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Abstract 
GRWD1 mediates Kaposi’s sarcoma-associated herpesvirus epigenetic reprogramming in 

cellular transformation 

 
Shan Wei, Ph.D. 

 
University of Pittsburgh, 2022 

 
 
 

 
Kaposi’s sarcoma-associated herpesvirus (KSHV) infection is causally associated with 

numerous cancers. The mechanism of KSHV-induced oncogenesis remains unclear. By 

performing a CRISPR-Cas9 screening in a model of KSHV-induced cellular transformation of 

primary cells, we identified epigenetic regulators that were essential for KSHV-induced cellular 

transformation. Examination of TCGA data sets of the top 9 genes, including glutamate-rich WD 

repeat containing 1 (GRWD1), a WD40 family protein upregulated by KSHV, that had positive 

effects on cell proliferation and survival of KSHV-transformed cells (KMM) but not the matched 

primary cells (MM), uncovered the predictive values of their expressions for patient survival in 

numerous types of cancer. We revealed global epigenetic remodeling including H3K4me3 

epigenetic active mark in KMM cells compared to MM cells. Knockdown of GRWD1 inhibited 

cell proliferation, cellular transformation, and tumor formation and caused downregulation of the 

global H3K4me3 mark in KMM cells. GRWD1 interacted with WD repeat domain 5 (WDR5), the 

core protein of the H3K4 methyltransferase complex, and several H3K4me3 methyltransferases, 

including myeloid leukemia 2 (MLL2). Knockdown of WDR5 and MLL2 phenocopied GRWD1 

knockdown, caused the global reduction of the H3K4me3 mark and altered the expression of 

similar sets of genes. Transcriptome sequencing (RNA-seq) and chromatin immunoprecipitation 

sequencing (ChIP-seq) analyses further identified common and distinct cellular genes and 
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pathways that were regulated by GRWD1, WDR5, and MLL2. These results indicate that KSHV 

hijacks the GRWD1-WDR5-MLL2 epigenetic complex to regulate H3K4me3 methylation of 

specific genes, which is essential for KSHV-induced cellular transformation. Our work has 

identified an epigenetic complex as a novel therapeutic target for KSHV-induced cancers.  
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1.0 Introduction 

1.1 Epigenetics and histone modifications 

1.1.1 The concept of epigenetics 

The term epigenetics was introduced by Conrad Waddington in 1942 to describe the 

heritable changes that regulate phenotype but do not alter the DNA sequences (1-3). The pattern 

of epigenetics is critical to regulating multiple important biological processes, including imprinted 

X-inactivation, genomic imprinting, and gene expression in embryonic development (1, 4). The 

changes in epigenetics can be reversed, and the most common epigenetic processes that regulate 

the dynamic structure of the chromatin are DNA methylation, post-translational modifications of 

the histones, nucleosome positioning, and epigenetic changes regulated by noncoding RNAs (1, 

3-5). More than 700 proteins have been reported to participate in epigenetic regulation (6); 

however, how these proteins are involved in this process remains largely unclear, and additional 

novel epigenetic factors remain to be discovered. Dysregulation of the epigenetic process results 

in abnormal gene expression leading to a variety of diseases, including cancers, cardiovascular 

diseases, Alzheimer’s disease, etc. (3, 5, 7, 8). Revealing the underlying mechanism of epigenetic 

regulation and investigating the functions of epigenetic factors are important for understanding the 

control of gene expression and identifying novel therapies.  
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1.1.2 Histone methylation 

Histone modification is one of the most important epigenetic processes regulating the 

chromatin structure. Eukaryotic DNA is packaged into condensed chromatin structures called 

nucleosomes around octamers of double subunits of histone proteins, H2A, H2B, H3, and H4 (9-

11). Multiple marks of covalent post-translational modification can be found on these histone 

proteins, including methylation, acetylation, phosphorylation, ubiquitination, ADP-ribosylation, 

and glycosylation (9-11). Most of these modifications occur in the N-terminal histone tails (9-11). 

Accordingly, specific enzymes are responsible for adding or removing these histone modifications, 

including histone methyltransferases (HMTs) and histone demethylases (HDMs), histone 

acetyltransferase (HATs) and histone deacetylase (HDACs), kinases and phosphatases, ubiquitin 

ligases and deubiquitinases (DUBs), and SUMO ligases and proteases (3, 5, 11). Different 

modifications on the histone tails alter the nucleosome dynamics and the accessibility of the DNA 

by transcription factors, thus regulating the activation or repression of gene expression (Fig.1) (3, 

5, 11). In general, histone acetylation is relevant to transcription activation, and histone 

methylation is associated with transcription repression (9). However, histone methylation on some 

lysine and arginine leads to transcription activation as well, such as histone H3 methylation at 

lysine 4 (H3K4) and histone H4 at arginine 3 (H4R3) (9, 12).  
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Figure 1: The key histone modifications influencing gene expression (5). The dynamic 

chromatin incudes active and repressive states. During the repressive state, chromatin is 

supercoiled and enriched for DNA and histone methylation marks (H3K9, H3K27, H3K20), thus 

DNA is inaccessible to the transcriptional machinery. The active state of Chromatin is accessible 

to transcription factors (TFs) and enriched for histone marks (H3K4, H3K6, H3K79), leading to 

transcriptional activation.  

1.1.2.1 Histone lysine methylation 

Histone lysine methylation has been recognized as a key mark among different histone 

modifications. Based on the location and methylation status (mono-, di-, or tri-), the methylation 

of histone lysine leads to transcriptional activation or repression (3, 9, 10). Five lysine residues on 
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histone H3 (K4, K9, K27, K36, and K79) and one lysine on histone H4 (K20) have been reported 

to be methylated by their corresponding histone lysine methyltransferases (HKMTs) (9), which 

play important roles in regulating critical biological processes, such as cell cycle control, RNA 

transcription and DNA repair (13). Besides H3K79 methylation catalyzed by the DOT1 family 

enzymes, all other lysine methylations are performed by the SET domain family 

methyltransferases (13, 14).  

 

 

Figure 2: COMPASS and COMPASS-like complexes from yeast to human (15). 

 

The MLL/SET1 family methyltransferases which catalyze histone H3K4 methylation are 

required to assemble into complexes with multiple proteins called COMPASS (complex of 

proteins associated with Set1) to reach their maximal catalytic and biological activities (13-15). 

The highly conserved COMPASS methyltransferase complex is capable of catalyzing mono-, di- 

and trimethylation of H3K4 (13). In humans, there are at least six multi-protein complexes 

belonging to the MLL/SET1 family, including SET1A, SET1B, and Mixed Lineage Leukemia 



 5 

(MLL) 1-4 (Fig. 2) (14-16). In general, SET1A and SET1B are responsible for most H3K4me3 

marks on gene promoters (16); MLL1 regulates important genes during development (16, 17); 

MLL2 regulates H3K4me3 marks at bivalent promoters (18); MLL3 and MLL4 act as major H3K4 

mono-methylases at the enhancers (16, 19, 20). Besides the complex-specific subunits, four 

common subunits shared by all six complexes largely stimulate the catalytic activity, including 

WD repeat containing protein 5 (WDR5), Retinoblastoma Binding Protein 5 (RbBP5), Absent-

Small-Homeotic-2- Like protein (ASH2L) and Dumpy-30 protein (DPY30) (14, 16).  

1.1.2.2 WDR5, the core protein of H3K4 methyltransferase complexes 

The WD40 repeat domain protein WDR5 is one of the core subunits of the human 

MLL/SET1 H3K4 methyltransferase complexes (16, 21). As one of the four common subunits, 

WDR5 greatly enhances the catalytic activity of the MLL/SET1 complex together with RbBP5, 

ASH2L, and DPY30 (16, 21-23). WDR5 also mediates the assembly of MLL/SET1 histone 

methyltransferase complexes by recognizing and binding an arginine-containing motif (21, 23). 

WDR5 knockdown results in the reduction of total H3K4 methylation level (24, 25). Besides its 

function in H3K4 methylation, WDR5 has also been described as a cellular multitasker such as by 

acting as a histone tail reader and being part of the nucleosome remodeling and deacetylase (NuRD) 

complex (21, 23).  

WDR5 plays a critical role in the tumorigenesis of several cancers (26). As a well-known 

oncogenic factor for MLL-rearranged leukemia, WDR5 recruits MLLs to the enhancers that are 

enriched for binding sites of E-twenty-six (ETS) family transcription factors, resulting in 

leukemogenic gene activation and leukemia (26, 27). WDR5 also induces the transcriptional 

activation of critical oncogenes, such as the oncogenic transcription factor Myc (28, 29). WDR5 
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overexpression is observed in gastric and colon cancer and is associated with poor prognosis in 

patients (26).  

1.1.2.3 The Mixed Lineage Leukemia 2  

The Mixed Lineage Leukemia 2 (MLL2), also known as KMT2B, is a member of the 

mammalian H3K4 methyltransferase family (16, 30). Composed of 2,715 amino acids, MLL2 is a 

paralog of MLL1 and is widely expressed in human tissues (30). Besides the four core subunits 

WDR5, RbBP5, ASH2L, and DPY30, MLL1 and MLL2 contain Menin, host cell factors 1/2 

(HCF1/2), and the lens epithelium-derived growth factor (LEDGF) as additional unique subunits 

to increase their functional diversity (30).  

Chromatin immunoprecipitation sequencing (ChIP-seq) shows MLL2 can establish narrow 

H3K4me3 peaks close to active promoter regions of developmentally-related genes and at bivalent 

promoters of genes with low expression levels in embryonic stem cells (18, 30, 31). About 70% 

of the identified MLL2 binding sites are localized to promoter regions, but MLL2 also establishes 

H3K4me3 peaks at non-transcriptional start site (TSS) regions (30). Some studies showed that 

MLL2 depletion did not cause global bulk reduction of H3K4 methylation in mouse embryonic 

stem cells or fibroblast (31, 32). However, other studies revealed the downregulation of H3K4me3 

marks by ChIP-seq and the reduction of total H3K4me3 levels by Western-blotting after MLL2 

knockdown (18, 33, 34).  

The KMT2 family members are among the most frequently mutated genes in several 

human cancers (35). For MLL2 (KMT2B), 236 mutations were found in the Catalogue of Somatic 

Mutations in Cancer (COSMIC) database (cancer.sanger.ac.uk), including cancers in the 

endometrium, large intestine, lung, glioma and liver, and most of the mutations were affecting the 

SET domain (35). As a positive regulator of cell growth, the deficiency of MLL2 in embryonic 
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stem cells (ESCs) and germline knockout mice would increase apoptosis, resulting in proliferation 

defects and embryonic lethality (35-39).  

1.2 Kaposi's sarcoma-associated herpesvirus 

1.2.1 Human tumor-associated viruses 

The first tumor-associated virus, Rous sarcoma virus (RSV), was discovered from a solid 

chicken tumor that could be transmitted to other healthy chickens through cell-free tumor extracts 

by Peyton Rous in 1911 (40-43). Later on, in 1970, the first confirmed oncogene, RSV-encoded 

Src, was discovered, leading to the identification of the first cellular counterpart of a cancer-

causing gene in avian cellular sequences in 1976 (42-45). These discoveries provide insights into 

the idea that human tumor cells can be developed from alterations in normal cells, building up the 

foundation of current cancer biology (42, 43). At least seven human viruses have been causally 

linked to human malignancies, Epstein–Barr virus (EBV), hepatitis B virus (HBV), hepatitis C 

virus (HCV), human papillomavirus (HPV), human T-cell lymphotropic virus (HTLV-1), Kaposi's 

associated sarcoma virus (KSHV)  and Merkel cell polyomavirus (MCV), together contribute to 

10–15% of the cancers worldwide (42, 43, 46, 47).  

Besides the oncogenic mechanism of HBV and HCV promoting chronic inflammation, 

other viruses induce cancers through their oncogenic activities during their latency (42, 43, 46). 

The latent membrane protein 1 (LMP1) of EBV mimics a constitutively active CD40 receptor, 

which belongs to the family of tumor necrosis factor receptors, inducing signaling pathways such 

as NF-κB thus contributing to B-cell proliferation and transformation (48, 49). The expression of 
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two viral oncoproteins in HPV, E6, and E7, interferes with the functions of cellular tumor 

suppressors, p53 and retinoblastoma (Rb), respectively (42, 50). HTLV-1 encodes a protein called 

Tax, which activates the pathways of NF-κB, AP-1, and CRE and interacts with several chromatin 

remodeling regulators, such as HDAC1 and SWI/SNF, resulting in the instability of the genome 

and transformation (42, 51, 52). KSHV encodes a list of viral oncoproteins, including vGPCR, 

vIL-6, vBcl-2, vMIPs, vFLIP, vCyclin, LANA, and Kaposin B (42, 53-55). The activity of the 

large T (LT) of MCV inhibits LT inhibits Rb, and the small T (sT) expression alone is sufficient 

to induce cellular transformation in immortalized rodent fibroblast cell lines, through its 

interactions with Protein Phosphatase 2A (PP2A), SKP1-CUL1-FBOX (SCF) Complexes, 

MYCL/MAX and TIP60 (KAT5)/P400 (EP400) complex, etc (46, 56-59). Like in non-viral related 

cancers, the hallmarks of cancer are acquired by oncogene activation and tumor suppressor 

inactivation (60-63). Human tumor-associated viruses encode oncogenic proteins to establish 

persistence in the host, avoid or inactivate host defense and promote host cell survival, resulting 

in the inhibition of tumor suppressors pathways, changes to the microenvironment, and genomic 

instability, which accelerate cancer formation (43, 47, 60, 64, 65).  

