-dependent 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 nano-LC-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 as a) but for histone PTM ratios from cell lines in Agosto et al., Cell Reports, 2023. Mean; 
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 nano-LC-MS/MS. Results are shown with peptide 
clustering. Full analysis of histone PTMs is shown in Appendix 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 I investigated whether degrading other targets similarly induced rapid loss of 

functionally related proteins. After observing the unexpected effects of WDR5 degradation, I sought to 

better understand whether the impacts were specific to WDR5 or representative of a more general 

consequence of targeted protein degradation. I 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/MLL-dependent methylation of histones. Following methodology 

equivalent to what was used for generating the dTAGW CHP134 cells, Lance Thomas genetically 

engineered Ramos cells with RBBP5-FKBP-2xHA endogenously tagged for both alleles (dTAGR Ramos 

cells). Ramos HCF1-dTAG cells were obtained from Popay et al eLife 2021 (dTAGH Ramos cells) and 

CHP134 HCF1-dTAG cells were engineered by Andi Florian (dTAGH CHP134 cells). These cells represent 

ideal systems for testing whether it is WDR5 or the complete WRAD complex that is necessary 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 WDR5, degradation of RBBP5 induces a rapid reduction in H3K4me3 (Figures 3-8a; 3-6a), 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, I assayed levels of SET1A after four hours of RBBP5 degradation. The majority of bulk 

SET1A levels are lost following the short-term loss of RBBP5 (Figure 3-8b) 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 nM dTAG-47 for the indicated times. RBBP5, 
H3K4me3 and GAPDH levels were determined by Western blotting. By L. Thomas. 
b) As with a) dTAGR Ramos cells were treated for 4 hours with dTAG-47. 
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A panel of proteins 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 not 

change following HCF1 degradation, MBIP was reduced to levels near the limit of detection (Figure 3-9a). 

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 respectively (Figure 3-9b), 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 I conclude that this effect could extend to any 

target of targeted protein degradation, depending on the protein and the cellular context. There is clear 

cell-type dependency underlying the concomitant loss of proteins functionally connected to the 

degraded protein, as evidenced by MBIP being impacted by HCF1 degradation in CHP134 cells but not 

Ramos cells. My experiments show that the short-term 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 HMTs, 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) dTAGH CHP134 cells were treated with 0.1% DMSO, or 500 nM dTAG-47 for 24 hours. Target levels 
were determined by western blotting. N = 3. By A. Alam. 
b) as in a) but with dTAGH Ramos cells. N = 3 By A. Alam. 
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Discussion 

Using cancer cell-based genetic models of targeted protein degradation for WDR5 and other chromatin 

regulatory factors, I 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 disparate, cell-type specific 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 of WIN-site 

blockade on stable protein levels among the targets tested. In Ramos cells, less than 10% of cells 

remained viable after four-day IAA treatment while more than half remained after the same time course 

with C16 (Figure 3-2a). 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 through wide-ranging 

effects. Additionally, the loss of other proteins in response to HCF1 degradation provides evidence that 

for any given target of a PROTAC there are possible off-target 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 PROTACs as targeted therapies.  

 

WDR5, 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 WDR5, its reduction is commonly portrayed 

as a driving factor in the anti-tumor response elicited by WDR5 knockdown studies. Historically, these 

experimental approaches have lacked the temporal resolution necessary to investigate direct effects of 

WDR5 perturbation and have misrepresented WDR5 knockdown as a model of WIN site inhibitors (Cao 

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., 2015). My studies show that WIN site inhibition does not equate to 

WDR5 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 

HEK293 cells showing that WIN site inhibition does not evict MLL1 from WDR5 complexes (Guarnaccia 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 inhibition (Figures 3-4a; 3-6a), 

but is significantly and rapidly reduced following both WDR5 and RBBP5 degradation (Figures 3-4a; 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., 2021). WDR5 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 

H3K27me1, H3K36me1, H3K27me1K36me1 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 H3 at promoters during active transcription (Szenker et al., 2011). Like with H3K4me3, the 

relationship between H3.3 enrichment and gene activity is under debate, nevertheless H3.3 is required 

during mammalian development (Szenker et al., 2011). Further corroboration of WDR5 regulating the 

stated PTMs is evidenced by the induction of these same modifications in Ramos cells.  
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Interestingly H3K27me1 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 elements (Bernstein et al., 2006; 

