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摘要 

    EB 病毒是第一個被發現與腫瘤高度相關的 DNA 病毒，可以作為研究病毒致

癌分子機制的範本，對病毒如何調控細胞因子來幫助其感染、潛伏於宿主，甚至

使宿主細胞癌化的研究，有很大的助益。近年的研究逐漸發現，EB 病毒的致病

機制，除了與其潛伏期有關，病毒的裂解複製期，亦能對 EB 病毒相關疾病的產

生造成影響，惟 EB 病毒在宿主細胞內複製、進入裂解期的分子機制尚未完全明

瞭。我們利用人類白血球濃厚液分離出的 B 細胞，感染 EB 病毒，發現細胞內一

個鷹架蛋白 IQGAP2 的表現量增加。IQGAP2 目前被認定為腫瘤抑制因子，所以

在致癌 EB 病毒感染中會增加讓人好奇。除了病毒感染，當病毒進入裂解期時，

IQGAP 的表現量也會增加。我們接著發現 EB 病毒的裂解轉活化因子 Rta 會讓細

胞內的 IQGAP2 增加。實驗結果顯示，Rta 可能透過 IQGAP2 驅動子上的 Rta 反

應元素來調控其轉錄。有趣的是，我們發現 Rta 會將 IQGAP2 蛋白帶入細胞核

內，而 Rta 與 IQGAP2 在細胞核的複合體，會影響 EB 病毒裂解期蛋白的表現。

Rta 會和 IQGAP2 共同作用，並且調控 EB 病毒進入裂解期。最後，我們發現在

EB 病毒感染而不朽化的類淋巴母细胞中，IQGAP2 能透過鈣黏蛋白 E 影響細胞

之間的團聚。綜上所述，我們發現當 EB 病毒進入裂解期時，其裂解轉活化因子

Rta 會透過 IQGAP2 驅動子上的作用而使細胞核內的 IQGAP2 蛋白增加。這樣的

一個 Rta-IQGAP2 複合體會在細胞核內調控 Rp 的活化。我們的發現找出一個新

的參與 EB 病毒進入裂解期，使其進入複製期的調控因子，這些結果對我們了解

EB 病毒的生活史，有助於控制 EB 病毒的複製知相關研究。 

 

關鍵字: EB 病毒, Rta (BRLF1), IQGAP2, 裂解期 
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Abstract 

As the first defined human oncogenic virus, Epstein-Barr virus (EBV) provides a 

good model to investigate how pathogens “hijack” cellular factors to promote their 

infection, persistence and even tumorigenesis. Although prolonged latency is the key 

feature of EBV, growing evidence suggests that lytic replication is crucial to EBV 

pathogenesis, yet how the virus promotes lytic cycle is not fully elucidated. In our B cell 

EBV infection model, we found that IQGAP2, a scaffold protein recognized as a tumor 

suppressor, was up-regulated after EBV infection. EBV lytic activation also increases 

IQGAP2 expression. We then identified that EBV immediate-early transactivator Rta was 

responsible to this up-regulation, most likely through a putative Rta responsive element 

(RRE) on IQGAP2 promoter. Surprisingly, we demonstrated that Rta was able to recruit 

IQGAP2 to the nucleus. This nuclear complex may play a role in lytic activation since 

lytic protein expression decreased when IQGAP2 transcription was suppressed due to 

impaired Rta auto-activation. Furthermore, in LCLs, IQGAP2 mediate cell-to-cell 

adhesion through regulation of adhesion molecule E-cadherin. To sum up, we found that, 

upon lytic stimuli, Rta increased IQGAP2 expression and translocalized it to the nucleus. 

The Rta-IQGAP2 complex activated Rta promoter (Rp) and promote lytic progression. 

This novel finding shed lights on a new path to understanding the intricate mechanism of 

EBV lytic cycle. 
 

Key words: 

Epstein-Barr virus (EBV); Rta (BRLF1); IQ-motif containing GTPase activating-like 

protein 2 (IQGAP2); lytic replication 
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Introduction 

1. Epstein-Barr Virus 

1.1 Discovery 

In 1958, British surgeon Denis Burkitt observed a child with abnormal swellings in 

the jaw area, which was then identified as Burkitt’s lymphoma (Burkitt, 1958). Six years 

later, Michael Epstein and Yvonne Barr saw herpes-like particles under an electron 

microscope for the first time when observing cultured Burkitt’s lymphoma cells (Epstein 

et al., 1964). In 1968, virologists Werner Henle and Gertrude Henle classified and named 

the virus Epstein-Barr virus (EBV) (Henle et al., 1968).  

1.2 Classification and viral structure and genome 

EBV belongs to lymphocryptovirus genus of gammaherpesvirus subfamily. The 

virus has a linear, double-stranded, 172-kilobase DNA genome, wrapped in a 100 nm-

icosahedral nucleocapsid, inside of a lipid envelope with glycoprotein spikes such as 

gp350/220 and gp42. There are tegument proteins between the nucleocapsid and the 

envelope (Longnecker, 2013). Both ends of the EBV genome consist of 2 to 5 tandem, 

500 basepair (bp) terminal repeats (TRs). Once EBV infects host cells, the termini of the 

viral genome ligate with each other to form an extra-chromosomal episome in the host 

nucleus. Other than TRs, EBV genome also contains 4 internal repeats (IRs) and 5 unique 

sequence domains (U) (Longnecker, 2013). The nomenclature of EBV open reading 
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frame (ORF) is according to the rank of length after B95.8 strain EBV genome is digested 

by restriction enzyme BamHI, from A (longest) to Z (shortest), as well as the reading 

orientation (Baer et al., 1984).  

1.3 Life Cycle 

Like other herpesviruses, EBV life cycle consists of latency and lytic replication. 

The virus predominantly infects lymphocytes and epithelial cells and persists mostly in 

latency (Thompson and Kurzrock, 2004). In latent stage, EBV only expresses a small set 

of viral genes. In EBV-immortalized lymphoblastoid cell line (LCL), the latent gene 

products include EBV nuclear antigens (EBNA1, 2, 3A, 3B, 3C, LP), latent membrane 

proteins (LMP1, 2A, 2B) and viral RNAs (EBER1&2, BARTs) (Longnecker, 2013). A 

variety of stimuli can induce EBV lytic replication. For instance, treating EBV-carrying 

cell lines with phorbol ester 12-O-tetradecanoylphorbol-13-acetate (TPA), sodium 

butyrate (SB), anti-human immunoglobulin (α-hIgG) or transforming growth factor β 

(TGF-β), as well as alternation of the intracellular calcium concentration can trigger EBV 

into lytic replication (Tovey et al., 1978; zur Hausen et al., 1978; Kallin et al., 1979; 

Chasserot-Golaz et al., 1988). Also, UV irradiation and hypoxia can initiate EBV lytic 

cycle (Liu et al., 1997; Jiang et al., 2006). Upon stimulation, the immediate-early (IE) 

transactivators, Zta (BZLF1, ZEBRA), Rta (BRLF1), and Mta (BMLF1, EB2, SM) are 

produced and cooperate with each other to initiate the transcription of downstream early 
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(E) and late (L) genes (Countryman and Miller, 1985; Hardwick et al., 1988). Most of the 

viral early gene products, including BALF5 (DNA polymerase), EA-D (BMRF1, DNA 

polymerase processivity factor), BGLF4 (protein kinase), and BALF2 (single-strand 

DNA binding protein), are associated with DNA replication, while late proteins such as 

gB (BALF4, gp110), gp350/220 (BLLF1) and LR2 (BLRF2, p23) are viral structure 

components (Lin et al., 1991; Tsurumi et al., 1996; Longnecker, 2013). 