By identifying the mechanism of tumorigenesis of the human tumor-associated virus, new 

treatments can be developed to target their associated malignancies. Furthermore, understanding 

the role of viral oncoproteins during the transformation can provide insights into uncovering the 

mechanisms of tumor initiation, maintenance, and dissemination for both viral-related and non-

viral related cancers (42).  
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1.2.2 Background of Kaposi's sarcoma-associated herpesvirus 

Kaposi’s sarcoma, a usually low-grade vascular tumor before the AIDS epidemic, is the 

first tumor identified to be associated with human immunodeficiency virus (HIV) infection (53, 

66, 67). It is the second most common cancer among AIDS patients and remains one of the most 

common cancers in sub-Saharan Africa (53, 67, 68). Four different subtypes of KS are defined by 

the clinical and epidemiologic characteristics, including classic KS (Mediterranean), endemic KS 

(African), epidemic KS (AIDS-associated), and iatrogenic KS (transplant-related) (54, 66, 69, 70). 

KS tumors usually develop on the skin or the subcutaneous tissue and are known to be of 

endothelial origin (54, 66). Its etiological agent, KSHV, was first identified by Chang and Moore 

in 1994 (71). The majority of KS tumor cells are latently infected by KSHV (55).  

Kaposi’s sarcoma-associated herpesvirus (KSHV), also known as human herpesvirus 8 

(HHV8), is a member of the gamma herpesvirus family, and the etiological agent of several human 

diseases, including Kaposi’s sarcoma (KS), primary effusion lymphoma (PEL) and multicentric 

Castleman’s disease (MCDs) (53, 54, 66, 72-75). KSHV has a large double-stranded DNA genome 

with a complex gene organization of more than 90 genes that encode for viral proteins and 

noncoding RNAs (53, 76). Like other herpesviruses, its viral life cycle has both lytic and latent 

replication phases (Fig. 3) (53, 76, 77). Following primary infection, KSHV turns into a latent state 

and establishes a life-long persistent infection in the host. During the latency, KSHV only 

expresses a few viral products, including latency-associated nuclear antigen (LANA) encoded by 

ORF73, KSHV-encoded vCyclin encoded by ORF72, KSHV-encoded FLICE inhibitory protein 

(vFLIP) encoded by ORF71, and 12 viral precursor microRNAs (miRNAs) (55, 78-80). These 

viral latent products repress KSHV lytic replication, mediate the viral episome replication and 
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promote the survival of host cells (55, 78). Therefore, KSHV latent products are critical to 

maintaining KSHV latency and are directly responsible for KSHV-induced tumorigenesis (81, 82).  

 

 

Figure 3: Schematic representation of KSHV life cycle in the host cell (77).  

1.2.3 KSHV infection systems and a model for KSHV-induced cellular transformation 

Despite extensive studies, the mechanism of KSHV-induced oncogenesis remains unclear 

partially due to the lack of an experimental model of KSHV-induced cellular transformation of 

primary cells. Several KSHV-infected cell lines were derived from PEL, including KSHV-infected 

BC3, BCBL1, BCP-1, etc. (83-87). KSHV is predominantly latent but can be induced into lytic 

replication in these PEL cell lines (83-87). Hence, they are useful tools for studying KSHV lytic 
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replication and PEL biology and for producing infectious KSHV virions, albeit at low titer, for 

infecting other cells (83, 86, 87). However, PEL cells are transformed cancer cells, and there is a 

lack of non-cancer primary cell control for PEL cell lines.  

KSHV can infect a variety of human primary cells including multiple lineages of 

endothelial cells, epithelial cells, fibroblasts, macrophages, B-cells, dendritic cells, etc. (87-96). 

However, KSHV does not transform these cells and these cells undergo senescence after multiple 

passages  (87-96). Thus, these systems are only useful for studying the early stage of KSHV 

infection. Multiple immortalized cells are also susceptible to KSHV infection (88-90). Among 

them, KSHV-infected telomerase-immortalized dermal microvascular endothelial cells (TIME) 

are not transformed, they cannot form colonies in soft agar or form tumors in vivo (89). 

Immortalized KSHV-infected telomerase-immortalized umbilical vein endothelial cells (TIVE) 

cells are transformed, acquire the ability of anchorage-independent growth, and induce tumor in 

nude mice (88). However, these cells are already immortalized before KSHV infection, and the 

transformed cells contain genetic alterations that are important for cellular transformation (88-90). 

Hence, their utility is limited.  

Our lab has previously discovered that KSHV can efficiently infect and transform primary 

rat embryonic metanephric mesenchymal precursor (MM) cells (97). The KSHV-transformed MM 

(KMM) cells express hallmark KS tumor cells markers including vascular endothelial, lymphatic 

endothelial, precursor, and mesenchymal markers (97). KMM cells are immortalized, proliferate 

at a faster rate, lose contact inhibition, and are capable of inducing tumors in vivo (97). The 

transformation phenotype was not restricted to a specific viral isolate since both BAC36 KSHV 

and virions from BCP-1 cells can efficiently infect and transform MM cells (97). We and others 

have subsequently found that KSHV can also infect primary human mesenchymal stem cells and 
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hematopoietic precursor cells. While these KSHV-infected mesenchymal stem cells can form 

colonies in soft agar, the efficiency is low, and they do not induce any tumor following inoculation 

into nude mice (97-99). Hence, the utility of this system is low.  

This unique system of MM and KMM cells has been used to identify viral and cellular 

factors mediating KSHV-induced tumorigenesis (100-109). A genome-wide CRISPR-Cas9 

screening was performed to discover novel growth-promoting and growth-repressive genes in this 

system (110). A library of CRISPR genome-wide sgRNAs to target cellular genes specifically was 

transduced into MM and KMM cells with the expression of Cas9 (110). On days 1, 4, 11, and 21 

post-transductions, DNA from the surviving MM and KMM cells was sequenced and analyzed 

based on the abundance of sgRNA (110). A group of genes that was essential for the survival of 

primary cells but not transformed cells was identified (110). Several pathways enriched in KMM 

cells but not MM cells were also determined, such as the hypoxia signaling pathway and the p38 

mitogen-activated protein kinase (MAPK) pathway (110). By comparing cancer cells with their 

untransformed counterparts, oncogenic viruses are useful models for genome-wide screenings to 

identify novel therapeutic targets.  

1.2.4 Epigenetic regulation in KSHV life cycles and KSHV-induced tumorigenesis 

KSHV episome is subjected to a variety of epigenetic modifications, including DNA 

methylation, histone methylation, and histone acetylation (111-116). Following the entry into cells, 

KSHV generally establishes latency in the majority of the infected cells (113, 117). The KSHV 

genome undergoes epigenetic modifications to ensure the expression of viral latent products while 

repressing lytic gene expression (113, 117, 118). Upon reactivation, the KSHV genome undergoes 
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extensive epigenetic changes to ensure the cascade expression of the viral lytic genes (118). Thus, 

KSHV hijacks the host epigenetic machinery to fine-tune its life cycle (113-115, 119).  

The epigenetic regulation in KSHV latent and lytic phases has been extensively studied 

(113, 117, 118). Following KSHV primary infection, the latent-to-lytic switch protein RTA is 

expressed (113, 120). Lysine-specific demethylase 2B (KDM2B) is then recruited to the RTA 

promoter, which limits the enrichment of the activating marks to repress the expression of RTA, 

and the binding of KDM2B to the viral episome may facilitate the recruitment of Polycomb 

repressive complexes (PRCs) (121). The repressive histone mark H3K27me3 is deposited by 

PRC2 and H2AK119-Ub is deposited by Polycomb repressive complex 1 (PRC1) (113, 122). As 

a result, the expression of KSHV lytic genes is repressed, leading to the establishment of latency. 

After these processes, the expression of KSHV’s major latent product LANA helps the recruitment 

of PRC2 and SET1 onto KSHV episome to form bivalent chromatin at specific sites (111, 123). 

The deposition of DNA methylation and heterochromatin-associated mark H3K9me3 may be 

facilitated by KSHV miRNAs (124). To reactivate the virus, the formation of viral genome 

heterochromatin is prevented by H3K9me3 demethylase JMJAD2A, which is SUMOylated by a 

basic region-leucine zipper (bZIP) protein encoded by KSHV (125, 126). During the early stages 

of viral reactivation, the enzymatic catalytic subunit of PRC2, enhancer of zeste homolog 2 

(EZH2), dissociates from the immediate-early and delayed-early promoters thus decreasing the 

histone repressive mark H3K27me3 (127). The KSHV-encoded long noncoding RNA, 

polyadenylated nuclear RNA (PAN RNA), is expressed and recruits the histone demethylases 

UTX and JMJD3 as well as lysine methyltransferase 2D (KMT2D) to the chromatin to decrease 

the repressive marks and increase the active marks, leading to the production of RTA and 

activation of the lytic gene expression (114, 115, 127).  



 14 

Similarly, in KSHV transformed PEL and KMM cells, the host cell genome undergoes 

epigenetic remodeling (34, 111). However, whether epigenetic remodeling is a driving factor or 

the effect of KSHV-induced cellular transformation remains unknown, and the underlying 

mechanism remains largely unrevealed.  

Numerous KSHV latent products have been shown to regulate epigenetic remodeling (111, 

119, 123, 128-131). KSHV LANA associates with the promoters of multiple cellular genes, and it 

can interact with DNA and histone methyltransferase complexes, including PRC2, SET1, MLL1, 

and DNA methyltransferase 3A (DNMT3A), and facilitates their recruitment (111, 119, 123, 131). 

In the meanwhile, the KSHV latent products vFLIP and LANA regulate EZH2 through the NF-κB 

pathway and promote KSHV-induced angiogenesis (128). These results indicate that KSHV might 

reprogram the cellular epigenetic modifications to induce cellular transformation.  

1.3 The WD40 repeat protein: Glutamate Rich WD Repeat Containing 1 

1.3.1 WD40 repeat domain proteins 

The WD40 repeat domain is abundant in all major eukaryotic proteins (132, 133). It was 

first described as a repetitive sequence motif with the amino acids Gly-His and Trp- Asp in the Gβ 

subunit of the heterotrimeric G proteins and the CDC4 protein (132, 134). The repeating motifs 

are mostly 36-46 amino acids, and the WD40 repeat proteins on average contain four to seven of 

these repeating domains (133, 135). This family of proteins functions as a protein-protein 

interaction adaptor involved in many cellular functions, such as cell cycle regulation, mRNA 

splicing, and vesicular fusion (133, 135-137).  
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1.3.2 Glutamate Rich WD Repeat Containing 1 

 

Figure 4: Schematic representation of wild type GRWD1.Figure modified from Figure 1A, 

Aizawa et al. 2016 (139). 

 

Glutamate Rich WD Repeat Containing 1 (GRWD1) was initially identified as an early 

vitamin D3 inducible gene since its partial cDNA fragment was identified in a screening (136, 

138). The structure of this 62 kDa protein contains two domains, a glutamate-rich acidic domain 

at its N-terminal and multiple WD40 repeat domains at its C-terminal (Fig. 4) (136, 139, 140). 

GRWD1 was first described as a protein involved in ribosome biogenesis because of the function 

of its yeast homolog Rrb1 (136, 141, 142), and later on reported to be a Cdt1-binding protein with 

function in nucleosome assembly and disassembly (139, 140). GRWD1 is also a histone-binding 

protein, its N-terminal domain can interact with both H2A/H2B and H3-H4 to facilitate the loading 

of MCM2 helicase (140). The function of p53 can be repressed by GRWD1 via the RPL11-MDM2 

pathway, together with constitutively active KRAS and HPV E7, it can transform a telomerase-

immortalized cell line HFF2/T, suggesting that GRWD1 is a potential oncoprotein (143-146). 

Furthermore, GRWD1 has been predicted to function in the regulation of H3K4 methylation 

through the interaction with CUL4-DDB1 ubiquitin ligase (25). Taken together, as a 

multifunctional protein, GRWD1 participates in multiple cellular processes. Dysregulation of 

GRWD1 is associated with poor prognosis of patients in a variety of cancers, such as lower grade 

glioma (LGG), mesothelioma (MESO), and skin cutaneous melanoma (SKCM) (147).  
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1.3.2.1 GRWD1 with ribosome biogenesis 

GRWD1 is evolutionary conservative. Human GRWD1 has functions similar to its yeast 

homolog Rrb1 (136). Rrb1 is an essential WD40 repeat protein in yeast (141, 142). It regulates the 

gene expression of ribosomal protein (RP) and 60S ribosomal subunits assembly (141, 142). Rrb1 

interacts with rpL3 to regulate its localization and gene expression (141, 142). Because of the 

ribosomal regulation function of its yeast homolog, GRWD1 is also postulated to be involved in 

ribosome biogenesis.  

Most of the GRWD1 protein is located in the nucleus, including the nucleolus, which 

suggests its similar ribosomal function to the yeast homolog (34, 136). Indeed, GRWD1 was co-

sedimented with pre-ribosomal ribonucleoprotein particles (RNPs) in cellular fractionation (136). 