Boyer et al., 2006; Bracken et al., 2006; Cai et al., 2021; Ku et al., 2008; Ngan et al., 2020), making them 

proximal to WDR5 associated loci. While WDR5 is not directly tied to PRC2, in humans WDR5 scaffolds a 

PRC1 variant, PRC1.6 (Hauri et al., 2016), which also utilizes MAX for targeting to E-boxes. PRC1 and its 

variants operating alongside PRC2, through feedback support, may indirectly tie WDR5 to PRC2 function 

on chromatin. Given the relative nearness of H3K4me3 and H3K27me3 domains at bivalent promoters 

active during development, and the induction of WDR5 during stages of dynamic gene expression such 

as differentiation, it is reasonable to suspect WDR5 may indirectly influence H3K27me. In mice ESCs, 

Set1A acts as a H3K4me HMT to regulate bivalent promoters, implying the indirect effect of WDR5 

degradation on H3K27me could involve the loss of SET1A (Cenik et al., 2022). Magnified by the 

observation that WDR5 interacts with the canonical PRC1 protein Cbx8 to sustain mammary tumors 

(Chung et al., 2016), further investigation into the connection between WDR5 and PRC1/2 is an 

attractive area of WDR5-dependent gene expression to investigate. Though the connection between 

WDR5 and PRC2 is not established, there is potential for WIN site inhibition to impact H3K27me. 

However, 24-hour WIN site inhibition had little effect on SET1A or the histone PTMs probed in my 

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

PTM maintaining functions of WDR5, despite removing WDR5 from chromatin as measured by ChIP-seq.  

 

The cellular response to WDR5 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 chromatin-centric 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 catalytic-independent 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., 2018). Additionally, Set1A catalytic methyltransferase activity is critical in regulating mouse 

embryonic stem cell differentiation but not self-renewal and proliferation, and loss of the Set1A SET 

domain does not diminish bulk H3K4me3 (Sze et al., 2017). When taken together, this evidence suggests 

that the corresponding loss of proteins like SET1A and MLL2 due to WDR5 degradation will trigger 

ƛƳǇŀŎǘǎ ƭƛƪŜƭȅ ƴƻǘ ƭƛƳƛǘŜŘ ǘƻ ŎŀƴƻƴƛŎŀƭ ŎŀǘŀƭȅǘƛŎ ŦǳƴŎǘƛƻƴǎ ŀǘ ƘƛǎǘƻƴŜǎΦ ¢ƘŜ άƳƻƻƴƭƛƎƘǘƛƴƎέ ǊƻƭŜǎ ǇƭŀȅŜŘ ŦƻǊ 

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 

compositions (Pla-Prats & Thomä, 2022); their assembly is an intrinsically-error prone process that must 

be kept in check by systems of quality control. When proteins are produced in vivo, complex subunit 

stoichiometry is widely variable, thus a significant portion of the proteome consists of non-

stoichiometric synthesis opposed primarily by the ubiquitin-proteasome system (UPS) acting as a quality 

control mechanism by degrading unassembled monomers and defective complexes (Harper & Bennett, 
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2016; Mena et al., 2018). Much of this occurs within the endoplasmic-reticulum-associated protein 

degradation (ERAD) pathway that ties misfolded proteins and their aggregates to degradation through 

UPS and non-UPS mediated degradation, both of which could plausibly control the elimination of SET1A 

and MLL2. Outside of the ER, ubiquitin-conjugating enzymes like UBE20 elicit degradation of 

unassembled orphan subunits (Yanagitani et al., 2017), suggesting 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 degradation (McShane et al., 2016) and with no unifying biochemical feature shared 

among orphan proteins, it is expected many unique biochemical recognition pathways exist across the 

proteome in a normal, cell maintenance process (Xu et al., 2016). 