1.4 Regulation of lytic reactivation 

Rta promoter (Rp) initiates transcription of Rta and Zta while Zta promoter (Zp) 

initiates transcription of Zta. The two lytic promoter orchestrate EBV lytic progression 

(Longnecker, 2013). The cellular regulatory elements that are reported to influence the 

expression of Zta and Rta and their corresponding binding sites are depicted in Figure 1. 

Other than chemical reagents and physical stimuli mentioned above, cellular factors 

contribute to activation of Zp and Rp as well. For example, cellular kinases, including 

mitogen-activated protein kinase (MAPK), protein kinase C (PKC), and phosphoinositide 

3-kinase (PI3K) / protein kinase B (AKT) are required for lytic activation (Darr et al., 

2001; Liang et al., 2002; Tsai et al., 2011; Goswami et al., 2012). Also, plasma cell 

differentiation factor, XBP-1, can bind and transactivate Zp (Sun and Thorley-Lawson, 

2007). Moreover, early growth response protein 1 (EGR1) directly activates Rp, playing 

an important role in EBV reactivation when cells are treated with phorbol esters, α-hIgG, 
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or UV irradiation (Zalani et al., 1995; Chang et al., 2006; Ye et al., 2010). A recent study 

found that cellular differentiation regulator BLIMP1 induces Epstein-Barr virus lytic 

reactivation in both epithelial and B cells by activating Rp and Zp (Reusch et al., 2015). 

In contrast, many cellular factors contribute to latency by negatively regulating Zp 

and Rp. For example, B-cell-specific transcription factors PAX5 and Oct-2 can bind to 

Zta and prevent it from activating lytic promoters through Zta responsive elements (ZREs) 

(Robinson et al., 2012; Raver et al., 2013). Also, Ying Yang 1 (YY1) and Zinc finger E-

box-binding homeobox proteins (ZEB) 1/2 have been reported to have negative effect 

upon Rp and Zp (Zalani et al., 1997; Kraus et al., 2003; Yu et al., 2007; Ellis et al., 2010).  

1.5 EBV-associated diseases 

EBV infects over 90% of human population and mostly establishes life-long latent 

infection (Yao et al., 1985; Macsween and Crawford, 2003). However, in some cases, 

when the primary infection occurs in the teens, EBV can cause infection mononucleosis 

known as “kissing disease”, since EBV can be transmitted via saliva (Ebell, 2004). As the 

first defined oncogenic virus, EBV infection has been reported to associate with wide 

spectrums of lymphomas and epithelial cancers such as Burkitt’s lymphoma, Hodgkin 

lymphoma, NK/T-cell lymphoma, nasopharyngeal carcinoma and gastric cancer 

(Johansson et al., 1970; zur Hausen et al., 1970; Jones et al., 1988; Burke and Lee, 1990; 

Pallesen et al., 1991). EBV may lead to malignancies when the patients’ immune systems 
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are suppressed. For example, EBV may cause to post-transplant lymphoproliferative 

disease in organ transplant patients. In acquired immunodeficiency syndrome (AIDS) 

individuals, EBV is related to oral hairy leukoplakia and AIDS-associated lymphomas 

(Ziegler et al., 1982; Greenspan et al., 1985; Rea et al., 1994). 

2. Rta 

2.1 Structure 

The immediate-early transactivator R (Rta) plays a crucial role in EBV lytic 

progression and DNA replication (Kenney and Mertz, 2014). Similar to Zta, Rta is a 

sequence-specific DNA binding protein that bind directly to the response element of its 

target promoter known as Rta response element (RRE). Rta protein is composed of 605 

amino acids, its dimerization and DNA-binding domain locates on the N-terminal while 

the C-terminal is the transactivation domain (Manet et al., 1991; Hardwick et al., 1992) 

(Figure 2). TBP/TFIIB interacts with the C-terminal of Rta to promote transactivation 

activity. Also, amino acid 408-414 is the nuclear localization signal (NLS) of Rta (Hsu et 

al., 2005). Even if NLS of Rta is mutated and Rta retained in the cytosol, it can still 

activate Zp and Rp, resulting in induction of viral reactivation (Hsu et al., 2005). 

2.2 Transactivator ability 

There are mainly two ways through which Rta activates gene expression: Rta either 

directly binds to the promoters of target genes or cooperates with other protein factors to 
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regulate gene expression. In some cases, Rta selectively binds to a GC-rich 17 base-paired 

DNA sequence (5’GNCCNNNNNNNNNGGNG3’), known as Rta responsive element 

(RRE). Promoters of viral genes like BLLF1, BMRF1 and BARF1, as well as cellular 

genes such as decoy receptor 3 (DcR3) (Quinlivan et al., 1993; Gruffat and Sergeant, 

1994; Ho et al., 2007; Heilmann et al., 2012). In other scenario, when RRE is absent from 

target gene promoter, interaction with auxiliary cellular factors is needed for Rta to alter 

gene expression. For instance, association with Sp1 and methyl-CpG binding domain 

1(MBD1)-containing chromatin-associated factor 1 (MCAF1) contributes largely to auto-

simulation of Rp (Ragoczy and Miller, 2001; Chang et al., 2005). Also, Rta activates Zp 

by increasing phosphorylation of p38 and c-Jun N terminal kinase, resulting in activating 

transcription factor (ATF) 2 binding to ZII element of Zp (Adamson et al., 2000). 

Nonetheless, Rta transactivates BALF5 via DNA-bound transcription factors upstream 

stimulatory factor (USF) and E2F (Liu et al., 1996). In contrast, the early-lytic viral 

protein LF2 directly interacts with Rta, sequestering it in an inactive form in the 

cytoplasm (Heilmann et al., 2010).  