Importantly, the knockdown of GRWD1 decreased the total level of de novo synthesized proteins 

(136). Furthermore, mass spectrometry data has shown that human ribosomal protein RPL3 is one 

of the major binding partners of GRWD1 (unpublished data), which further supports the functional 

conservation of GRWD1. Future experiments are needed to investigate the functions of the 

GRWD1-RPL3 complex in humans and how they regulate ribosome biogenesis. Since GRWD1 is 

essential for cell proliferation (34, 136), the underlying mechanisms of this protein may reveal 

how ribosome biogenesis regulates the cell cycle and other cellular functions.  

1.3.2.2 GRWD1 with DNA replication and nucleosome assembly 

In eukaryotes, it is critical to precisely control the DNA replication licensing process to 

ensure accurate duplication of genome DNA and that it occurs only once during each replication 

cycle (148, 149). To control the initiation of DNA replication and chromatin licensing, DNA 

replication factor 1 (CDT1) is one of the most important regulating targets (148-150). CDT1 is 

recruited to replication origins after the binding of origin recognition complexes (ORC), and as a 
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key licensing factor, it promotes the assembly of the pre-replication complex (pre-RC) together 

with the cell division cycle 6 (CDC6), as well as the recruitment of minichromosome maintenance 

(MCM) 2-7 (148-150).   

To identify CDT1-binding proteins, a proteomics approach was applied including CDT1 

affinity chromatography, liquid chromatography, and tandem mass spectrometry analysis (151). 

GRWD1 was one of the CDT1-binding proteins identified by this study, and it physically 

interacted with CDC6 as well (140, 151). Interestingly, the yeast homolog Rrb1 also interacts with 

the yeast pescadillo homologue 1 (YPH1), which is one of the ORC-binding proteins in yeast (142, 

152). In humans, GRWD1 has been identified as a histone-binding protein, which regulates 

chromatin dynamics and the loading of MCM (139, 140). Using ChIP-qPCR, it has been shown 

that GRWD1 binds to replication origins during the G1 phase of the cell cycle, and the binding 

depends on the presence of CDT1 and CDC6 (140). The loading of MCM was suppressed by 

GRWD1 depletion, and GRWD1 overexpression compromised the reduction bindings of GRWD1 

and MCM7 to the replication origins caused by CDT1 silencing (140). Furthermore, GRWD1 is 

globally associated with pre-RC and its depletion has been shown to alter the chromatin structure 

(140). The ability of GRWD1 to maintain chromatin openness is conducted by its N-terminal 

acidic domain (139, 140).  

GRWD1 has also been shown to have nucleosome assembly and disassembly activity (139). 

Recombinant GRWD1 can act as histone chaperones to remove H2A-H2B dimers from 

nucleosomes and form hexasomes by their acidic domain (139). This ability of GRWD1 partially 

explains the mechanism of how it regulates the chromatin structures, and therefore promotes the 

loading of MCM at the origins of replication.  
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1.3.2.3 GRWD1, an oncogenesis related protein 

As the “guardian of the genome”, p53 is one of the most important tumor suppressors 

regulating a variety of cellular functions, such as cell cycle arrest and apoptosis (153). The 

impairment of ribosome biogenesis will cause defects in the key process of protein synthesis, and 

the repression of ribosomal biogenesis has been reported to activate p53 through the ribosomal 

protein (RP)-mouse double minute 2 homolog (MDM2)-p53 pathway (146, 154, 155). MDM2 is 

a RING-type E3 ubiquitin ligase, which negatively regulates p53 by promoting p53 ubiquitination 

and its subsequent degradation (146, 154, 156). When ribosomal stress occurs, the nucleolus is 

disrupted, leading to the release of ribosomal proteins such as RPL11 and RPL5, which interact 

with MDM2 to inhibit its ability to degrade p53 (144, 146, 154, 156) (Fig. 3). As a result, the 

cellular level of p53 is stabilized. The induction of p53 leads to cell cycle arrest and apoptosis (146, 

154, 156). Through its ability to directly interact with RPL11, GRWD1 can inhibit the function of 

RPL11 to silence MDM2 (144-146). When GRWD1 is overexpressed, MDM2 continues to 

degrade p53 during ribosomal stress, resulting in a low p53 level (144-146). Therefore, the 

regulatory machinery of p53 cannot function properly. Furthermore, GRWD1 has been 

demonstrated to directly interact with p53, thus negatively regulating the transcriptional activity 

of p53 (Fig. 5) (143, 144, 146). Taken together, GRWD1 is a negative regulator of p53 and 

functions in both direct and indirect manners. Thus, it is proposed that GRWD1 is an oncogenesis-

related ribosomal protein and that any dysregulations during this process might promote 

oncogenesis (144, 146). Importantly, overexpression of GRWD1 is associated with poor prognosis 

of patients among many types of cancer (147).   
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Figure 5: A model for p53 regulation by ribosomal proteins and GRWD1.(A) Ribosome 

proteins (RPs) such as RPL11 stay inside the nucleolus in unstressed condtion, MDM2 binds to 

and ubiquitinates p53 to keep it at low level. (B) During nucleolar stress, RPs are released into the 

nucleoplasm and interact with MDM2 to inhibit its function to ubiquitinate p53. (C) When 

GRWD1 is overexpressed, it binds to RPL11 and inhibits its ability to silence MDM2, leading to 

the downregulation of p53, thus promotes tumorgenesis. Figure modified from Figure 1, Takafuji 

et al. 2017 (146). 
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2.0 GRWD1-WDR5-MLL2 epigenetic complex mediates the H3K4me3 mark and is 

essential for Kaposi’s sarcoma-associated herpesvirus-induced cellular transformation 

This is the author’s version of the work. Sections of this chapter have been adapted from 

the original work published in mBio and are posted here with permission from the journal.  
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2.1 Introduction 

Epigenetics is the study of heritable changes that regulate gene expression without 

affecting the sequence of DNA (1). The most common epigenetic processes that regulate the 

dynamic structure of chromatin are DNA methylation and posttranslational modifications of 

histones (1, 3). Histone lysine methylation has been recognized as a key mark among histone 
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modifications (3, 9). The methylation of lysine side chains of the histone tails leads to activation 

or repression of transcription, depending on the location and methylation status (mono-, di-, or tri-) 

(3, 9). Over 700 proteins have been reported to participate in epigenetic remodeling (9); however, 

the functions of many of these proteins remain unclear, and additional novel epigenetic factors 

remain to be discovered. Epigenetic dysregulation is involved in many human diseases, including 

cancers, cardiovascular diseases, Alzheimer’s disease, etc. (3, 7). Understanding the mechanism 

of epigenetic regulation and the functions of epigenetic factors is essential for identifying novel 

therapies. 

Kaposi’s sarcoma-associated herpesvirus (KSHV) is a human tumor virus causally linked 

to Kaposi’s sarcoma (KS) and primary effusion lymphomas (PEL) (53). As KSHV is a member of 

the herpesvirus family, its life cycle has both latent and lytic replication phases. The majority of 

KS tumor cells are latently infected by KSHV expressing only a few viral latent products, including 

LANA, vCyclin, vFLIP, and 12 viral precursor microRNAs (miRNAs) (55, 78). These proteins 

and miRNAs repress KSHV lytic replication, mediate the replication of viral episome, and promote 

the survival of cells (55, 78). Hence, KSHV latent products are required to maintain KSHV latency 

and are directly responsible for the development of KSHV-induced tumors (81). Despite extensive 

studies, the mechanism of KSHV-induced oncogenesis remains unclear in part due to the lack of 

an experimental model of KSHV-induced cellular transformation of primary cells. We have 

succeeded in transforming primary rat embryonic metanephric mesenchymal precursor (MM) cells 

with KSHV (97). Compared to untransformed primary cells, KSHV-transformed MM (KMM) 

cells are immortalized, have a higher proliferation rate, show no contact inhibition, and gain the 

ability to form tumors in vivo (97). This unique system has been used to identify viral and cellular 

genes mediating KSHV-induced tumorigenesis (100-109). For this purpose, a genome-wide 
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CRISPR-Cas9 screening was performed with matched MM and KMM cells, which led to the 

identification of a group of genes that were essential for the survival of KMM but not MM cells 

(110). 

Numerous KSHV latent products regulate epigenetic remodeling (111, 128). However, 

whether epigenetic remodeling is critical for KSHV-induced cellular transformation and the 

underlying mechanisms remain unknown. To investigate the epigenetic factors that are essential 

for KSHV-transformed cells, we have combined the results of the CRISPR-Cas9 screening (110) 

with those of the EpiFactors database (6) and the TCGA survival data (147) and identified a set of 

epigenetic regulators that are potentially important for the survival of KSHV-transformed cells. 

Among them, glutamate-rich WD repeat containing 1 (GRWD1) is a highly conserved protein 

belonging to the WD40 family functionally involved in ribosome biogenesis (136, 139). GRWD1 

has two domains, an N-terminal glutamate-rich acidic domain and a C-terminal WD40 repeat 

domain (139). GRWD1 is a histone-binding protein interacting with both H2A/H2B and H3-H4 

through its N-terminal domain. It regulates chromatin dynamics and the loading of MCM2 helicase 

(139) and is predicted to regulate H3K4 methylation (25). Furthermore, overexpression of 

GRWD1 represses the function of tumor suppressor p53 and, together with constitutively active 

oncogene KRAS and human papillomavirus (HPV) oncogene E7, transforms a telomerase-

immortalized cell line, HFF2/T (145), suggesting that GRWD1 is a potential oncogene. Indeed, 

our results show that GRWD1 dysregulation is associated with poor prognosis of patients in 

several types of cancer (147), including brain lower-grade glioma (LGG), mesothelioma (MESO), 

and skin cutaneous melanoma (SKCM). Taken together, GRWD1 is a strong candidate epigenetic 

regulator that might be involved in KSHV-induced tumorigenesis. 



 23 

In this study, we have hypothesized that GRWD1 might function as an essential epigenetic 

factor mediating KSHV-induced cellular transformation by regulating the expression of specific 

cellular genes. We have found that GRWD1 recruits an H3K4 methyltransferase complex to the 

promoters of growth-promoting genes to increase their expression and enhance KSHV-induced 

cell proliferation and cellular transformation. We have demonstrated that GRWD1 forms a 

complex with the core protein of the H3K4 methyltransferase complex, WD repeat domain 5 

(WDR5), and the H3K4 methyltransferase myeloid/lymphoid or mixedlineage leukemia 2 (MLL2), 

also known as MLL4 or histone-lysine N-methyltransferase 2B (KMT2B). By ChIP-seq and 

transcriptome sequencing (RNA-seq) study, we have determined that GRWD1 functions as an 

essential regulator of histone H3 lysine 4 (H3K4) trimethylation (H3K4me3) through the GRWD1-

WDR5- MLL2 complex.  

2.2 Materials and methods 

2.2.1 Cell culture 

MM cells and 293T cells were cultured in Dulbecco modified Eagle medium (DMEM) 

(25-500; Genesee) with 10% fetal bovine serum (F2442; Sigma-Aldrich). KMM cells were 

cultured under the same condition as MM cells except with 250 mg/mL of hygromycin. MM and 

KMM cells between 5 and 15 passages were used for the experiment, MM cells would undergo 

crisis after about 25 passages. MM and KMM cells with stable GRWD1 knockdown by lentivirus 

infection were cultured in their respective media with 1 mg/mL and 5 mg/mL of puromycin, 

respectively. Cells were cultured in a medium without selection for 1 week before any experiments.  
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2.2.2 Plasmids, shRNAs, and siRNAs. 