 

One major non-UPS pathway is chaperone-mediated autophagy, wherein misfolded proteins and their 

aggregates are translocated along microtubules through 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 UPS (Lilienbaum, 2013). WDR5 

degradation triggers collateral loss of specific COMPASS elements while others are preserved (Figure 3-

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 CHP134s (Figure 3-4c), and 3) an understanding of 

whether proximity to WDR5 influences near-target ubiquitination. Despite these limitations, examining 

the relationship between the UPS and protein complex assembly provides context into what may be 

happening. Hemoglobin complex (Nguyen et al., 2017; Yanagitani et al., 2017) and ribosomes (Lam et al., 

2007b; Sung et al., 2016; Yanagitani et al., 2017), are two major examples of protein complexes 

regulated by the UPS, both of which involve subunits being substrates of the ubiquitin conjugating 

enzyme UBE20. In reticulocytes, UBE20 selectively eliminates unassembled a-globin while 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 UBE2O 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 manner (Yanagitani et al., 2017). UBE20 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 ligases (W. Li et al., 2008) that adhere to structural surfaces on proteins to selectively induce 

their degradation; though only a small fraction have known substrate pairings (Mészáros et al., 2017), it 

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

yeast Set1 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 the N-ǘŜǊƳƛƴŀƭ άŘŜǎǘǊǳŎǘƛƻƴ ōƻȄέ ǎŜǉǳŜƴŎŜΣ ǇǊŜǾŜƴǘƛƴƎ {Ŝǘм 

degradation via E3 ligase APC/C^Cdh1 complex mediated proteolysis (Gong et al., 2023). While this RNSL 

sequence is not conserved in humans, investigation of SET1/MLL HMT sequences recognized by E3 

ligases in vivo is warranted. Given E3 ligase expression varies across cell types (Sathe & 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 

WDR5, 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 reporter- based CRISPR screen 

is described by Timms et al., Science, 2019 (Timms et al., 2019), though a recently developed multiplexed 

CRISPR screen system (Timms et al., 2023) could be adapted for wide-scale identification of E3-substrate 

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 mixed-lineage 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 short-term 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 I found to be stable following 
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WDR5 degradation in my studies of neuroblastoma and lymphoma cells (Figure 3-4b). 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 

ŘŜǎŎǊƛōŜŘ ŀǎ άŀƴ ŜŦŦŜŎǘƛǾŜ ²5wр ŘŜƎǊŀŘŜǊέ ōȅ ¸ǳΣ ǎƻ ƛǘ ƛǎ ǳƴƭƛƪŜƭȅ ¸ǳ ŀƴŘ ŎƻƭƭŜŀƎǳŜǎ ǎƻǳƎƘǘ ǘƻ ŀŎƘƛŜǾŜ ŀ 

level of degradation below the maximum amount they could demonstrate through their structure-based 

design strategy. The apparent safety profile demonstrated by MS67 in mice (Figure 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 I 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 WDR5-binding 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 cancer-sustaining 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, I would conduct similar experiments to those presented in 

this chapter with dTAG/AID treatments calibrated to reduce WDR5 levels by between 25-50%. While 
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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 24-hour 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 signals were quantified through precise 

genomics assays presented in the next chapter.     

 

Through future study, my AID/dTAG-WDR5 systems allow me to investigate the role of H3K4me3 in 

controlling human gene expression through RNA Polymerase II Pause release, as has been suggested by 

RBBP5 degradation studies in mice (Wang et al., 2023). Despite the fact I 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, I can attempt to replicate or refute 

the finding in a human system with nascent RNA sequencing methods such as PRO-seq. Through a run-

on experiment, this NGS technique captures both direct transcriptional targets and polymerase 

positioning on genes. By applying a method like PRO-seq to Ramos cells after short WDR5 degradation 

(2-4 hours), I 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 action (Sathe & Sapkota, 2023). Conventional 

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 on-target specificity of PROTACs has been demonstrated with the tandem-mass-tag 

(TMT) labeled global proteomic analysis of a PROTAC targeting kinase SGK3, revealing only SGK3 

expression was significantly impacted after 8 hours treatment in HEK293 cells (Tovell et al., 2019). To 

catalogue the extent to which off-target protein loss coincides with WDR5 degradation, similar unbiased, 

TMT-MS based, whole cell proteomics analysis should be conducted following WDR5 degradation in 

multiple cell lines at early (2-8 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. Similarly, to 

determine the portion of histone PTMs regulated by WDR5 through indirect effects, acid extracted 

histones should be isolated and profiled with proteomics after short-term WDR5 degradation. To gain 

insights into what portion of PTMs are regulated by WDR5 are dependent on the WIN site and 

SET1/MLL, I 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 H3K27me1/2/3 and 

other PTMs to better understand their relationship with WDR5-dependent transcription. 