2.3 Cellular effects  

Besides switching on EBV lytic replication, Rta also affects cellular functions. For 

instance, Rta can activate c-myc, a cellular gene important in proliferation (Gutsch et al., 

1994). In BL cell lines, Rta is found to interact with an important tumor suppressor, 
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retinoblastoma protein (Rb), which alleviates Rb-mediated repression of E2F (Zacny et 

al., 1998). Since E2F activates genes important for DNA replication (Almasan et al., 

1995), it is suggested that the binding of Rta to Rb facilitates the entry into G1/S in the 

cell cycle (Zacny et al., 1998). On the contrary, in epithelial cells, Rta induces G1 phase 

arrest and thereafter cellular senescence by increasing the expression of cyclin-dependent 

kinase regulators p21, p27 and cyclin E, while decreasing the expression of cyclin D, 

cyclin-dependent kinases (CDK) 4, CDK6, and phosphorylation level of tumor 

suppressor Rb (Chen et al., 2009). Furthermore, a recent study demonstrates that Rta 

elicits cell autophagy via the extracellular signal-regulated kinase (ERK) pathway in 

order to promote viral lytic development (Hung et al., 2014). 

3. IQGAP 

3.1 IQGAP family 

IQGAPs are an evolutionarily conserved proteins that interact with many partners to 

regulate diverse cellular processes, including cytokinesis, cell migration, cell proliferation, 

intracellular signaling, vesicle trafficking, and cytoskeletal dynamics (Hedman et al., 

2015). The human IQGAPs are comprised of three members, namely IQGAP1, IQGAP2, 

and IQGAP3, all of which contain the CHD (calponin homology domain), the WW 

(tryptophan-tryptophan, poly-leucine binding) domain, the IQ (isoleucine-glutamine) 

domains, the GRD (GAP-related domain), and the RGCT (Ras-GAP C terminus) that 
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mediate protein-protein interactions and carry out various functions (Hedman et al., 2015) 

(Figure 3). Although human IQGAPs harbor similar protein binding domains, they have 

diverse functions, tissue expression, and subcellular localization (Smith et al., 2015). Ras 

GTPase activating proteins (GAPs) are thought to catalyze the transition from Ras-GTP 

to Ras-GDP, however, IQGAP1 and IQGAP2 can only stabilize GTP-bound active form 

of Ras-related C3 botulinum toxin substrate (Rac) 1 and cell division cycle (Cdc) 42 when 

associated with them via GRDs (Weissbach et al., 1994; Brill et al., 1996). Thus, IQGAPs 

are deemed scaffold proteins that participate in multiple cellular activities. 

3.2 IQGAP1 

Among the IQGAPs, IQGAP1 has been most extensively studied and well 

characterized since it was characterized in 1994 (Weissbach et al., 1994). Ubiquitously 

expressed IQGAP1 is encoded by IQGAP1 on chromosome 15. Over 100 unique 

interacting proteins have been identified, implying that IQGAP1 is a critical mediator of 

many receptor signaling pathways (Brown and Sacks, 2006). IQGAP1 associates with 

endothelial growth factor receptors (EGFRs) and CD44 through second messengers 

(protein kinase C, Ca2+, and Ras) or directly. In the downstream, IQGAP1 binds to 

extracellular signal-regulated kinases (ERKs), MAPK–ERK kinases (MEKs), and Raf 

kinases and help activation of the signal transduction pathway (Roy et al., 2005; Ren et 

al., 2007; Sbroggio et al., 2011). Also, IQGAP1 is involved PI3K–Akt pathways by 
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interacting with Akt kinase. (Chen et al., 2010; Tekletsadik et al., 2012). Nonetheless, 

both canonical and noncanonical Wnt pathways signaling is enhanced when IQGAP1 

associates with components such as β-catenin, leucine-rich repeat-containing G-protein 

coupled receptor (LGCR) 4, importin-β5, and disheveled (Dvl) (Briggs et al., 2002; Goto 

et al., 2013a; Goto et al., 2013b; Carmon et al., 2014). 

The association of F-actin with the IQGAP1 CHD indicates that IQGAP1 modulates 

cell cytoskeleton and that IQGAP1 links signaling components to cytoskeletal regulators 

(Abel et al., 2015). For instance, in Wnt signaling, the association of IQGAP1 with the 

actin polymerization proteins Diaphanous-related formin-1 (mDia1) and neuronal 

Wiskott–Aldrich syndrome protein (N-WASP) promotes cell polarity (Carmon et al., 

2014). In addition, IQGAP1 participates in focal adhesion assembly and turnover and 

promote proper cell motility by interacting with integrins, cadherins, as well as focal 

adhesion proteins paxillin and vinculin (Kohno et al., 2013). IQGAP1 can stabilize 

microtubules through the microtubule-binding protein CLIP-170 near the cell margins, 

leading to establishment of cell polarity and subsequently cell migration (Noritake et al., 

2005). 

3.3 IQGAP2 

IQGAP2 gene is located on chromosome 5 and IQGA2 protein is predominantly 

expressed in the liver (Brill et al., 1996; Wang et al., 2007). Decreased expression of 
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IQGAP2 protein is associated with malignancies including human hepatocellular, 

prostate, and gastric carcinomas (Jin et al., 2008; White et al., 2010; Gnatenko et al., 

2013). Therefore, despite IQGAP2 has 62% sequence identity compared to IQGAP1, 

IQGAP2 is considered as a tumor suppressor while IQGAP1 is hinted as an oncoprotein 

(Brill et al., 1996; White et al., 2009). This is supported by the findings in hepatocellular 

carcinoma progression, where iqgap2-deficient mice require IQGAP1 for tumorigenesis 

(Schmidt et al., 2008). Another report also demonstrates that ablation of IQGAP2 impairs 

hepatic long-chain fatty acids (LCFA) uptakes. Additionally, IQGAP2 overexpression 

inhibits Akt activation in prostate cancer cells while IQGAP1 expression promotes Akt 

signaling in hepatocellular carcinoma (Chen et al., 2010; Xie et al., 2012). 