The shRNA plasmid was constructed by inserting the shRNA oligonucleotides (Integrated 

DNA Technologies) into the pLKO.1 lentiviral vector. The shRNA oligonucleotide sequences 

were designed by BLOCK-iT™ RNAi Designer (Thermo Fisher Scientific) and shown as follows: 

GRWD1 shRNA1 (F: 5’-CCGGGGAGCTGGTAATGGATGAAGACTCGAGTCTTCA 

TCCATTACCAGCTCCTTTTTG-3’, R: 5’-AATTCAAAAAGGAGCTGGTAATGGATGAAG 

ACTCGAGTCTTCATCCATTACCAGCTCC-3’)  

GRWD1 shRNA2 (F: 5’- CCGGGGATGGTGGTTCCTGGAATGTCTCGAGACATTC 

CAGGAACCACCATCCTTTTTG-3’, R: 5’- AATTCAAAAAGGATGGTGGTTCCTGGAATG 

TCTCGAGACATTCCAGGAACCACCATCC-3’)  

GRWD1 shRNA3 (F: 5’- CCGGGCAGTTGCTGTTCGTGCATCACTCGAGTGATGC 

ACGAACAGCAACTGCTTTTTG-3’, R: 5’- AATTCAAAAAGCAGTTGCTGTTCGTGCATC 

ACTCGAGTGATGCACGAACAGCAACTGC-3’)  

WDR5 shRNA1 (F: 5’- CCGGGCTCATTGATGACGACAATCCCTCGAGGGATTGT 

CGTCATCAATGAGCTTTTTG-3’, R: 5’- AATTCAAAAAGCTCATTGATGACGACAATCC 

CTCGAGGGATTGTCGTCATCAATGAGC-3’)  

WDR5 shRNA2 (F: 5’- CCGGGGGAAGTTCCTGGTCTGTTCTCTCGAGAGAACAG 

ACCAGGAACTTCCCTTTTTG-3’, R: 5’- AATTCAAAAAGGGAAGTTCCTGGTCTGTTCT 

CTCGAGAGAACAGACCAGGAACTTCCC-3’)  

WDR5 shRNA3 (F: 5’- CCGGGCAGCTTGCGAGGTCAATACTCTCGAGAGTATTG 

ACCTCGCAAGCTGCTTTTTG-3’, R: 5’- AATTCAAAAAGCAGCTTGCGAGGTCAATACT 

CTCGAGAGTATTGACCTCGCAAGCTGC-3’)  

MLL2 shRNA1 (F: 5’- CCGGGCGGCTGTGACAATCCCTAAACTCGAGTTTAGGG 
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ATTGTCACAGCCGCTTTTTG-3’, R: 5’- AATTCAAAAAGCGGCTGTGACAATCCCTAAA 

CTCGAGTTTAGGGATTGTCACAGCCGC-3’)  

MLL2 shRNA2 (F: 5’- CCGGGCAGAATGAGTGGACACATGTCTCGAGACATGTG 

TCCACTCATTCTGCTTTTTG-3’, R: 5’- AATTCAAAAAGCAGAATGAGTGGACACATGT 

CTCGAGACATGTGTCCACTCATTCTGC-3’)  

MLL2 shRNA3 (F: 5’- CCGGGGTCTGAAGATGAATCCATGGCTCGAGCCATGGA 

TTCATCTTCAGACCTTTTTG-3’, R: 5’- AATTCAAAAAGGTCTGAAGATGAATCCATGG 

CTCGAGCCATGGATTCATCTTCAGACC-3’)  

The siRNAs against GRWD1 were obtained from Sigma-Aldrich (SASI_Rn01_00060441, 

SASI_Rn01_00060442, SASI_Rn01_00060443). 

The overexpression plasmid was constructed by cloning the coding sequence from the 

cDNA of 293T cells with an N-terminal FLAG tag into the pCDH vector using the following 

primers:  

GRWD1 (F, 5’-TGC TTATCTAGACGGCCACCATGGATTACAAGGATGACGACG 

ATAAGGCGGCGCGCAAGG-3’; R, 5’-TGCTTAGAAT TCTCAGACGCTGATGGTGCG-3’) 

and WDR5 (F, 5’-TGCTTATCTAGACGGCCACCATGGATTACAAGGATGACG ACGATA 

AGGCGACGGAGGAGAAGAAGC-3’; R, 5’-TAAGCAGAATTCTTAGCAGTCACTCTTCC 

ACAGTTTAATTG-3’).  

The FLAG tag MLL2 C-terminal plasmid pcDNA3 MLL2 653 was a gift from Matthew 

Meyerson (Addgene plasmid no. 11017; http://n2t.net/addgene:11017; RRID: Addgene_11017). 
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2.2.3 Lentiviral infection 

Supernatants of 293T cells transfected with p8.74 and pMDG packaging vectors as well as 

the shRNA vectors were collected and filtered at 48 or 72 h after the transfection. Viral 

transduction was performed by spinning infection at 1,500 rpm for 1 h with Polybrene at 10mg/mL. 

The knockdown efficiency was examined at 48 or 72 h post transduction. 

2.2.4 Soft agar assay  

The soft agar assay was performed as previously described (10). Briefly, 2 × 104 cells 

suspended in 1 mL of 0.3% top agar (A5431; Sigma-Aldrich) were plated onto 0.5% base agar in 

one well of 6-well plates and covered by cultured medium. After 3 weeks, the plates were 

photographed with a microscope under a 2× lens objective, and colonies with diameters of .50mm 

were counted. 

2.2.5 Cell cycle and apoptosis assays 

Cell cycle analysis was performed by propidium iodide (PI) staining, and flow cytometry 

was conducted with a FACSCanto II flow cytometry system (BD Biosciences). The fixable 

viability dye eFluor 660 kit (650864; eBioscience) and phycoerythrin (PE)-Cy7 annexin V 

apoptosis detection set (88810374; eBioscience) were used to detect apoptotic cells following the 

instructions of the manufacturer. The data were analyzed with the FlowJo software (BD 

Biosciences). 
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2.2.6 GST pulldown assay 

Purified recombinant glutathione S-transferase (GST), GST-GRWD1, and WDR5 proteins 

were purchased from Abcam (ab81793, ab164438, and ab98079). Recombinant WDR5 protein 

was incubated with GST-GRWD1 or GST protein and then bound with glutathione Sepharose 4B 

(GE17-0756-01; Sigma-Aldrich). The beads were washed five times, and the pulldown proteins 

were eluted and analyzed by Western blotting. 

2.2.7 Immunofluorescence assay, co-IP, and Western blotting 

For immunofluorescence assay, cells were fixed with 4% paraformaldehyde (P6148; 

Sigma-Aldrich) for 12 min at room temperature, permeabilized with 100% methanol at 220°C for 

12 min and blocked with 1% bovine serum albumin (BSA) and 0.1% Tween 20 in phosphate-

buffered saline (PBS) for 1 h. The cells were stained with primary antibodies for 1 h followed by 

1 h of incubation with Alexa Fluor-labeled secondary antibodies (Invitrogen, Themo Fisher 

Scientific) at room temperature. Primary and secondary antibodies were diluted in 3% BSA in 

PBS. 49,6-Diamidino-2-phenylindole (DAPI) (D9542; Sigma-Aldrich) was used for the nuclear 

counterstaining.  

Co-IP experiments were performed with the anti-FLAG M2 affinity gel (A2220; Sigma-

Aldrich) according to the manufacturer’s instructions. Cell lysates were treated with Benzonase 

Nuclease (E1014; Sigma-Aldrich) for 1 h with rotation at 4°C. Before adding the affinity gel, the 

lysates were precleared with mouse IgG-agarose (A0919; Sigma-Aldrich) with rotation at 4°C for 

4 h.  
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For Western blotting, protein samples were resolved by SDS-PAGE and transferred to 

nitrocellulose membranes (10600004; GE Healthcare). Protein signals were detected with 

chemiluminescent substrate (34096; Thermo Scientific) after the incubation with primary and 

secondary antibodies.  

Mouse monoclonal antibodies against GRWD1 (sc-514125; Santa Cruz), histone H3 (sc-

517576; Santa Cruz), and b-actin (sc-376421; Santa Cruz) and rabbit monoclonal antibodies 

against WDR5 (catalog no.13105; Cell Signaling Technology), MLL2 C-terminal sequence 

(catalog no. 38058; Cell Signaling Technology), H3K4me3 (catalog no. 9751; Cell Signaling 

Technology), FLAG tag (catalog no. 14793; Cell Signaling Technology), and GST tag (catalog no. 

2625; Cell Signaling Technology) were used for the experiments. 

2.2.8 Proximity ligation assay (PLA) 

PLA was performed with Duolink® In Situ Red Starter Kit Mouse/Rabbit (catalog no. 

DUO92101-1KT; Sigma-Aldrich) according to the manufacturer’s instructions. Mouse 

monoclonal antibodies against GRWD1 (sc-514125; Santa Cruz) and rabbit monoclonal antibodies 

against WDR5 (catalog no.13105; Cell Signaling Technology) were used for the assay.  

2.2.9 Real-time quantitative reverse transcription-PCR (RT-qPCR) and RNA-seq 

Cells were collected and lysed in TRI reagent (T9424; Sigma-Aldrich), and the total RNA 

was isolated following the manufacturer’s instructions. Reverse transcription was performed with 

the isolated total RNA with the Maxima H Minus first-strand cDNA synthesis kit (K1652; Thermo 

Scientific). The SsoAdvanced universal SYBR green supermix kit (172-5272; Bio-Rad) was used 
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for the quantitative PCR. The primers used for these experiments were as follows (for Rattus 

norvegicus):  

GRWD1 (F,5’-GTGAGGGCTTTGCTCTTGAC-3’; R, 5’-CACTGCAGATCCTCCACAGA-3’) 

WDR5 (F, 5’-GG TGCACCTCCTCTCTGAAG-3’; R, 59-TGTGCACTGGGCAATACAAT-3’) 

MLL2 (F, 5’-TGCTCAGTGGAGACAACAGG- 3’; R, 5’-ACCAAATGGCACAGTTGACA-

3’).  

ADAR: (F, 5’-GGGGACCCACAGGGGTG -3’; R, 5’-CGGTTGTTTTCCTTGGGCAG -3’) 

OAS1A: (F, 5’-GGGAAGTGCCGGTGGATG-3’; R, 5’-CCGCCCCTTCTGAATCTGTT-3’) 

IL1A: (F, 5’-TCGGGAGGAGACGACTCTAA-3’; R, 5’-TTTCCGGAATCTCCTTCAGCA-3’) 

BST2: (F, 5’-GACCCAATAGTTGGCAGGTCA-3’; R, 5’-AGATGCAATCTGGGCTCCAC-

3’) 

SOHLH1: (F, 5’-CCAACTTGGTCTTGGCATCT-3’; R, 5’-GGCTCAGGGTCTCCAATGTA-

3’) 

ZFP112: (F, 5’-GTGTAGTCCGGGCTGCTAAT-3’; R, 5’-AAAGGCTGATGTGCCACTGA-

3’) 

ADAMTS19: (F, 5’-AGGACTGCATGACGTGCTC-3’; R, 5’-

CTCACCTTGGACCAGTCACC-3’) 

HS3ST3B1: (F, 5’-TTCGCCATGCTTTGCATCTG-3’; R, 5’-GGGCATCAGGTCCCGGT-3’) 

CDK1: (F, 5’-CTGGCCAGTTCATGGATTCT-3’; R, 5’-CCGAAATCTGCCAGTTTGAT-3’) 

CDK2: (F, 5’-CATTCCTCTTCCCCTCATCA-3’; R, 5’-GTACGGACAGGGACTCCAAA-3’) 

CDT1: (F, 5’-CGCACTTAAGCTTCCCTGTC-3’; R, 5’-CAGTTTGTGGAAAGGGCATT-3’) 

PCNA: (F, 5’-AGGACGGGGTGAAGTTTTCT-3’; R, 5’-CAGTGGAGTGGCTTTTGTGA-3’) 
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The isolated mRNA was used to prepare the RNA-seq library using the Illumina TruSeq 

stranded mRNA-seq sample preparation guide (Illumina, San Diego, CA, USA) and subjected to 

sequencing using a 50-bp single-read sequencing module with a HiSeq 3000 sequencing system 

from Illumina. 

2.2.10 ChIP-seq and ChIP-qPCR  

ChIP experiments were conducted using the SimpleChIP enzymatic chromatin IP kit 

(magnetic beads) (catalog no. 9003; Cell Signaling Technology) according to the manufacturer’s 

instructions. The ChIP DNA was used for the ChIP-seq library preparation by using the Swift 

Biosciences Accel-NGS 2S Plus DNA library kit (Swift Biosciences, Ann Arbor, MI, USA) and 

subjected to sequencing using a 50-bp single-read sequencing module with the HiSeq 3000 

sequencing system from Illumina. ChIP DNA was analyzed by quantitative PCR with the 

SsoAdvanced universal SYBR green supermix kit and the following primers (for Rattus 

norvegicus promoters):  

ADAR (F: 5’-GTAGCCTTCAGGAGAGTCGG-3’, R: 5’-GGACCAGAGCAGGTAACAACA-

3’) 

OAS1A (F: 5’-TCGACTGGATTGATGGACCC-3’, R: 5’-AATGCGATTCGAAGGACCAGT-

3’) 

IL1A (F: 5’-TGCTGATAGACTCGCTCACG-3’, R: 5’-GAGAACTTAGGGAGCAGCTGAA-3’) 

BST2 (F: 5’-TCAAGTTCCTTGATGCGGGC-3’, R: 5’-TAACAGCCAGCCCATGTTTCT-3’) 

SOHLH1 (F: 5’-GGGCACTACTGCCTCAGTTT-3’, R: 5’-AGCTAGGATCCATGCTGTGG-3’) 

ZFP112 (F: 5’-CAGTCACCTGGATGGAGGAT-3’, R: 5’-TTTGAGCCTTGCAGGAAACT-3’) 

ADAMTS19 (F: 5’-CCCTTTGCAGAGCGTGTACT-3’, R: 5’-ACCAGAGGAGCAGTCCAGT 
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C-3’) 

HS3T3B1 (F: 5’-AGAAGCTCGAGATGGGACTG-3’, R: 5’-TGATCACAGCTCCGAATGAG-

3’) 

2.2.11 Bioinformatic analysis 

We performed patients’ survival analysis using the Kaplan-Meier Survival Analysis for 

selected epigenetic genes based on their gene expression data to partition tumors. For expression 

values of each gene in a particular tumor type, we use µ-δ and µ+δ to partition tumors into three 

groups, where µ and δ are the mean and standard deviation of the expression values of the gene in 

tumors, respectively.  

For the RNA-seq data processing, we first used Partek Flow to process raw RNA-seq data 

and matched sequenced RNA segments into genes to obtain expression values of genes. Then the 

gene expression data were normalized with dChip (157). For each gene g, we obtained a set of 

expression values for all control samples and a set of expression values for test samples with 

shRNA each of GRWD1, WDR5, or MLL2. We decided that the gene g was differentially 

expressed if 1) fold change of mean values for control samples and test samples was at least 1.3; 

2) t-test p-Value for control samples and test samples was at most 0.05. 