 

In conclusion, I 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 WDR5 inhibitors has recently moved beyond those targeting the WIN site to 

those that trigger WDR5 degradation (Dölle et al., 2021; Yu et al., 2021). Using a potent WIN site 

inhibitor and two cell-based, targeted proteolytic degradation systems to perturb WDR5 with high 

temporal resolution in different MYC-driven cancer cell lines, I took an experimental approach capable of 

demonstrating both direct and indirect effects of loss of WDR5 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 pro-therapeutic response, and support distinct 

applications of WIN site inhibitors and WDR5 degraders in the clinic. 
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Chapter IV 

 

WDR5 directly regulates transcription patterns through mechanisms independent of H3K4me3 and 

detectable chromatin binding 

 

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 H3K4me3 (Q. 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 WIN-site dependent. Therefore, I 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 II, on chromatin and determine direct/indirect WDR5 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 protein-gene 

interaction, therefore I strategized an approach that would use complimentary techniques to capture 

these data for WDR5. Combining standard lower resolution methods (ChIP-seq and RNA-seq) with 
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recently introduced, higher resolution techniques (CUT&RUN and PRO-seq) provides a more 

comprehensive picture of where WDR5 localizes on chromatin and which genes it regulates. To 

determine the relationship between H3K4me3, transcription, and RNA Pol II positioning, I degraded 

WDR5 and applied ChIP-seq and CUT&RUN to map WDR5 and H3K4me3, and PRO-seq to map RNA Pol II. 

The rapid, targeted degradation of WDR5 through dTAG and AID and paired with CUT&RUN and PRO-seq 

gives an unprecedented view into WDR5 chromatin binding and direct effects on transcription in cancer 

cells. With this experimental strategy I tested the assumption that H3K4me3 drives the transcriptional 

response to WDR5 loss, and the hypothesis that H3K4me3 dictates RNA Pol II promoter-proximal pause 

release. Additionally, I investigated the extent to which WDR5 transcriptional regulation is WIN-site 

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 WDR5. Finally, WDR5-associated genomic loci profiled by 

ChIP-seq 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 WDR5 target gene regulation is WIN-site dependent, I compared the 

effects of WDR5 degradation and WIN site inhibition on the transcriptome of AIDW cells after 18 hours 

of treatment with IAA or C16 (Figure 4-1a). 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 analysis (Figure 4-1b) and by the number of genes dysregulated (Figure 4-1c); (ii) transcript 
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changes caused by WIN site inhibition are largely a subset of those caused by WDR5 depletion (Figure 4-

1d); and iii) WDR5 degradation results in larger changes in transcript levels than WIN site inhibition 

(Figure 4-1e) with ~ 550 transcripts altered by > log21.5- fold in IAA-treated cells, compared to just two 

with C16 (Figure 4-1f); (iv) both treatments share similarities in the types of genes dysregulated, 

particularly those relating to cell cycle processes and protein synthesis (Figures 4-2; 4-3; see 

Supplementary Tables S1, S2 from Siladi et al., Scientific Reports, 2022); (v) gene expression changes 

unique to WDR5 degradation are enriched in those linked to mitochondrial processes (Figures 4-2b, 4-

3c). The greater impact of WDR5 loss on transcript changes is observed genome wide (Figure 4-1e), at 

genes that respond to both IAA and C16, and at genes bound by WDR5 in Ramos cells (Thomas et al., 

2019) (Figure 4-4aύΦ Lǘ ƛǎ ƴƻǘ ƻōǎŜǊǾŜŘΣ ƘƻǿŜǾŜǊΣ ŀǘ ƎŜƴŜǎ άǳƴƛǾŜǊǎŀƭƭȅέ ōƻǳƴŘ ōȅ ²5wр ƛƴ ƘǳƳŀƴ ŎŜƭƭ 

lines (Bryan et al., 2020) (see Supplementary Table S3 from Siladi et al., Scientific Reports, 2022), 

revealing that these genesτmost of which encode ribosomal proteins (Figure 4-4b) and two thirds of 

which are shared MYCςWDR5 targets (Thomas et al., 2019) (see Supplementary Table S3 from Siladi et 