Nevertheless, IQGAP1 and IQGAP2 share several cellular functions. For example, 

similar subsequent effects of IQGAP1 and IQGAP2 are observed when associated with 

A-kinase anchoring protein (AKAP) 220. AKAP-bound IQGAP2 is phosphorylated by 

protein kinase A and promotes membrane ruffling while AKAP-bound IQGAP1 is 

recruited to the leading edge of migrating cells, promoting cell migration through 

microtubule interaction (Logue et al., 2011a; Logue et al., 2011b). Comparable to 

IQGAP1, IQGAP2 interacts with E-cadherin to regulate cell-to-cell adhesion (Yamashiro 

et al., 2007; Xie et al., 2012). Also, IQGAP2 can also modulate cytoskeletal 

reorganization in thrombin-activated platelets (Schmidt et al., 2003). 
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3.4 IQGAP3 

IQGAP3 was identified in 2007, the gene is located on chromosome 1 and is the 

least characterized gene among the family (Wang et al., 2007). IQGAP3 is expressed 

mainly in the brain, lung and testis of mice (Wang et al., 2007). Unlike IQGAP2, the 

findings on IQGAP3 are quiet similar to IQGAP1. IQGAP3 promotes proliferation and 

regulate cytokinesis through the Ras/ERK signaling cascade in mammary epithelial cells 

(Nojima et al., 2008; Adachi et al., 2014). Recently, a study found that both IQGAP1 and 

IQGAP3 are required for keratinocyte proliferation, and their high expression can result 

in tumorigenesis (Monteleon et al., 2015). 

3.5 Interaction of IQGAP1 with viruses 

Microbes interact with host cells often through manipulating cellular factor. As a key 

factor in cytoskeletal regulation, IQGAP1 is at times altered in infections. For instance, 

upon viral entry or replication, Moloney murine leukemia virus (M‐MuLV) uses matrix 

protein, classical swine fever virus (CSFV) uses core protein, Ebola virus uses matrix 

protein VP40 to interact with IQGAP1 (Leung et al., 2006; Gladue et al., 2011; Lu et al., 

2013). Furthermore, in a study on Marburg virus, IQGAP1 is found to associate with 

tumor susceptibility gene 101 (TSG101) to mediate virion release (Dolnik et al., 2014). 

4. Study Aim 

Previous studies found that IQGAP2 expression was elevated in EBV-infected B 
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cells via cDNA microarray. We attempted to further investigate the regulation mechanism 

of IQGAP2 and elucidate its biological significance in EBV-infected cells. 
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Materials and Methods 

1. Materials 

1.1 Cell Lines 

Akata-EBV+ / Akata-EBV- 

The Akata cell line was derived from an EBV-positive BL from a Japanese patient. 

EBV-negative Akata cell line is Akata cell line with EBV DNA loss (Takada et al., 1991; 

Shimizu et al., 1994).  

BJAB 

The BJAB cell line was derived from EBV-negative BL from an African patient 

(Menezes et al., 1975). 

HEK 293T (293T) 

293T cell line was derived from adenovirus type 5 E1 antigen and Simian virus 40 

(SV40) large T antigen-transformed human embryonic kidney cells (ATCC No. CRL-

1573). 

Lymphoblastoid Cell Line (LCL)  

LCLs were established by infecting CD19+ purified human primary B cells with 

B95.8 strain EBV for 28 days.  

NPC-TW01 (TW01) 

The TW01 cell line was derived from an EBV-positive NPC from a Taiwanese 
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patient with EBV DNA loss during cultivation (Lin et al., 1993). 

NA 

The NA cell line was established by co-culturing TW01 cells with EBV-positive 

Akata cells. EBV latently-infected NA cells contain G418 selection marker and may 

undergo lytic cycle under TPA/SB treatment. (Chang et al., 1999) 

 

1.2 Competent cells 

DH5α 

DH5α is a recombinase A-deficient (RecA-) Escherichia coli. strain that maintains 

integrities of plasmids.  

 

1.3 DNA plasmids 

pSG5 

pSG5 is a eukaryotic cell expression vector with SV40 promoter. 

pSG5-Rta, pSG5-Zta 

pSG5-Zta is a B95.8 strain Zta-expressing plasmid. pSG5-Rta is a B95.8 strain Rta-

expressing plasmid. Both of them use pSG5 as vector. 

pEGFP-C1 

pEGFP-C1 is a CMV promoter-driven green fluorescent protein (GFP)-expressing 
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plasmid with multiple cloning sites (MCS) located upstream of GFP. 

pEGFP-Rta, pEGFP-Rta 1-441, pEGFP-Rta 401-605 

Rta and truncated form of Rta plasmids are provided by Dr. Tuey-Ying Hsu. 

Plasmids express B95.8 strain full-length Rta, amino acid 1 to amino acid 441 Rta (C 

terminal deletion), or amino acid 401 to amino acid 605 Rta (N terminal deletion). 

Expressed proteins are fused with GFP at C terminus. 

pCDNA3 

pCDNA3 is an eukaryotic cell expression vector with CMV promoter. 

pCDNA3-IQGAP2-HA 

pCDNA3-IQGAP2-HA is a HA-tagged IQGAP2 expression plasmid using 

pcDNA3 as vector.  

pGL2, pGL3 

pGL2 and pGL3 (Promaga) are luciferase reporter vector lack eukaryotic promoter 

sequences. Their MCS locate upstream of luciferase for promoter insert.  

pGL2-Zp, pGL2-Rp 

   pGL2 luciferase reporter plasmids that use either -221 /+21 Zta promoter or -

711/+256 Rta promoter. 

pGL2-pBLLF1  

This pGL2 luciferase reporter plasmid that uses EBV BLLF1 (gp350/220) promoter, 
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provided by Dr. Mei-Ru Chen 

pGL3-pIQGAP2 -853/+291, -642/+291, -523/+291, -167/+291, and -41/+291 

  These pGL3 luciferase reporter plasmids use indicated part of IQGAP2 promoter to 

drive transcription of luciferase. 

pLKO.1-shLuciferase, pLKO.1-shIQGAP2-2, and pLKO.1-shIQGAP2-3 

  These are small hairpin RNA (shRNA)-producing plasmids containing sequences 

targeting luciferase or IQGAP2. (Table 3) 

pCMVΔR8.91 

pCMV-ΔR8.91 is the packaging plasmid containing gag, pol and rev genes for 

lentiviruses. (Purchased from Academia Sinica RNAi core) 

pMD.G 

pMD.G is the envelope plasmid that expresses G glycoprotein of vesicular 

stomatitis virus (VSV-G). (Purchased from Academia Sinica RNAi core) 

 

1.4 Primers 

Table 1, 2 

 

1.5 Antibodies 

Table 4 
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1.6 Chemicals and Reagents  

Chemicals and Reagents Manufacturer 

2-mercaptoethanol (2-ME) Sigma 

2-propanol J.T. Baker 

Acetic acid J.T. Baker 

Acrylamide Bio-rad 

AlamarBlue®  AbD Serotec 

Agar A Bionovas 

Agarose Invitrogen 

Ammonium persulfate (APS) Sigma 

Ampicillin Sigma 

Bovine serum albumin (BSA) Roche 

Bromophenol blue Sigma 

Chloroform Merck 

Calf intestinal alkaline phosphatase (CIP) New England Biolabs 

Diethyl pyrocarbonate (DEPC) Sigma 

Dimethyl sulfoxide (DMSO) Merck 

Dipotassium phosphate (K2HPO4) Merck 

Disodium phosphate (Na2HPO4) Merck 

Deoxyribonucleotide triphosphate (dNTP)  Protech 

Dithiothreitol (DTT) Promega 

Dulbecco's modified Eagle's medium (DMEM) Hyclone 

Dual-Glo® Luciferase Substrate Promega 

Ethanol Burnett 
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Ethidium bromide (EtBr) Sigma 