For ChIP-seq analysis, quality control, read mapping, and signal track visualization were 

performed by deploying the ChIP-seq pipeline developed in ENCODE project (158). Specifically, 

we used Bowtie2 (159) to align the single-end read fragments to the Rattus Norvegicus genome 

(Rn6). Bowtie2 was configured with default parameters. Signal tracks of fold change and P values 

were generated from MACS2 by comparing each immunoprecipitation profile with its 

corresponding background/input profile. 
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Within each peak set generated by MACS2, the peak regions were restricted to 150 bps 

downstream and upstream to the peak summit. Hence the width of peak regions was fixed as 301 

bps. To generate the consensus peak set across samples, the peak summits were recentered to the 

optimal enrichment across samples within the same condition. We used DiffBind (160) to quantify 

read counts in consensus peak sets. Read counts were then normalized with TMM (161) and minus 

the full library size of the input. We visualized the similarity among samples with heatmap and 

multi-dimensional scaling (MDS). Samples were removed before differential analysis if they were 

not consistent with other repeats (i.e., H3K4me3 of the 2nd replicate of GRWD1 knockdown in 

KMM cells; and H3K27me3 of the 1st replicate of control cells). 

With the read counts of the remaining samples, we used EdgeR (161) to perform 

differential analysis on GRWD1 knockdown versus vehicle control within each cell line and each 

histone position. Peak regions with P values < 0.05 and absolute log fold change > 0.5 were 

selected as differential binding sites. Heatmaps were also plotted to verify the effect size. We then 

used ChIPseeker (162) to annotate the binding sites with their closest genes.  

2.2.12 Tumor growth in mice 

The mice experiment complied with IACUC protocol 21079422 approved by the 

University of Pittsburgh. The growth of subcutaneous tumors was performed as previously 

described (107). Cells at 5 × 106 were injected into both flanks of the nude mice. Tumor volumes 

were measured twice a week using 0.2 cm3 as a threshold. The experiment was terminated at week 

21 following inoculation. Mice were terminated by carbon dioxide (CO2) inhalation followed by 

cervical dislocation when the tumor volume reached 1.5 cm3. Tumor analysis was performed as 

previously described (107).  
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2.2.13 Statistical analysis 

Data are shown as mean ± SD (standard deviations) where appropriate. The two-tailed 

Student t test or one-way analysis of variance (ANOVA) was used to compare data between the 

experimental groups. Statistical significance was considered at P values less than 0.05, 0.01, or 

0.001, represented by *, **, or ***, respectively.  

2.2.14 Data availability  

All the RNA-seq and ChIP-seq results are available at GenBank, Project ID PRJNA781746. 

2.3 Results 

2.3.1 Alterations of global epigenetic modifications in KSHV-transformed cells 

To determine alterations in the epigenetic landscape of KSHV-transformed cells, we 

performed ChIP-seq to identify the common active mark H3K4me3 and H3 lysine 27 

trimethylation (H3K27me3) repressive mark in MM and KMM cells. Compared to MM cells, there 

were significant changes in H3K4me3 and H3K27me3 marks in KMM cells (Fig. 6), which were 

consistent with alterations of gene expression in these cells (107).  
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Figure 6: Heatmaps of H3K4me3 (A) and H3K27me3 (B) peaks of MM and KMM cells.  Red 

indicates upregulation and blue indicates downregulation. 

 

We have previously performed a CRISPR-Cas9 screening with MM and KMM cells and 

identified genes that promote or suppress cell proliferation and survival (110). By combining the 

EpiFactors database (6) and the epigenetic factors newly described between 2015 and 2021 (139, 

163-167), we identified 701 epigenetics-related genes that had differential effects on cell 

proliferation and survival between MM and KMM cells following their knockout (Fig. 7). Of the 

6 groups of genes identified, group 2 (17 genes) had negative and group 8 (109 genes) had positive 

effects on cell proliferation and survival of KMM but not MM cells, respectively (110) (Fig. 5). 

The top 9 genes in group 8 with the most differences in CRISPR scores between KMM and MM 

cells on day 21 following knockout were CXXC1, NFYB, GRWD1, KAT8, PRMT5, EXOSC9, 

EXOSC5, TADA3, and RUVBL1 (Fig. 8 and 9). These genes are likely essential for the 

proliferation of KMM but not MM cells.   
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Figure 7: Distribution of epigenetic factors in 9 groups identified in CRISPR-Cas9 screening 

of MM and KMM cells.  Functional classification of epigenetic factors in the 9 groups identified 

in CRISPR-Cas9 screening of MM and KMM cells are shown in the table.  
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Figure 8: Top 9 epigenetic factors with the largest differences in CRISPR score between MM 

and KMM cells in Group 8 identified in CRISPR-Cas9 screening.  CRISPR score is defined 

as the average (log2(final sgRNA abundance/initial sgRNA abundance)).  

 

To determine the likely involvement of these genes in other types of cancer, we examined 

their prognostic values using the TCGA database (Fig. 10; see also Fig. S1 and Table 1). Patients 

with a higher expression level of CXXC1 had a worse prognosis for liver hepatocellular carcinoma 

(LIHC) but a better prognosis for bladder urothelial carcinoma (BLCA) and uterine corpus 

endometrial carcinoma (UCEC). Patients with a higher expression level of NFYB had a worse 

prognosis for kidney renal clear cell carcinoma (KIRC) and kidney renal papillary cell carcinoma 

(KIRP) but a better prognosis for BLCA, cervical squamous cell carcinoma, and endocervical 

adenocarcinoma (CESC), brain lower-grade glioma (LGG), LIHC, sarcoma (SARC), and skin 

cutaneous melanoma (SKCM). Patients with a higher expression level of GRWD1 had a worse 

prognosis for LGG, lung adenocarcinoma (LUAD), breast cancer (BC), SARC, and SKCM. 
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Figure 9: CRISPR scores on days 4, 11, and 21 of the top 9 epigenetic regulators with the 

largest CRISPR score (CS) differences between MM and KMM cells. The p-values of three 

sgRNAs for MM and KMM were listed for each time point.  

 

Patients with a higher expression level of KAT8 had a better prognosis for BC. Patients 

with a higher expression level of PRMT5 had a worse prognosis for BLCA, head and neck 

squamous cell carcinoma (HNSC), LIHC, and SARC but a better prognosis for glioblastoma 

multiforme (GBM) and KIRC. Patients with a higher expression level of EXOSC9 had a worse 

prognosis for BC. Patients with a higher expression level of EXOSC5 had a worse prognosis for 

KIRC, KIRP, BC, and prostate adenocarcinoma (PRAD). Patients with a higher expression level 

of TADA3 had a worse prognosis for KIRC but a better prognosis for BLCA. Patients with a 

higher expression level of RUVBL1 had a worse prognosis for LGG, LIHC, BC, and SARC. Since 
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a higher expression level of GRWD1 is associated with a worse prognosis for 5 types of cancer, 

especially SARC, which is similar to KS and the KMM tumor, and its epigenetic role in cancer is 

largely unknown, we chose to further investigate GRWD1’s role in KSHV-induced cellular 

transformation.  

 

 

Figure 10: Survival analysis of GRWD1 expression in brain lower grade glioma (LGG), 

sarcoma (SARC), and skin cutaneous melanoma (SKCM).  H, L, and M, high, low, and 

medium, respectively.   
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Table 1: Summary of survival analysis of top 9 epigenetic genes in group 8 identified 

by CRISPR-Cas9 screening of MM and KMM cells.  

 

  y   y   p  p g  g  
Gene Disease Type ID P-Value

CXXC1 Bladder Urothelial Carcinoma BLCA 0.033
Kidney Renal Clear Cell Carcinoma KIRC 0.021
Kidney Renal Papillary Cell Carcinoma KIRP 0.004
Liver Hepatocellular Carcinoma LIHC 0.091
Breast Cancer MetaBric 0.010
Sarcoma SARC 0.001
Uterine Corpus Endometrial Carcinoma UCEC 0.039

EXOSC5 Glioblastoma Multiforme GBM 0.094
Kidney Renal Clear Cell Carcinoma KIRC 0.001
Kidney Renal Papillary Cell Carcinoma KIRP 0.001
Lung Squamous Cell Carcinoma LUSC 0.043
Breast Cancer MetaBric 0.049
Prostate Adenocarcinoma PRAD 0.070

EXOSC9 Breast Cancer MetaBric 0.006
GRWD1 Glioblastoma Multiforme GBM 0.086

Brain Lower Grade Glioma LGG 0.000
Lung Adenocarcinoma LUAD 0.008
Breast Cancer MetaBric 0.008
Sarcoma SARC 0.006
Skin Cutaneous Melanoma SKCM 0.000

KAT8 Breast Cancer MetaBric 0.012
NFYB Bladder Urothelial Carcinoma BLCA 0.033

Cervical Squamous Cell Carcinoma and Endocervical Adenocarcinoma CESC 0.038
Kidney Renal Clear Cell Carcinoma KIRC 0.000
Kidney Renal Papillary Cell Carcinoma KIRP 0.022
Brain Lower Grade Glioma LGG 0.001
Liver Hepatocellular Carcinoma LIHC 0.002
Sarcoma SARC 0.057
Skin Cutaneous Melanoma SKCM 0.002

PRMT5 Bladder Urothelial Carcinoma BLCA 0.001
Glioblastoma Multiforme GBM 0.010
Head-Neck Squamous Cell Carcinoma HNSC 0.027
Kidney Renal Clear Cell Carcinoma KIRC 0.025
Brain Lower Grade Glioma LGG 0.000
Liver Hepatocellular Carcinoma LIHC 0.007
Breast Cancer MetaBric 0.000
Ovarian Serous Cystadenocarcinoma OV 0.067
Sarcoma SARC 0.033

RUVBL1 Kidney Renal Papillary Cell Carcinoma KIRP 0.039
Brain Lower Grade Glioma LGG 0.032
Liver Hepatocellular Carcinoma LIHC 0.000
Breast Cancer MetaBric 0.006
Sarcoma SARC 0.046

TADA3 Bladder Urothelial Carcinoma BLCA 0.037
Kidney Renal Clear Cell Carcinoma KIRC 0.018
Kidney Renal Papillary Cell Carcinoma KIRP 0.001
Breast Cancer MetaBric 0.083
Sarcoma SARC 0.012
Uterine Corpus Endometrial Carcinoma UCEC 0.021
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2.3.2 GRWD1 is essential for cell proliferation and cellular transformation of KSHV 

transformed cells 

To confirm the essential role of GRWD1 in the proliferation of KSHV transformed cells, 

we performed a lentivirus-mediated short hairpin RNA (shRNA) knockdown of GRWD1. At day 

3 posttransduction, GRWD1 RNA and protein levels were reduced by >70% and >60% in MM 

and KMM cells, respectively (Fig. 11A and 11B). Interestingly, the protein level of GRWD1 was 

higher in untransduced KMM than in MM cells (Fig. 11B). As expected, KMM cells proliferated 

at a much higher rate than MM cells did (97). Compared to untransduced cells or cells transduced 

with scrambled shRNA, both MM and KMM cells transduced with the shRNAs had significantly 

reduced proliferation rates with a more profound effect observed in KMM than MM cells (Fig. 12). 

GRWD1 knockdown induced cell cycle arrest by increasing the G1 phase and reducing S phase 

cell numbers of both MM and KMM cells, respectively (Fig. 13A), but had minimal effect on the 

numbers of apoptotic cells for both types of cells (Fig. 13B). Importantly, GRWD1 knockdown 

completely abolished colony formation of KMM cells in soft agar (Fig. 14). As expected, no 

colony was observed with MM cells with or without GRWD1 knockdown.  

We further examined the effect of GRWD1 knockdown on tumor formation of KMM cells 

in nude mice. GRWD1 knockdown significantly reduced the number of tumors as well as the 

progression of tumors (Fig. 15-18 and Table 2) (168). At the endpoint of week 21, the average 

volume of tumors induced by KMM cells transduced with scrambled shRNA was 233.03 mm3 

while the values for those transduced with the three shRNAs were 93.28 mm3, 120.27 mm3, and 

56.76 mm3, respectively, excluding the excessive large tumors terminated in advance (Fig. 18 and 

Table 2).  
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Figure 11: Knockdown efficiencies of GRWD1 shRNAs examined by RT-qPCR (A) and 

Western-blotting (B). GRWD1 knockdown greater than 60% was confirmed after 48hrs post- 

transduction.  
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Figure 12: The effects of GRWD1 knockdown on cell proliferation.  Growth curve was 

calculated from day 1 to day 4 post-transduction. The data of three or more independent biological 

replicates were calculated. The values which are statistically significant are indicated with asterisks.  
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Figure 13: The effects of GRWD1 knockdown on cell cycle progression (A) and apoptosis (B). 

(A) Bar graph representing the percentage of cells in G1, S and G2. (B) Bar graph representing the 

percentage of cells in live, early apoptosis, late apoptosis and dead. Bars represent an average of 

three measurements. Asterisks represent significant results.  
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Figure 14: GRWD1 knockdown reduced the efficiency of colony formation on soft agar of 

KMM cells. Picture showed the representative images of colonies in soft agar.  
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Figure 15: GRWD1 knockdown inhibited the progression of KMM tumors in nude mice. 