al., Scientific Reports, 2022)τare 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 4-1: Transcriptomic impact of WDR5 loss versus WIN site inhibition 
a) Comparison of the effects of WDR5 degradation and WIN site inhibition on the transcriptome of AIDW 
cells. Z-transformation heatmaps displaying replicates of RNA-Seq analysis of samples from 18 hour C16- 
or IAA-treated AIDW cells. DMSO is the control for C16; 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 RNA- seq data based on gene expression levels for the four 
treatment regimens (DMSO, C16, NT, and IAA). 
c) Summary of RNA-{ŜǉΣ ǎƘƻǿƛƴƎ ǘƘŜ ƴǳƳōŜǊ ƻŦ ŘƛŦŦŜǊŜƴǘƛŀƭƭȅ ŜȄǇǊŜǎǎŜŘ ƎŜƴŜǎ όC5w ғ лΦлрύ ŀƭǘŜǊŜŘ ōȅ му 
h treatment of AIDW cells with 500 nM C16 ƻǊ млл ˃a L!!Φ b Ґ п. 
d) Venn diagram, showing the overlap of transcripts decreased or increased in response to IAA or C16 
treatment of AIDW cells. 
e) Violin plot, displaying the magnitude of significant transcript changes associated with C16 or IAA 
treatment, plotted as log2-fold change (log2FC). 
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Figure 4-2: Enrichment analysis of RNA-seq data from IAA and C16 
a) Gene set enrichment analysis (GSEA) of RNA-Seq data from IAA-(top) and C16-(bottom) treated AIDW 
cells. Top three categories are shown; full results are in Supplementary Tables S1 and S2 from Siladi et 
al., Scientific Reports, 2022. NES 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 
IAA-treatment 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 respective p-values; 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 by IAA-treatment. 
d) As in (b) but for transcripts significantly (FDR < 0.05) decreased by C16-treatment of AIDW cells, 
compared to DMSO controls 
e) As in (c) but for transcripts significantly increased by C16-treatment. Note that for decreased 
transcripts, IAA and C16 share thematically similar categories relating to protein synthesis; for increased 
transcripts, IAA and C16 share thematically similar categories relating to mitosis, the cell cycle, and DNA 
replication/repair. For (aςd) the GO domain used is "Biological Process" (BP). 
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Figure 4-3: Enrichment analysis of significantly impacted transcripts 
a) GO term enrichment analysis of transcripts significantly (FDR < 0.05) decreased by both IAA- and C16-
treatment of AIDW cells, compared to their respective controls. Rest of the figure as in figure 4-2b. Most 
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. 
c) GO term enrichment analysis of transcripts significantly (FDR < 0.05) decreased only in IAA- (and not 
C16)-treated AIDW cells. Rest of the figure as in (a). These transcripts are strongly connected to nuclear 
encoded mitochondrial processes. 
d) As in (a) but for transcripts significantly increased only in IAA-treated AIDW Ramos cells. For (aςd) the 
GO domain used is "Biological Process" (BP). 
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Figure 4-4: WDR5 degradation and WIN site inhibition have comparable effects at universally bound 
WDR5 genes 
a) Volcano plots, comparing transcript changes in IAA- (top) or C16- (bottom) treated AIDW cells, 
confined to either: (i) transcripts that change in both the IAA and C16 samples (left), (ii) transcripts from 
genes bound by WDR5 in Ramos cells (Thomas et al., 2019) (middle), and (iii) transcripts from genes 
άǳƴƛǾŜǊǎŀƭƭȅέ ōƻǳƴŘ ōȅ ²5wр ƛƴ ƘǳƳŀƴ ŎŜƭƭ ƭƛƴŜǎ (Bryan et al., 2020) (right). Bubble size indicates mean 
of normalized counts of all samples, normalizing for sequencing depth. 
b) Heatmap, displaying log2 fold change (log2FC) in transcripts (IAA, top; C16, bottom) that altered in 
both treatments and confined to the set of genes "universally" bound by WDR5 in human cell lines. 
Although there are ~100 universal WDR5- bound genes, only 43 respond to WDR5 perturbation at the 
transcriptional level. Genes labeled in red cluster under the GO BP (GO:0006412) term "translation" and 
most are ribosomal protein genes. 
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Based on these data, I 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. I further conclude that most transcript 

changes caused by WIN site inhibition are a subset of those caused by WDR5 depletion, indicating that 

transcriptional responses to C16τwhich are biologically focused on genes connected to protein 

synthesis and the cell cycleτare mediated via an on-target (WDR5-directed) mechanism. Moreover, 

because there are only ~ 400 genes that are bound by WDR5 in Ramos cells as detected by ChIP-seq 

(Thomas et al., 2019), I 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. 