Ethylenediaminetetraacetic acid (EDTA) J.T. Baker 

Fast green Sigma 

Fat-free skim milk Anchor 

Fetal bovine serum (FBS) Hyclone 

Ficoll-Paque GE Healthcare 

G418 sulfate Merck 

Glycerol J.T. Baker 

Glycine Bio Basic 

Hydrochloric acid (HCl) J.T. Baker 

IGEPAL Sigma 

Imidazole Usb 

Kanamycin Sigma 

LipofectamineTM 2000 Invitrogen 

L-glutamine Sigma 

Methanol J.T. Baker 

M-MLV Reverse transcriptase Promega 

Non-liposome transfection reagent II (NTR II) T-pro 

Opti-MEM® Invitrogen 

Penicillin:streptomycin solution Gemini 

Peptone Usb 

PhusionTM Hot Start High-Fidelity DNA Polymerase Finnzymes 

Protein assay dye Biorad 

ProZyme DNA polymerase Protech 
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Random primers Bionovas 

RNase A Sigma 

Rnasin RNase inhibitor Promega 

Roswell Park Memorial Institute medium (RPMI) Hyclone 

Potassium chloride (KCl) J.T. Baker 

Potassium dihydrogen phosphate (KH2PO4) Merck 

Propidium iodide Sigma 

Cφmplete Protease inhibitor cocktail tablets Roche 

Puromycin Sigma 

Sodium acetate (NaOAc) Merck 

Sodium azide Sigma 

Sodium chloride (NaCl) J.T. Baker 

Sodium deoxycholate Sigma 

Sodium dodecyl sulfate (SDS) Merck 

Sodium fluoride (NaF) Merck 

Sodium hydroxide (NaOH) J.T. Baker 

Sodium orthovanadate (Na3VO4) Sigma 

T4 DNA ligase New England Biolabs 

N,N,N',N'-Tetramethylethylenediamine (TEMED) Sigma 

Tris Bio Basic 

Triton X-100 Merck 

TRIzol® reagent Invitrogen 

Trypan blue Sigma 

Trypsin Biological Industries 
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Tween 20 J.T. Baker 

Western Lightning™ chemiluminescence reagent plus PerkinElmer 

Xylene cyanol FF BDH 

Yeast extract BD 

 

1.7 Kits 

Kit Manufacturer 

Gel/PCR DNA fragments extraction kit Geneaid 

Presto™ High-speed plasmid mini kit Geneaid 

Neon® Transfection System 10 µL Kit Invitrogen 

Plasmid maxi kit Qiagen 

RNeasy Mini Kit Qiagen 

 

1.8 Buffers 

Phosphate-buffered saline (PBS) -EDTA (per liter) 

EDTA 0.2 g, KCl 0.2 g, KH2PO4 0.2 g, NaCl 8.0 g, Na2HPO4 1.15 g, add ddH2O to 

1 L, autoclaved. 

0.5% Trypan blue (per 100 ml) 

Trypan blue 0.5 g, add PBS to 100 ml. 

10X Phosphate-buffered saline (PBS) (per liter) 

KCl 2.0 g, KH2PO4 2.4 g, NaCl 80.0 g, Na2HPO4 14.4 g, adjust to pH 7.4 with NaOH, 



21 
 

mix and add ddH2O to 1 L. 

Lysogeny broth (LB) medium (per liter) 

NaCl 10.0 g, Peptone 10.0 g, Yeast extract 5.0 g, adjust to pH 7.0 with NaOH, mix 

and add ddH2O to 1 L, autoclaved. 

Terrific broth (TB) medium (per liter) 

Glycerol 4 ml, KH2PO4 2.31 g, K2HPO4 12.54 g, Peptone 12.0 g, Yeast extract 24.0 

g, mix and add ddH2O to 1 L, autoclaved. 

50X Tris-acetate-EDTA (TAE) buffer (per liter) 

Acetic acid 57.1 ml, pH 8.0 0.5M EDTA 100 ml, Tris 242.0 g, mix and add ddH2O 

to 1 L. 

6X DNA loading dye (per 100 ml) 

Glycerol 30 ml, Xylene cyanol FF 0.25 g, mix and add ddH2O to 100 ml. 

4X Sample loading buffer (per 100 ml) 

Bromophenol blue 0.4 g, Glycerol 40 ml, SDS 8.0 g, pH 6.8 1M Tris 20 ml, mix and 

add ddH2O to 100 ml, store at -20℃, supplemented with 2-ME 14.3 μl/ml freshly before 

use. 

DEPC ddH2O (per liter) 

DEPC 1.0 g, add ddH2O to 1 L, autoclaved. 

Radioimmunoprecipitation assay (RIPA) buffer (per liter) 
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pH 8.0 0.5M EDTA 4 ml, NaCl 87.0 g, NaF 2.1 g, Na3VO4 0.018 g, 10% SDS 10 ml, 

Sodium deoxycholate 5.0 g, pH 7.4 1M Tris 50 ml, mix and add ddH2O to 1 L, 

supplemented with 50X Cφmplete protease inhibitor 40 μl/ml freshly before use. 

10X Western blot running buffer (per liter) 

Glycine 188.0 g, SDS 10.0 g, Tris 30.0 g, adjust to pH 8.3 with NaOH, mix and add 

ddH2O to 1 L. 

10X Western blot transfer buffer (per liter) 

Glycine 188.0 g, Tris 30.0 g, mix and add ddH2O to 1 l, supplemented with methanol 

200 ml 1X transfer buffer freshly before use. 

Western blot blocking buffer (per 100 ml) 

Fat-free skim milk powder 4.0 g, add western blot washing buffer to 100 ml. 

10X Western blot washing buffer (per liter) 

NaCl 90.0 g, pH 7.4 1M Tris 100 ml, Tween 20 20 ml, mix and add ddH2O to 1 L. 

Antibody dilution buffer (per 50 ml) 

Skim milk 0.25 g, 20% Sodium azide 0.5 ml, add western blot washing buffer to 

50 ml 

Stripping buffer (per 100 ml) 

10% SDS 20 ml, pH 6.8 1M Tris 6.68 ml, add ddH2O to 100 ml, supplemented with 

2-ME 8.2 μl/ml freshly before use. 
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0.1% TritonX-100 (per 100 ml) 

100 μl TritonX-100, add 1X PBS to 100ml. 