Tumor growth curves obtained by measuring the volumes of the tumors in the four treatment 

groups. Mice with tumors exceeding the 1.5 cm3 volume limit were terminated before the final day 

of the experiment and labeled with stars.  
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Figure 16: The tumor volumes of individual tumors from each group showing that GRWD1 

knockdown inhibited the progression of KMM tumors. Thicker lines are the averages of the 

tumor volumes. Mice with tumors exceeding the 1.5 cm3 volume limit were terminated before the 

final day of the experiment.   
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Figure 17: Longitudinal analysis of the distribution of tumor growth across time points and 

mice. Figure created with TumGrowth (168). 
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Figure 18: At the endpoint of week 21, GRWD1 knockdown reduced the volume of KMM 

tumors in nude mice.  Mice with tumors exceeding the 1.5 cm3 volume limit were terminated 

before the final day of the experiment.  

 

Table 2: Tumor incidence of each treatment group.  

 

 

Taken together, these results indicate that GRWD1 is essential for cell cycle progression, 

cell proliferation, and cellular transformation of KSHV-transformed cells and that GRWD1 is also 

required for the proliferation of primary cells.  

Group Tumor incidence
in total

Tumor incidence
at week 21 (End)

Tumor incidence
at week 15

Ctl 90%(18/20) 91%(10/11) 74%(14/19)
sh1 70%(14/20) 56%(5/9) 30%(6/20)
sh2 75%(15/20) 56%(5/9) 56%(9/16)
sh3 75%(15/20) 71%(12/17) 30%(6/20)
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2.3.3 GRWD1 maintains H3K4me3 mark at specific loci of KSHV-transformed cells 

GRWD1 regulates chromatin architecture (139, 140) and is potentially involved in histone 

methylation (25). Thus, we examined GRWD1’s role in epigenetic remodeling in KSHV 

transformed cells. Transient GRWD1 knockdown was sufficient to reduce the overall H3K4me3 

level but not those of H3K27me3, H3K4me2, and H3K4me in both MM and KMM cells (Fig. 19 

and 20). To identify the specific H3K4me3 loci that were regulated by GRWD1, we performed 

ChIP-seq in cells with stable GRWD1 knockdown. We achieved high efficiency of GRWD1 

knockdown with shRNA2. Because of GRWD1’s essential role, we failed to generate stable 

knockdown KMM cells with this shRNA (Fig. 11 and 12). However, we were able to generate 

GRWD1 stable knockdown cells with shRNA1 and shRNA3. GRWD1 knockdown differentially 

altered the H3K4me3 peaks in MM and KMM cells (Fig. 21).  

To identify the GRWD1-regulated H3K4me3 peaks, we defined differential peaks between 

GRWD1 and scrambled shRNA knockdown cells with a P-value <0.05 and a fold change >0.5. 

We identified 8,501 and 1,765 differential H3K4me3 peaks for MM and KMM cells, respectively 

(Appendix Table S1A and B). The altered H3K4me3 peaks were annotated to 5,076 and 1,546 

genes in MM and KMM cells, respectively, of which 861 genes were shared in the two types of 

cells (Fig. 22), indicating both common and distinct epigenetic regulations between MM and 

KMM cells. Among the top distinct representative genes regulated by GRWD1 in MM cells, we 
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Figure 19: Western-blots showed the signal of H3K4me3 marks were decreased after 

GRWD1 knockdown in MM and KMM cells.  
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Figure 20: Western blots showing that H3K27me3, H3K4me2, and H3K4me epigenetic 

marks and total histone H3 remain unchanged after GRWD1 knockdown in MM and KMM 

cells.   
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Figure 21: Heatmaps showing alterations of H3K4me3 marks after GRWD1 knockdown in 

MM and KMM cells Red indicates upregulation and blue indicates downregulation. 
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Figure 22: Differential alterations of H3K4me3 marks between MM and KMM cells after 

GRWD1 knockdown. The numbers of peaks which were unique for MM, unique for KMM, 

shared between MM and KMM cells were labelled.  

 

validated ADAR, OAS1A, IL1A, and BST2 by ChIP-qPCR, which had minimal changes in KMM 

cells following GRWD1 knockdown (Fig. 23A). Indeed, there were significant reductions of 

H3K4me3 peaks for all four genes in MM cells in ChIP-Seq analysis (Fig. 24A and 25). In contrast, 

there was no change in the H3K4me3 peak for the ADAR gene while there was only a minor or 

no peak for the OAS1A, IL1A, or BST2 gene in KMM cells (Fig. 24A). In agreement with these 

results, the expression levels of OAS1A, IL1A, and BST2 genes were significantly reduced in MM 

cells following GRWD1 knockdown (Fig. 26A). However, only one shRNA marginally reduced 

the expression of the ADAR gene in MM cells while the second one had no effect (Fig. 26A), 

suggesting that the expression of the ADAR gene might also be regulated by other epigenetic 

factors and marks. No significant expression level change was found for these four genes in KMM 

cells following GRWD1 knockdown (Fig. 26A). Interestingly, the expression levels of OAS1A, 
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IL1A, and BST2 genes were 2.2-, 10-, and 5-fold lower in KMM cells than MM cells, respectively 

(Fig. 26A), suggesting that KSHV might downregulate the expression of these genes. Similarly, 

we validated SOHLH1, ZFP112, ADAMTS19, and HS3ST3B1 as the top representative genes 

regulated by GRWD1 in KMM cells by ChIP-qPCR (Fig. 23B). ZFP112 and ADAMTS19 genes 

had no significant changes in H3K4me3 while reductions for SOHLH1 and HS3ST3B1 genes were 

observed in MM cells following GRWD1 knockdown (Fig. 23B). Consistent with these results, 

significant reductions of H3K4me3 peaks for ZFP112 and ADAMTS19 were observed in KMM 

cells in ChIP-Seq analysis, which were not observed in MM cells, while SOHLH1 and HS3ST3B1 

peaks were reduced significantly in both cell types (Fig. 24B). In addition, SOHLH1 and 

HS3ST3B1 had both H3K4me3 and H3K27me3 marks at the promoters in MM cells, indicating 

the bivalent nature of these promoters (Fig. 25). In agreement with these results, the expression 

levels of these four genes were significantly reduced in KMM cells following GRWD1 knockdown 

(Fig. 26B). However, no significant changes were observed in MM cells following GRWD1 

knockdown (Fig. 26B), suggesting they were regulated by another mechanism. In addition, the 

expression levels of SOHLH1 and HS3ST3B1 were 9.4- and 3.2-fold higher, respectively, in 

KMM than MM cells, while ZFP112 gene expression was 6-fold lower in KMM than MM cells 

(Fig. 26B), suggesting KSHV regulation of these genes. Together, these results indicate that 

GRWD1 is required for sustaining specific H3K4me3 peaks in both MM and KMM cells, and the 

epigenetic landscapes were distinct between the primary and transformed cells.  
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Figure 23: ChIP-qPCR validation of reduction of H3K4me3 peaks at specific gene loci in 

MM (A) and KMM (B) cells.  The same H3K4me3 peaks were also examined in the other cells 

for comparison. Asterisks represent significant results.  
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Figure 24: Tracks of H3K4me3 peaks in the promoters of the four candidate GRWD1 targets 

in MM (A) and KMM (B) cells. The same H3K4me3 peaks were also showed in the other cells 

for comparison. Primer position was labeled with arrow. 
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Figure 25: The tracks of H3K4me3 and H3K27me3 marks at the promoter regions of the top 

target genes from ChIP-seq analysis in MM and KMM cells.  
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Figure 26: (A)Top four genes with reduction of H3K4me3 peaks at specific gene loci in MM 

cells after GRWD1 knockdown. The expression levels were normalized to the scrambled control-

treated MM cells. (B) Top four genes with reduction of H3K4me3 peaks at specific gene loci 

in KMM cells after GRWD1 knockdown.  The expression levels were normalized to the 

scrambled control-treated KMM cells. P values are from comparisons between each of the shRNA-

treated groups (sh1, sh2, and sh3) and the scrambled control (Ctl). Asterisks represent significant 

results.  
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2.3.4 GRWD1 interacts with WDR5, the core protein of the H3K4 methyltransferase 

complex 

To investigate the mechanism of GRWD1 regulation of H3K4me3 modification, we searched 

the protein interaction databases IntAct (169) and BioGRID (170, 171). Among the potential 

binding partners of GRWD1, WDR5 mediates the assembly of MLL and SET1 histone 

methyltransferase complexes to regulate histone H3 methylation at lysine 4 (H3K4) (16, 21). 

WDR5 knockdown reduced the total H3K4 methylation level (24, 25). Hence, WDR5 might 

mediate GRWD1 regulation of histone H3K4 trimethylation. Indeed, confocal microscopy and 

proximity ligation assay (PLA) examination revealed that GRWD1 colocalized with WDR5 in 

both MM and KMM cells (Fig. 27 and 28). In coimmunoprecipitation (co-IP), FLAG-GRWD1 

specifically pulled down endogenous WDR5 (Fig. 29A) while FLAG-WDR5 specifically pulled 

down GRWD1 (Fig. 29B). Furthermore, in vitro pulldown assay revealed the direct interaction 

between GRWD1 and WDR5 proteins (Fig. 29C). Like GRWD1 knockdown, WDR5 knockdown 

also reduced the global H3K4me3 level in MM and KMM cells (Fig. 30). These results indicate 

that GRWD1 and WDR5 physically interact with each other, and both regulate the H3K4me3 

modifications.  
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Figure 27: Confocal images showing the co-localization of GRWD1 and WDR5 in MM and 

KMM cells. Immunofluorescence assays (IFA) were performed using mouse anti-GRWD1 

antibodies (green), and rabbit anti-WDR5 (red).  
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Figure 28: Proximity ligation assay (PLA) showing the co-localization of GRWD1 and WDR5 

in MM and KMM cells. PLA reaction was shown in red. 
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Figure 29: GRWD1 directly interacts with WDR5. (A) FLAG-GRWD1 immunoprecipitated 

endogenous WDR5 in 293T cells. (B) FLAG-WDR5 immunoprecipitated endogenous GRWD1 in 

293T cells. (C) Purified recombinant GST-GRWD1 physically pulled down WDR5 in vitro. 293T 

cells were transfected with the construct coding for FLAG-GRWD1, FLAG-WDR5 or the vector 

alone. Immunoprecipitation (IP) was performed using anti-FLAG antibody. GST-pull down was 

performed using anti-GST antibody.  
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Figure 30: WDR5 knockdown reduced the level of H3K4me3 in MM and KMM cells.  

 

2.3.5 WDR5 knockdown phenocopies GRWD1 knockdown 

Since GRWD1 and WDR5 are in the same complex, the loss of WDR5 should affect cells 

similar to the loss of GRWD1. We performed shRNA-mediated WDR5 knockdown in MM and 

KMM cells (Fig. 31). Indeed, WDR5 knockdown inhibited the proliferation of both MM and 

KMM cells with a more profound effect observed in KMM than in MM cells (Fig. 32). WDR5 

knockdown also induced cell cycle arrest but had minimal effect on apoptosis in both MM and 

KMM cells (Fig. 33 and 34). Furthermore, WDR5 knockdown abolished colony formation of 

KMM cells in a soft agar assay (Fig. 35). Together, these results show that the knockdown of 

WDR5 affects MM and KMM cells similar to that of GRWD1 knockdown, suggesting that the 

two proteins might regulate similar sets of genes.  
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Figure 31: Knockdown efficiencies of WDR5 shRNAs examined by RT-qPCR (A) and 

Western-blotting (B). WDR5 knockdown greater than 60% was confirmed after 48hrs post- 

transduction.  
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Figure 32 The effects of WDR5 knockdown on cell proliferation. The growth curve was 

calculated from day 1 to day 4 post-transduction. The data of three or more independent biological 

replicates were calculated. The values which are statistically significant are indicated with asterisks. 
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Figure 33: The effects of WDR5 knockdown on cell cycle progression. Bar graph representing 

the percentage of cells in G1, S and G2. Bars represent an average of three measurements. 

Asterisks represent significant result.  
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Figure 34: The effects of WDR5 knockdown on apoptosis. Bar graph representing the 

percentage of cells in live, early apoptosis, late apoptosis, and dead. Bars represent an average of 

three measurements. Asterisks represent significant results. 
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Figure 35: WDR5 knockdown reduced the efficiency of colony formation on soft agar of 

KMM cells. Picture showed the representative images of colonies in soft agar.  

 

2.3.6 GRWD1 interacts with MLL2, andMLL2 knockdown phenocopies GRWD1 

knockdown 

Since WDR5 was required for the assembly of MLLs and SET1 histone methyltransferase 

complexes, we examined the interaction of GRWD1 with this complex. GRWD1 

immunoprecipitated MLL2, SET1A, and MLL1 with MLL2 having the strongest interaction (Fig. 

36) Co-IP further showed the interaction between GRWD1 and MLL2 (Fig. 37). Therefore, MLL2 

is likely one of the major methyltransferases in the GRWD1 complexes.  
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Figure 36: FLAG-GRWD1 immunoprecipitated endogenous methyltransferases MLL1, 

MLL2 and SET1A. 293T cells were transfected with the construct coding for FLAG-tagged 

GRWD1 or the vector alone. Immunoprecipitation (IP) was performed using anti-FLAG antibody.  
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Figure 37: FLAG-MLL2 immunoprecipitated endogenous GRWD1 in 293T cells. 293T cells 

were transfected with the construct coding for FLAG-MLL2 (c-terminal) or the vector alone. 