 

WDR5 impacts transcriptional patterns independent of H3K4me3  

The role of H3K4me3 as activating epigenetic mark is controversial (Howe et al., 2017). Nonetheless, 

because H3K4me3 is widely posited to be the mechanistic focal point of WDR5 functionτand thus of 

WDR5 inhibitors (Q. 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., 2021); τand to attempt to understand the 

extensive transcriptomic impact of WDR5 depletionτI next asked whether mRNA changes caused by 

loss of WDR5 correlate with changes in H3K4me3 status. 

 

We used chromatin immunoprecipitation sequencing (ChIP-Seq) to localize H3K4me3 on chromatin in 

!L5² ŎŜƭƭǎΣ ōŜŦƻǊŜ ŀƴŘ ŀŦǘŜǊ ²5wр ŘŜǇƭŜǘƛƻƴΦ Lƴ ǳƴǇŜǊǘǳǊōŜŘ ŎŜƭƭǎΣ ǿŜ ǘǊŀŎƪŜŘ Ϥ мнΣрлл ǎƛǘŜǎ ƻŦ 

H3K4me3 (Figure 4-5a), the majority of which are within 5 kb of an annotated transcription start site, 

and show the expected distribution (Bernstein et al., 2005), peaking immediately downstream of the TSS 

(Figure 4-5b). Despite the disappearance of bulk H3K4me3 in western blotting (Figure 3-6aύΣ Ϥ млΣолл 

sites of H3K4me3 are still detected by ChIP-Seq after 18 hours of IAA treatment (Figure 4-5a), albeit at 
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reduced levels (Figures 4-5d,e). Similar differences between bulk histone modifications and those 

detected by ChIP-Seq have been reported after treatment of cells with EZH2 inhibitors (Egan 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 method-specific considerations. Reductions in 

H3K4me3 occur throughout the transcription unit (Figures 4-5f, 4-6a), and are most pronounced at 

genes with the lowest levels of H3K4me3 (Figure 4-6b). Overlaying these data with transcriptomic 

changes (Figure 4-7a), we observe that although many genes suppressed by WDR5 depletion experience 

decreased H3K4me3, there is no trend between methylation and transcript changes (Figure 4-7b). Forty 

percent of genes undergoing a reduction in H3K4me3 are transcriptionally non-responsive, 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 (Figure 4-7c), and the correlation between H3K4me3 and 

transcript changes is poor (Figure 4-7d)τand does not improve if restricted to genes that change in 

response to both IAA and C16 (Figure 4-7e), genes bound by WDR5 in Ramos cells (Figure 4-7d), or 

universal WDR5-bound genes (Figure 4-7e). 
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Figure 4-5: Impact of WDR5 degradation on chromatin-associated H3K4me3 
CHP134 H3K4me3 ChIP-seq performed by L. Thomas. 
a) Venn diagram, displaying the overlap of H3K4me3 ChIP-Seq peaks in non-treated (NT) or treated 
(18 h/100 ˃ a L!!ύ !L5² ŎŜƭƭǎΦ b Ґ о ŦƻǊ ŜŀŎƘ ǎŜǘΦ  
b) Distribution of H3K4me3 binding sites in NT AIDW cells, relative to an annotated transcription start 
site (TSS). ChIP-Seq peaks are plotted according to distance from nearest TSS (kb), binned by region. On 
the x-axis, blue numbers represent bins upstream of the TSS; red numbers represent bins downstream of 
the TSS. The y-axis shows the percentage of each bin, relative to all peaks; the numbers above each bar 
show the number of peaks in each bin. 
c) Impact of WDR5 degradation on bulk H3K4me3. AIDW cells were treated with 100 ˃ a L!! ƻǊ рлл nM 
C16 for the indicated times and H3K4me3, WDR5, and GAPDH levels determined by Western blotting. 
άb¢έΤ ƴƻǘ ǘǊŜŀǘŜŘΦ ά5aέΤ 5a{h ŎƻƴǘǊƻƭΦ b Ґ оΦ 
d) Volcano plot, comparing the log2FC in H3K4me3 peak intensity (IAA versus NT) against 
ǘƘŜ ҍ ƭƻƎмлόŀŘƧǳǎǘŜŘ Ǉ-value). 