Fractionation buffers 

Buffer A  

pH 7.9 10 mM HEPES, 10 mM KCl, 0.1 mM EDTA, 1 % IGEPAL, supplemented 

with 1X protease inhibitor freshly before use. 

Buffer B  

pH 7.9 20 mM HEPES, 0.4 mM NaCl, 1 mM EDTA, 10% glycerol, supplemented 

with 1X protease inhibitor freshly before use. 

Chromatin immunoprecipitation (ChIP) buffers 

Cell lysis buffer  

pH 8.0 5 mM HEPES, 85 mM KCl, 0.5% IGEPAL, supplemented with 1 mM 

DTT, 1X protease inhibitor, 0.1 mM PMSF freshly before use. 

Nuclei lysis buffer  

pH 8.0 50 mM Tris, 10 mM EDTA, 1% SDS, supplemented with 1 mM DTT, 

1X protease inhibitor, 0.1 mM PMSF, 0.1 M NaF, 1 mM Na3VO4 freshly before use. 

IP dilution buffer  

pH 8.0 16.7 mM Tris, 167 mM NaCl, 1 mM EDTA, 1% Triton X-100, 

supplemented with 1 mM DTT, 1X protease inhibitor, 0.1 mM PMSF, 0.1 M NaF, 1 
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mM Na3VO4 freshly before use. 

Low salt wash buffer  

pH 8.0 50 mM Tris, 150 mM NaCl, 5 mM EDTA, 1% IGEPAL, 0.1% SDS, 1% 

deoxycholic acid 

High salt wash buffer  

pH 8.0 50 mM Tris, 300 mM NaCl, 5 mM EDTA, 1% IGEPAL, 0.1% SDS, 1% 

deoxycholic acid 

LiCl wash buffer  

pH 8.0 50 mM Tris, 150 mM NaCl, 5 mM EDTA, 300 mM LiCl, 1% IGEPAL, 

0.1% SDS, 1% deoxycholic acid 

Tris-EDTA buffer (TE buffer)  

1 mM EDTA, pH 8.0 10 mM Tris  

Elution buffer  

Fresh prepared with 50 mM NaHCO3, 1% SDS 

Proteinase K buffer  

pH 7.5 50 mM Tris, 25 mM EDTA, 1.25% SDS 

2. Methods 

2.1 Cell culture 

Akata, BJAB, and LCLs were cultured in Roswell Park Memorial Institute medium 
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(RPMI) while 293T, TW01, and NA were cultured in Dulbecco’s modified Eagle’s 

medium (DMEM). Cell culture medium was supplemented with 10% FBS, 1 mM L-

glutamine, 100 U/ml penicillin, and 100 μg/ml streptomycin. Cells were cultured in 

humid incubators with 5% CO2 at 37 ℃. 

2.2 Polymerase chain reaction (PCR) 

ProZyme DNA polymerase and PhusionTM Hot Start High-Fidelity DNA Polymerase 

were used for mRNA detection and plasmid construct respectively. PCRs were conducted 

as in users’ manual provided by DNA polymerase manufactures. In brief, primers, 

template DNA, 10X reaction buffer, and DNA polymerase were mixed in a 200 μl PCR 

tube. Using T3 Thermocycler (Biometra), DNA templates were denature at 94 ℃ , 

primers were annealed at 60 ℃, and then underwent elongation at 72 ℃. This cycle was 

repeated for 24-34 times to make adequate DNA products for proceeding agarose gel 

electrophoresis. The elongation step of the final cycle was extended for extra 10 minutes. 

2.3 Plasmid construct 

Insert genes were prepared by PCR with PhusionTM Hot Start High-Fidelity DNA 

Polymerase with specialized primers and LCL genomic DNA template. PCR products 

were digested with restriction enzymes at 37 ℃ O/N (overnight) and processed through 

gel extraction. Vectors were prepared by restriction enzyme digestion, CIP digestion, and 

gel extraction. Insert genes and vectors were ligated with T4 DNA ligase at 16 ℃ O/N. 
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Resulting plasmids were then transformed into competent cells, amplified, extracted, and 

sequenced. 

2.4 Transformation 

Plasmids were mixed with competent cells and cooled on ice for 30 minutes. The 

mixture was transferred to 42 ℃ for a 90 second-heat shock. Afterwards, the mixture is 

cooled on ice immediately for another 30 minutes and recovered in antibiotic-free LB 

medium for 1-2 hours. Selection is performed by spreading the cells on antibiotic-

containing LB agar plate with silicon beads and cultured O/N at 37 ℃. 

2.5 Plasmid preparation 

DNA plasmids were prepared with QIAGEN Plasmid midi kit or Presto™ Mini 

Plasmid Kit according to instructions from user manuals.  

2.5.1 QIAGEN Plasmid midi kit 

Five-hundred ml of target plasmid-containing bacterial culture was prepared in 

antibiotic-containing TB buffer O/N at 37 ℃ with 160 rpm constant shaking (LM-530D). 

Bacterial culture was centrifuged at 12000 x g for 15 minutes at 4 ℃. Medium was 

discarded and resulting bacterial pellet was resuspended with 7 ml P1 buffer. Bacterial 

cells were lysed with 7 ml P2 buffer at room temperature for 15 minutes with gentle stir. 

Afterwards, the mixture was neutralized with 7 ml P3 buffer for 20 minutes on ice with 

gentle stir. Unwanted clumps were removed by centrifugation at 12000 x g for 30 minutes 
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at 4 ℃. Supernatant was transferred to a DNA-binding QIAGEN-tip column that had 

been equilibrated with 5 ml QBT buffer. The supernatant passed through the column and 

flow-through was discarded. The column was washed with 10 ml QC buffer twice and 

the plasmid was eluted with 10 ml QF buffer. DNA was precipitated by adding 7 ml 

isopropanol and stored the mixture O/N at -20 ℃. Precipitated DNA pellets were wash 

with 1 ml ethanol twice after centrifugation at 12000 x g for 30 minutes at 4 ℃. DNA 

was dissolved in adequate amount of ddH2O. 

2.5.2 Presto™ Mini Plasmid Kit 

5 ml of target plasmid-containing bacterial culture was prepared in antibiotic-

containing LB buffer O/N at 37 ℃ with 160 rpm constant shaking (LM-530D). Bacterial 

culture was centrifuged at 12000 x g for 5 minutes at 4 ℃. Medium was discarded and 

resulting bacterial pellet was resuspended with 200μl PD1 buffer. Bacteria were then 

lysed with 200 μl PD2 buffer at room temperature for 5 minutes with gentle inverts. 