Immunoprecipitation (IP) was performed using anti-FLAG antibody.  

 

To confirm if MLL2 is important to maintain the global level of H3K4me3 in our model, 

we examined the H3K4me3 mark following the MLL2 knockdown. Like GRWD1 and WDR5, 

MLL2 knockdown reduced the level of H3K4me3 in both MM and KMM cells (Fig. 38). 

Consistent with these results, MLL2 knockdown reduced cell proliferation of both MM and KMM 

cells with a stronger effect observed in KMM than MM cells (Fig. 39). Similarly, MLL2 

knockdown induced cell cycle arrest but had a minimal effect on apoptosis in both MM and KMM 

cells (Fig. 40 and 40). MLL2 knockdown also abolished colony formation of KMM cells in soft 

agar (Fig. 42). Hence, MLL2 knockdown shared the same phenotype as that of GRWD1 or WDR5 

knockdown. 
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Figure 38: MLL2 knockdown reduced the level of H3K4me3 in MM and KMM cells.  

 

 

Figure 39: The effects of MLL2 knockdown on cell proliferation. Growth curve was calculated 

from day 1 to day 4 post-transduction. The data of three or more independent biological replicates 

were calculated. The values which are statistically significant are indicated with asterisks.  
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Figure 40: The effects of MLL2 knockdown on cell cycle progression. Bar graph representing 

the percentage of cells in G1, S and G2. Bars represent an average of three measurements. 

Asterisks represent significant results.  
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Figure 41: The effects of MLL2 knockdown on apoptosis. Bar graph representing the 

percentage of cells in live, early apoptosis, late apoptosis and dead. Bars represent an average of 

three measurements. Asterisks represent significant result.  
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Figure 42: MLL2 knockdown reduced the efficiency of colony formation on soft agar of 

KMM cells. Picture showed the representative images of colonies in soft agar. 

2.3.7 GRWD1, WDR5, and MLL2 share the same complex to regulate specific sets of genes 

in primary and KSHV-transformed cells 

Because GRWD1, WDR5, and MLL2 interacted with one another and regulated the 

H3K4me3 mark and cell proliferation, we examined the role of GRWD1 in the complex. In co-IP, 

GRWD1 knockdown reduced the amount of MLL2 protein pulled down by WDR5 (Fig. 43). 

Conversely, overexpression of GRWD1 increased the amount of MLL2 protein pulled down by 

WDR5 in a dose-dependent manner (Fig. 44). However, the ability of WDR5 to bind to histone  



 75 

 

Figure 43: GRWD1 knockdown reduced the efficiency of WDR5 immunoprecipitation of 

MLL2 but not Histone H3. 293T cells were treated with siGRWD1 and transfected with the 

construct coding for FLAG-WDR5 or the vector alone. Samples were collected three days post-

transfection. Immunoprecipitation (IP) was performed using anti-FLAG antibody.  
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Figure 44: After GRWD1 overexpression increased the efficiency of WDR5 

immunoprecipitation of MLL2 but not Histone H3. 293T cells were transfected with the 

construct coding for FLAG-WDR5 or the vector alone with different doses of untagged GRWD1 

vector. Samples were collected three days post-transfection. Immunoprecipitation (IP) was 

performed using anti-FLAG antibody.  

 

H3 was not affected under both conditions (Fig. 43 and 44). These results indicate that 

GRWD1 protein is essential for maintaining the interaction between WDR5 and MLL2 and hence 

the stability of the GRWD1- WDR5-MLL2 complex. We performed RNA-seq after shRNA-

mediated knockdown of GRWD1, WDR5, or MLL2 and identified genes that were regulated by 

the GRWD1-WDR5-MLL2 complex using P<0.05 and >1.3-fold change as filters. The heatmaps 

indeed showed that GRWD1, WDR5, and MLL2 coregulated subsets of genes in MM and KMM 

cells, respectively (Fig. 45 and 46; see also appendix Table S2A and B). However, GRWD1, 

WDR5, and MLL2 alone or in combination also regulated distinct sets of genes, respectively (Fig. 
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45 and 46; see also appendix Table S3A to F), suggesting that these proteins might form different 

complexes with or independent of one another. As WDR5 coexists in all MLL2 methyltransferase 

complexes (16, 21), we observed more common genes shared between WDR5 and MLL2 than 

between GRWD1 and WDR5 or MLL2 in both MM and KMM cells (Fig. 46). Of the 304 and 141 

genes that were coregulated by GRWD1, WDR5, and MLL2 in MM and KMM cells, respectively, 

119 genes are shared between the two types of cells (Fig. 47; see also appendix Table S2A and B). 

We identified different subsets of genes that were regulated by GRWD1, WDR5, or MLL2 alone, 

or coregulated by one another shared by MM and KMM cells (Fig. 48; see also appendix Table 

S2A and B and Appendix Table S3A to F), which supported the common and distinct phenotypes 

of the two types of cells observed following knockdown of each of these genes.  
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Figure 45: Heatmap of differential gene expression after GRWD1, WDR5, or MLL2 

knockdown in MM (A) and KMM (B) cells. Red indicates upregulation and blue indicates 

downregulation.  
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Figure 46: Common and unique gene sets altered following GRWD1, WDR5, or MLL2 

knockdown. Numbers of genes under each subgroup were labelled. 

 

We performed Ingenuity Pathway Analysis (IPA) to identify the pathways of the 

coregulated genes of GRWD1, WDR5, and MLL2 in MM and KMM cells (Fig 49 and Appendix 

Table S4A and B). Among the top 11 enriched pathways identified in MM cells, 10 were also 

enriched in KMM cells, many of which participated in cell cycle progression, cytokinesis, and 

DNA repair (Fig. 49), explaining the common phenotypes observed in these two types of cells. 

However, we also observed numerous enriched pathways in one cell type but not the other, for 

example, cell cycle regulation by BTG family proteins and Myc-mediated apoptosis signaling. We 

confirmed the changes of four cell cycle-related genes, CDK1, CDK2, CDT1, and PCNA, as the 

commonly downregulated genes following GRWD1, WDR1, or MLL2 knockdown in both MM 

and KMM cells (Fig. 50 and 51). Together, these results indicate that the GRWD1- WDR5-MLL2 

complex mediates cell proliferation by regulating the expression of key cell cycle genes. 
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Figure 47: Shared and distinct common genes altered following GRWD1, WDR5, or MLL2 

knockdown in MM and KMM cells. Numbers of genes under each subgroup were labelled.  

 



 81 

 

Figure 48: Common and distinct genes altered in MM and KMM cells following GRWD1, 

WDR5, or MLL2 knockdown. Numbers of genes under each subgroup were labelled.  
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Figure 49: The rank of the top enriched pathways of common genes altered following 

GRWD1, WDR5, or MLL2 knockdown in MM and KMM cells.  
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Figure 50: RT-qPCR validation of CDK1 expression in MM and KMM cells after GRWD1, 

WDR5, or MLL2 knockdown. P values are from comparisons between each of the shRNA-

treated groups (sh1, sh2, and sh3) and the scrambled control (Ctl). Asterisks represent significant 

results.  
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Figure 51: RT-qPCR validation of CDK2, CDT1, and PCNA expression after GRWD1, 

WDR5, or MLL2 knockdown in MM and KMM cells. P values are from comparisons between 

each of the shRNA-treated groups (sh1, sh2, and sh3) and the scrambled control (Ctl). Asterisks 

represent significant results.  

 

2.4 Discussion 

It has been well known that the KSHV episome is subjected to epigenetic modifications, 

including DNA methylation and histone methylation, and acetylation (111-116). KSHV utilizes 

the epigenetic machinery of the host cell to control its life cycle (113-116). On the other hand, 

multiple KSHV viral genes can also act as epigenetic regulators to manipulate the expression of 
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cellular genes (95, 112, 116, 172). For example, KSHV LANA has been reported to interact with 

both DNA and histone methyltransferase complexes and is associated with promoters of multiple 

cellular genes (111, 131). In this study, we have shown alterations of H3K4me3 and H3K27me3 

marks in the predominantly latent KSHV-transformed KMM cells, providing direct evidence that 

KSHV latent products might alter the global histone methylation pattern of the host genome (34). 

Indeed, we have previously shown that KSHV latent products vFLIP and LANA enhance KSHV-

induced angiogenesis by upregulating an epigenetic regulator, enhancer of zeste homolog 2 

(EZH2), through the NF-kB pathway (128). These results suggest that KSHV might induce cellular 

transformation by reprograming the cellular epigenome.  

In a CRISPR-Cas9 screening, we have previously identified cellular epigenetic regulators 

that are essential for the survival of KSHV-transformed cells (34, 110). We speculated that these 

epigenetic factors might mediate KSHV reprogramming of the cellular epigenome. Among the top 

genes, GRWD1 is an oncogene (145) and has been speculated on as a potential epigenetic regulator 

(26). Interestingly, GRWD1 is upregulated in KSHV-transformed cells (Fig. 11B), and high 

expression of GRWD1 predicts poor patient survival outcomes in numerous types of cancer (Fig. 

10). Similarly, we have identified 8 other epigenetic regulators that have been reported to play 

important roles in cancer (145, 173-178) and their expression levels predict the survival of various 

types of cancer patients (Fig. S1). For example, NFYB was reported to induce the high expression 

of E2F1 in colorectal cancer and mediate oxaliplatin resistance (173). Thus, the KSHV-induced 

cellular transformation system is useful for identifying essential genes not only for KSHV-induced 

cancers but also for other types of cancer.  

Although GRWD1 has been identified as a histone-binding protein (139), its role in 

epigenetic modification remains unclear. A previous study showed that it was pulled down by 



 86 

CUL4–DDB1 ubiquitin ligase together with several methyltransferase core proteins, suggesting 

its potential role in histone methylation (25). In this study, we have shown that knockdown of 

GRWD1 leads to a global reduction of H3K4me3 marks by Western blotting and ChIP-seq, 

confirming an essential role of GRWD1 in maintaining cellular H3K4me3 marks. We have 

identified the GRWD1-regulated H3K4me3 peaks in the promoters of specific genes in both 

KSHV-transformed cells and primary cells (Fig. 21 to 24; see also Table S2A and B).  

To understand the mechanism of GRWD1 mediating epigenetic modification, we have 

confirmed the direct interaction of GRWD1 with the histone H3 lysine 4 (H3K4) methyltransferase 

core protein WDR5. Since WDR5 is a core protein of human MLL and SET1 H3K4 

methyltransferase complexes (16, 21), GRWD1 can potentially regulate H3K4me3 peaks by 

interacting with these complexes. Indeed, we have identified MLL2 as the major GRWD1- 

interacting H3K4 methyltransferase. Using both knockdown and overexpression approaches, we 

have found GRWD1 is directly involved in the interaction of WDR5 and MLL2, possibly by 

serving as a bridging factor to connect these two proteins in the GRWD1-WDR5-MLL2 complex 

and affecting the recruitment of MLL2 to WDR5. Although the absence of MLL2 did not show 

global bulk downregulation of H3K4 methylation in mouse embryonic stem cells or fibroblasts 

(31, 32), other studies revealed the reduction of H3K4me3 marks by ChIP-seq and H3K4me3 

levels by Western blotting after MLL2 knockdown (18, 33), which are consistent with our 

observations. In agreement with the report that MLL2 is essential for maintaining the H3K4me3 

level on bivalent promoters of genes with low expression levels (18, 30, 31), we have also 

identified a set of GRWD1 targets located at bivalent promoters of genes by ChIP-seq, including 

SOHLH1 and HS3ST3B1 shared by MM and KMM cells (Fig. 23B, 24B and 25). However, many 

H3K4me3 peaks affected by GRWD1 knockdowns, such as those of the ADAR gene, were not at 
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bivalent promoters (Fig. 23 to 25), suggesting potential GRWD1 interactions with other 

methyltransferases in addition to MLL2. Indeed, we have found genes that are coregulated by 

GRWD1 and WDR5 but not MLL2, which could be downstream targets of other 

methyltransferases (Fig. 46). Similarly, we have identified genes that are coregulated by GRWD1 

and MLL2 but not WDR5 and genes that are coregulated by WDR5 and MLL2 but not GRWD1 

(Fig. 46). Furthermore, we have identified genes that are regulated by GRWD1, WDR5, or MLL2 

alone. These results indicate that these proteins might also independently form complexes with 

other proteins without involving one another. 

Among the common pathways that are enriched following knockdown of GRWD1, WDR5, 

or MLL2, most of them are involved in cell cycle progression (Fig. 49), suggesting the important 

role of the GRWD1-WDR5-MLL2 complex in this pathway. Consistent with these results, the 

knockdown of any of the three proteins caused cell cycle arrest (Fig. 13A, 33, and 40). Hence, the 

GRWD1-WDR5-MLL2 complex might mediate KSHV reprogramming of the epigenome and 

contribute to cell cycle progression and cellular transformation. Among the KSHV products that 

can alter epigenetic modifications, LANA is associated with human H3K4 methyltransferase 

complexes (111) and can directly bind to viral and cellular genomes. LANA might interact with 

the GRWD1-WDR5-MLL2 complex to regulate specific epigenetic loci on the genome. Further 

investigation of KSHV hijacking of the host machinery to alter the specific epigenetic marks on 

both viral and cellular genomes could provide insights into the mechanism of KSHV-induced 

oncogenesis.  