Afterwards, the mixture was neutralized with 300 μl PD3 buffer for 5 minutes on ice with 

gentle inverts. Unwanted clumps were removed by centrifugation at 12000 x g for 5 

minutes at 4 ℃ . Supernatant was transferred to a DNA-binding PDH column. The 

column was centrifuged at 12000 x g for 30 seconds at 4 ℃ and the flow-through was 

removed. The column was washed with 600 ml wash buffer twice. One additional 

centrifugation was applied to get rid of excess washing buffer. Finally, DNA was 
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dissolved in adequate amount of ddH2O. 

2.6 NTRII Transfection 

Two μl of NTRII transfection reagent is added for every μg of DNA transfectant in 

160 μl OPTI-MEM and incubated for 15 min at room temperature, along with the DNA 

transfectant. Then, the mixture is added dropwise to 3 X 105 cell seeded in a 6-well plate 

well. Seventy-two hours post-transfection, cells were harvest for further analysis 

2.7 Lentivirus packaging and infection 

293T cells were seeded in antibiotics-free DMEM in 75T flasks with 70 to 80% 

confluence and co-transfected with 13.5 μg of p8.91, 1.5 μg of pMD.G and 15 μg of 

shRNA-expressing plasmid using lipofectamineTM 2000. Sixteen hours post-transfection, 

the medium was replaced with 20 ml of fresh DMEM containing 20% FBS and incubated 

for 48 hours to collect the supernatants containing infectious shRNA lentiviruses. 

Supernatants were filtered through 0.22 μm filters and stored at -80℃ until use. One 

MOI was used for infection. Cells were seeded in 6 well with lentiviruse and centrifuged 

at 2250 rpm at room temperature for 30 minutes. 5 days post-infection, infected cells 

underwent 2 μg / ml puromycin selection before further analysis. 

2.8 Electroporation 

   Cells were electroporated using a Neon kit (Invitrogen) according to the 

manufacturer's instructions. Briefly, cells were washed with EDTA-free PBS for three 
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times and then resuspended in 10 μl of R buffer (provided in the Neon kit) and mixed 

with the relevant plasmids before electroporation. After pulse induction, the samples were 

transferred into fresh medium and then incubated for the indicated time before being 

subjected to further assays. In general, 2× 105 cells were electroporated with 0.5 μg of 

plasmids with a pulse of 1250 V for 30 ms.  

2.9 RNA extraction 

Extraction of total cellular RNA was performed with TRIzol reagent according to the 

manufacturer’s instructions. In brief, cells were lyzed by 1 ml of TRIzol reagent, pipetted 

for homogenization, incubated for 5 minutes at room temperature. Then, 0.2 ml of 

chloroform was added, followed by vigorous shakes for 10 times and incubation for 2 

minutes at room temperature. The samples were then centrifuged at 12000 x g for 15 

minutes at 4 ℃ . After centrifugation, the aqueous phase was transferred to a fresh 

eppendorf and mixed with 0.5 ml of isopropanol to precipitate RNA, along with 1 μg 

glycogen to help RNA precipitation at -20 ℃ O/N. On the next day, the samples were 

centrifuged at 12000 x g for 10 minutes at 4 ℃. The supernatant was discarded and the 

RNA pellets were washed with 1 ml of 75% DEPC-ethanol. Finally, the RNA was 

dissolved in adequate amount of DEPC-treated ddH2O. 

2.10 Reverse transcription 

For reverse transcription, 2 μg of RNA with 1 μg of random hexamers was denatured 
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at 70 ℃ for 10 minutes in a 12 μl reaction, and then supplemented with 4 μl of M-MLV 

RT 5X Reaction buffer, 2 μl of 100 mM DTT, 1 μl of 2.5 mM dNTP mix, and 1 μl (20 

units) of M-MLV reverse transcriptase. The reaction was carried out at 25℃ for 10 

minutes, 42 ℃ for 50 minutes and 70 ℃ for 15 minutes. 

2.11  Real-time quantitative Polymerase chain reaction (Q-PCR) 

Q-PCR was performed with Bioline SensiFAST™ SYBR® No-ROX Kit 

accordingly to user manual. In brief, 8.4 μl of ddH2O-diluted DNA sample was mixed 

with 0.8 μl 10 μM forward primer, 0.8 μl 10 μM reverse primer, and 10 μl 2X SensiFAST 

SYBR No-ROX Mix. The mixture was loaded in a 96-well plate and subjected to Biorad 

CFX Connect for reactions. Polymerase was first activated at 95 ℃ for 2 minutes. 

Thirty-nine-time-repeated cycles were performed at 95 ℃ for 5 seconds, 60 ℃ for 10 

seconds, and 72 ℃ for 15 seconds to amplify target sequence. Threshold cycles (Ct) 

were acquired and compared to determine gene expression. 

2.12 Protein extraction 

Cells were harvested and washed with PBS. 50 μl RIPA was added for every 1X105 

collected cells, followed by brief pipetting. Samples were then homogenized on ice with 

sonication (UP400A Sonicor) and centrifuged at 12000 x g for 5 minutes at 4 ℃ to 

obtain soluble protein extracts. 

2.13 Protein concentration measurement 
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Protein concentration was determined according to Bio-Rad protein assay user 

manual. In brief, 400 μl of protein standards and 500X ddH2O-diluted protein samples 

were mixed with 100 μl protein assay dye. After 5 minutes, replicates of 200 μl resulting 

mixtures were loaded into a 96-well plate and absorbance at 595 nm was measured. A 

standard curve can be produced by graphing absorbance of proteins standards. 

Absorbance of protein samples was inducted to calculate protein concentration. 

2.14 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

Twenty μg of protein lysates were mixed 4X protein loading dye and RIPA to 

produce 20 μl of loading samples, followed by heat denature at 95 ℃ for 10 minutes. 

SDS-gel was prepared by pouring 8% - 12% resolving acrylamide gel mix and 5% 

stacking acrylamide gel mix between two glass plates on a cast (Sambrook, 2001). Combs 

were inserted to stacking gels to make loading wells. Electrophoresis was performed 

under 80 V in running buffer until proteins were separated as indicated by protein marker.  

2.15 Western Blot Analysis 

Transfer apparatus was assembled with SDS-PAGE gel adjacent to polyvinylidene 

(PVDF) fluoride membrane. Separated proteins were then transferred from gel to PVDF 

in 1X transfer buffer at 4 ℃ or on ice using 350 mA electricity for 90 minutes. Resulting 

membranes were blocked with blocking buffer at room temperature for an hour and sliced 

into strips accordingly after a brief wash with washing buffer. Indicated primary 
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antibodies, respective horseradish peroxidase (HRP)-conjugated secondary antibodies 

were incubated with the membranes at 4 ℃ O/N. Repeated wash with washing buffer at 

room temperature was required after each antibody incubation to remove unbound 

antibodies. Visualization was performed by adding western LightningTM 

chemiluminescence reagent to the membrane and pressing an X-ray film (Fuji) on the 

transparent slide-covered membrane to detect luminescence. 