Taken together, we have identified an epigenetic complex that mediates KSHV-induced 

cellular transformation and cell cycle progression by reprogramming the cellular epigenome and 
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gene expression. This complex represents a potential novel therapeutic target for KSHV-induced 

cancers, which could be extended to other types of cancers.  

2.5 Acknowledgments 

This work was supported by grants from the National Institutes of Health (CA096512, 

CA124332, CA132637, CA213275, DE025465, and CA197153 to S.-J. Gao). This work was 

supported in part by award P30CA047904. 

We thank members of Dr. Shou-Jiang Gao's laboratory for technical assistance and helpful 

discussions.  

 



 89 

3.0 Summary and Future Perspectives 

3.1 KSHV hijacks the host epigenetic machinery during cellular transformation 

The concept that the host epigenetic machinery is a target of viruses has been widely 

reported and extensively studied (179). For KSHV, the regulation of its life cycle requires dynamic 

epigenetic modifications on its episome, which is important for both viral latent and lytic 

replication (68, 113). Besides regulating its life cycle to avoid the surveillance of host immune 

systems, KSHV also exploits the cellular epigenome to regulate the expression of host genes and 

enhance cell survival, which directly contributes to KSHV-induced tumorigenesis (180, 181). The 

cellular epigenome is modified by several KSHV latent products. The most well-reported viral 

epigenetic regulator is KSHV LANA. In addition to interacting and recruiting several epigenetic 

modification enzymes (111, 131), LANA can also indirectly regulate epigenetic regulators (128) 

or target cellular pathways by altering the epigenetic modifications of key proteins (182).  

Our study has shown the landscape of H3K4me3 and H3K27me3 marks is extensively 

altered during the KSHV-induced cellular transformation (Fig. 6). Additionally, we have found 

the transcriptional activation mark H3K4me3 is significantly reduced in KMM cells following 

LANA knockout (Fig. 52). Since LANA is critical for maintaining the stability of KSHV episome 

in the cells, LANA knockout could lead to the loss of the KSHV genome from KMM cells. The 

reduction of H3K4me3 marks following the loss of LANA suggests the importance of epigenetic 

regulation in KSHV latency and cellular transformation.  
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Figure 52: The global level of H3K4me3 marks reduced significantly after knocking out the 

KSHV episome from the transformed cells. Protein quantification of GRWD1 normalized to β-

actin and H3K4me3 normalized to Histone H3 was labeled in red.  

 

Understanding how KSHV reprograms cellular epigenome is important for revealing the 

mechanism of KSHV-induced oncogenesis. Identification of the specific epigenetic modifications 

and the regulatory pathways that are essential for cellular transformation could provide insights 

into the molecular basis of KSHV-induced tumorigenesis.  
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3.2 GRWD1 is upregulated by KSHV 

Our results indicated that GRWD1 was upregulated in KMM cells compared to MM cells 

(Fig. 11). KSHV upregulation of GRWD1 was also observed in human cells. For example, the 

levels of GRWD1 protein were about 2.5-fold in BCP1 and BCBL1 compared to BJAB cells 

(Fig. 53).  

 

 

Figure 53: GRWD1 was upregulated in BCP1 and BCBL1 compared to BJAB cells. Protein 

quantification of GRWD1 normalized to β-actin was labeled in red.  

 

To investigate the upstream viral regulator(s) of GRWD1, we examined the expression of 

GRWD1 in the MM cells infected by KSHV mutants of latent products including vCyclin, vFLIP, 

and the miRNA cluster. We did not find any significant alterations of GRWD1 in MM cells 

infected by any of these mutants (Fig. 54). The KSHV latent product LANA is associated with 

human H3K4 methyltransferase complexes (111). 
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Figure 54: The upregulated GRWD1 expression in KMM cells could not be eliminated by 

single deletion of KSHV latent products.  

 

However, LANA overexpression did not alter the expression of GRWD1 (Fig. 55). Based 

on these results, we speculate that the upregulation of GRWD1 in KMM cells may be caused by 

multiple viral latent products involving a complication mechanism during the KSHV-induced 

cellular transformation process.  

 

 

Figure 55: LANA overexpression in MM cells cannot increase the expression of GRWD1.  

 

However, we observed the interaction between LANA and the GRWD1-WDR5-MLL2 

complex by co-IP (Fig. 56). Since GRWD1 is essential for the survival of KSHV-transformed cells, 

KSHV might have used GRWD1 to promote the H3K4me3 mark in its host cells. Indeed, we have 

observed distinct H3K4me3 peaks of GRWD1 targets in KMM but not MM cells, suggesting that 
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KSHV might have hijacked GRWD1 to facilitate the recruitment of the GRWD1-WDR5-MLL2 

complex to specific genomic loci to regulate gene expression. LANA may serve as the potential 

binding partner and viral regulator of the GRWD1-WDR5-MLL2 complex. Future ChIP-seq 

experiments are needed to provide detailed evidence that the overlapped bindings of LANA to the 

cellular genome with those of the GRWD1-WDR5-MLL2 complex. Further investigations would 

be needed to reveal the mechanism of LANA hijacking of the GRWD1-WDR5-MLL2 complex, 

which might alter the H3K4me3 pattern on both viral and cellular genomes.  

 

 

Figure 56: 3×FLAG-LANA immunoprecipitated GRWD1, WDR5 and MLL2. 293T 

cells were transfected with the construct coding for 3XFLAG-LANA or vector alone. 

Immunoprecipitation (IP) was performed using anti-FLAG antibody.  



 94 

3.3 GRWD1, a novel epigenetic-regulated ribosomal protein 

Although GRWD1 has been reported to be a multifunctional protein, its fundamental 

function as a ribosomal protein inside the nucleolus is largely unknown. Its yeast homolog Rrb1 

has been shown to interact with rpL3, a highly conserved ribosomal protein, to regulate its 

expression and localization (141, 142). We have observed that GRWD1 can interact with human 

RPL3 (Fig. 57), indicating the evolutionary conservation of the GRWD1-RPL3 complex and 

confirming the likely involvement of GRWD1 in ribosomal biogenesis. Because of the essential 

role of ribosomal biogenesis, further investigations to reveal how GRWD1 regulates RPL3 in 

human cells and the role of GRWD1 in ribosomal biogenesis might help illustrate its cellular 

functions.  

 

 

Figure 57: FLAG-GRWD1 immunoprecipitated RPL3. 293T cells were transfected with the 

construct coding for FLAG-GRWD1 or vector alone. Immunoprecipitation (IP) was performed 

using anti-FLAG antibody.  
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Multiple ribosomal proteins have been reported to have functions beyond the ribosome, 

such as the involvement in tumorigenesis (146, 154, 183-188). For example, ribosomal proteins 

including RPL5 and RPL11 inhibit the function of MDM2, a RING-type E3 ubiquitin ligase that 

targets the tumor suppresser p53 for degradation, thus stabilizing p53 and regulates its activity 

(189-191). GRWD1 has been identified as a novel oncogenic ribosomal protein by inhibiting the 

function of RPL11 to inhibit MDM2 as well as directly interacting with p53 (143-146). In our 

study, we have demonstrated that GRWD1 is a novel epigenetic regulator of H3K4me3 and forms 

a complex with the methyltransferase core proteins WDR5 and MLL2. Our finding has provided 

additional evidence that ribosomal proteins might be involved in epigenetic regulation. Ribosomal 

proteins might not just be regulated by the epigenetic machinery but also directly take part in the 

regulation process of epigenetic remodeling. 

3.4 Summary and limitations of the study 

GRWD1 is an evolutionary conservative protein and was first described as a ribosomal 

protein. We have identified the role of GRWD1 as a novel epigenetic factor in the GRWD1-

WDR5-MLL2 complex that regulates the expression of key cell cycle genes to modulate cell 

proliferation. A set of genes are specifically regulated by the GRWD1-WDR5-MLL2 complex, in 

the meanwhile, GRWD1, WDR5 and MLL2 also regulate distinct sets of genes suggesting that 

these proteins might form different complexes with or independent of one another. KSHV hijacks 

the GRWD1-WDR5-MLL2 complex to manipulate the H3K4me3 pattern during the KSHV-

induced cellular transformation, leading to the epigenetic alterations in KSHV-transformed cells 

thus mediating KSHV-induced tumorigenesis.  



 96 

In our hypothesis, GRWD1 mediates KSHV-induced cellular transformation by recruiting 

the H3K4 methyltransferase complex to the promotors of growth-promoting genes. The majority 

of GRWD1 in uninfected cells is located inside the nucleolus and functions in ribosomal 

biogenesis (Fig. 58A). A portion of GRWD1 binds with histone H3 and promotes H3K4 

methylation, and another portion interacts with other binding partners, such as CDT1. In KSHV-

transformed cells, the latent protein LANA recruits the GRWD1-WDR5-MLL2 complex through 

GRWD1 to the promoters of growth-promoting genes and cell cycle related genes, resulting in the 

increased H3K4me3 level and higher cell proliferation rate (Fig. 58B).  

Further investigations are needed to reveal the mechanism of how LANA hijacks the GRWD1-

WDR5-MLL2 complex and changes the H3K4me3 pattern on both viral and cellular genomes. 

Due to the quality of the GRWD1 antibody, we failed to perform GRWD1 ChIP and cannot get 

very clean bands of the binding partners of GRWD1 by endogenous IP. One possibility to 

overcome this problem is to knock in a tag to create endogenous tagged GRWD1 with Crispr-Cas9 

thus allowing specific and sensitive detection with tag antibody. To perform GRWD1, WDR5, 

MLL2, and LANA ChIP and map the location of these four proteins on the chromatin can provide 

further evidence for their interactions. Furthermore, based on the overlaps of GRWD1, WDR5, 

and MLL2 peaks, the common downstream genes specifically regulated by the GRWD1-WDR5-

MLL2 complex could be identified. By comparing the differences in their peak locations in MM 

cells to KMM cells, the alteration of H3K4me3 peaks mediated by KSHV-hijacked GRWD1-

WDR5-MLL2 complex could be identified, and the overlaps of LANA peaks would reveal the 

regulatory role of LANA on the downstream targets of this complex.  
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Figure 58: Summary of the model for KSHV-induced cellular transformation mediated by 

GRWD1. (A) In uninfected cells, GRWD1 is mostly located inside the nucleolus and functions in 

ribosomal biogenesis, a portion of GRWD1 binds with histone H3 and promotes H3K4 

methylation. (B) In KSHV-transformed cells, LANA recruits GRWD1-WDR5-MLL2 complex 

through GRWD1 to the promoters of growth-promoting genes/cell cycle related genes, resulting 

in the increased H3K4me3 level and higher cell proliferation rate. 
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Appendix A Supplementary Tables 

Table S1: Altered H3K4me3 peaks and associated genes after GRWD1 knockdown in MM 

(A) and KMM (B) cells is shown in Table S1.pdf at  

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8689518/bin/mbio.03431-21-st002.pdf. 

 

Table S2: Common and distinct genes altered in MM (A) and KMM (B) cells following 

knockdown of GRWD1, WDR5, or MLL2 is shown in Table S2.pdf at  

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8689518/bin/mbio.03431-21-st003.pdf 

 

Table S3: Top altered genes following knockdown of GRWD1 (A and D), WDR5 (B and E), 

and MLL2 (C and F) in MM (A, B, and C) and KMM (D, E, and F) cells is shown in Table 

S3.pdf at  

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8689518/bin/mbio.03431-21-st004.pdf 

 

Table S4: Top enriched pathways of common genes after GRWD1, WDR5, or MLL2 

knockdown in MM (A) and KMM (B) cells is shown in Table S4.pdf at  

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8689518/bin/mbio.03431-21-st005.pdf 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8689518/bin/mbio.03431-21-st002.pdf
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8689518/bin/mbio.03431-21-st003.pdf
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8689518/bin/mbio.03431-21-st004.pdf
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8689518/bin/mbio.03431-21-st005.pdf
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Figure S1 The survival plots for the top 9 epigenetic factors including CXXC1, NFYB, 

GRWD1, KAT8, PRMT5, EXOSC9, EXOSC5, TADA3, and RUVBL1 with the largest 

differences in CRISPR scores between MM and KMM cells identified in CRISPR-Cas9 

screening in different types of cancer from the TCGA data set.  Including bladder urothelial 

carcinoma (BLCA), kidney renal clear cell carcinoma (KIRC), kidney renal papillary cell 

carcinoma (KIRP), liver hepatocellular carcinoma (LIHC), breast cancer (MetaBric), sarcoma 

(SARC), uterine corpus endometrial carcinoma (UCEC), glioblastoma multiforme (GBM), lung 

squamous cell carcinoma (LUSC), prostate adenocarcinoma (PRAD), brain lower-grade glioma 

(LGG), lung adenocarcinoma (LUAD), skin cutaneous melanoma (SKCM), cervical squamous 

cell carcinoma and endocervical adenocarcinoma (CESC), head-neck squamous cell carcinoma 

(HNSC), and ovarian serous cystadenocarcinoma (OV). Patients were grouped into high (H), 

medium (M), and low (L) based on the expression of the target gene. 
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