2.16 Human primary B cell purification 

Peripheral blood mononuclear cells (PBMCs) were isolated from healthy donors’ 

whole blood by Ficoll-hypaque density gradient centrifugation. Two units of human pack 

white blood cells (WBC) were diluted with 120 ml of PBS buffer and then loaded onto 

Ficoll-hypaqueTM Plus. The samples were centrifuged at 1500 x g for 30 minutes at room 

temperature, and then the PBMCs in the interface were transferred to a fresh tube, 

followed by two washes with PBS. CD19+ B cells were purified from PBMCs using 

Dynabeads according to the manufacturer’s instructions. Briefly, purified PBMCs were 

incubated with 25 µl Dynabeads for every 5×107 purified PBMCs to capture CD19+ B 

cells at room temperature for 40 min with constant rotating. After three PBS washes, for 

every 1X107 estimated CD19+ B cells, 10 µl of DETACHaBEAD was added and 

incubated with the beads at room temperature for 60 min with constant rotating to release 

purified CD19+ B cells 
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2.17 LCL establishment 

CD19+ B cells were seeded at the density of 1 x 106 cells per µl per well in a 12-well 

plate with 1 ml RPMI medium containing 20% FBS and infected with the EBV stock with 

a 100-fold dilution. The EBV-infected B cells were kept in a 37 ℃ incubator containing 

5 % CO2 without any disturbance until day 14 post-infection. On day 14, 21 and 28 post-

infection, cells were divided into two wells. Cell RNA and protein lysates were collected 

at indicated time points. 

2.18  Indirect immunofluorescence assay 

Ten-thousand epithelial cells were seeded on a sterile 22-mm2 glass coverslip in a 6-

well plate one night before transfection. Seventy-two hours post-transfection, the 

coverslip was collected and briefly was with PBS. For suspension cells, PBS-diluted cells 

were air-dried to be fixed on a glass slide. Cells were cross-linked with 4% formaldehyde 

at room temperature for 20 minutes. Cell membranes were permeabilized with 0.1% 

Triton X-100 at room temperature for 10 minutes. Cells were then incubated with 

indicated primary antibodies at 4 ℃  O/N. Afterwards, fluorophore-conjugated 

secondary antibodies were added to the cells and the nucleuses were stained with Hoechst 

33342. PBS washes were performed between each step. Fluorescence was detected 

fluorescent microscopy or confocal microscopy. 

2.19  Subcellular fractionation 
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Transfected TW01 cells were treated with membrane lysis buffer on ice for 15 minutes 

and underwent rigorous vortex for 1 min. After centrifugation at 1200 x g for 5 minutes, 

the supernatant was harvested as the cytosolic fraction. Pellets were washed with 

membrane lysis buffer twice, treated with nuclei lysis buffer, homogenized, centrifuged 

to obtain nuclear fraction. 

2.20  Co-immunoprecipitation 

293T cells were transfected with pEGFP-Rta and pcDNA3-IQGAP2-HA plasmids 

for 72 hours. Lysates of 293T cells harvested with RIPA buffer. For immunoprecipitation, 

20% protein A-Sepharose beads-precleared cell lysates were incubated with GFP 

antibody or HA antibody at 4 ℃ O/N on a rotating rocker. 20% protein A-Sepharose 

beads were added to pull down the immunocomplexes at 4 ℃ for 2 hours. After PBS 

wash, the immunoprecipitated complexes were added to 25 μl of 2X protein loading dye 

and heated to 95 ℃  for 5 minutes to detach the complexes from the beads. 

Immunocomplexes were then analyzed with SDS-PAGE and Western Blot. 

2.21 Luciferase reporter assay 

293T cells were seeded at a density of 2 x 105 cells/well in a 12-well plate and then 

transfected with 0.5 μg of the promoter luciferase reporter plasmid combined with 0.05 

μg of GFP-expressing plasmids (pEGFP-C1, Promega) and 0.5 μg effector plasmid using 

NTRII. Seventy-two hours post-transfection, the cells were lyzed and the luciferase 
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activities and GFP fluorescent intensities were detected using the Bright-Glo Luciferase 

Assay System kit (Promega, Madison, WI, USA), Orion II Microplate Luminometer 

(Titertek-Berthold), and SpectraMax M5 (Molecular Devices). The relative fold of 

luciferase activity from each transfectant was normalized to its GFP intensity. 

2.22 Cell proliferation rate determination 

 Triplicates of 100 μl 1X104 cells were seeded in a 96-well plate and mixed with 10 

μl AlamarBlue® reagent. Four hours after incubation in a 37 ℃ incubator containing 5 

% CO2, absorbance at 570 nm and 600 nm were measured to obtain reagent reduction 

percentage using the equation below: 

 

Reduction percentage of AlamarBlue® =
(117216 × A1) －(80586 × A2)
(155677 × N2) − (14652 × N1)

 

 

Where A1, A2 stands for absorbance at 570nm and 600nm respectively, while N1, N2 are 

absorbance at 570 nm and 600 nm measure with medium-AlamarBlue® mix as negative 

control. Reduction percentage from cells collected at different time points were compared 

and graph with Microsoft Excel to obtain cell proliferation rate. 

2.23  Chromatin immunoprecipitation assay (ChIP) 

Five-million 293T cells were transfected with pEGFP-Rta using NTRII. Seventy-

two hours post-transfection, the cells were cross-linked by addition of 1% formaldehyde 
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directly to the culture medium and incubation for 10 minutes at room temperature. To 

neutralize formaldehyde, glycine was added until the final concentration reached 0.125M. 

Then, the mixtures were incubated at room temperature for 5 minutes with gentle rotation. 

Afterwards, cells were lysed by nuclei lysis buffer and sonicated to fragment DNA into 

500 to 1000 bps in length. The cells were centrifuged at highest speed to remove insoluble 

pellet, and the supernatants were determined for its protein concentration. Two-hundred 

μg of protein was used to immunoprecipitate DNA-protein complex by using anti-GFP 

antibody or control mouse IgG at 4 ℃ O/N with gently rotation, then protein A beads 

were added to capture the antibody-protein complexes for additional 2 hours. The beads 

were washed twice with 1 ml of low salt buffer, high salt buffer, and LiCl buffer orderly 

at 4 ℃ for 5 minutes gently rotation. To de-crosslink the DNA-protein complexes, 500 

μl of elution buffer was added to the beads and incubated at 65 ℃ overnight. The 

reaction mixtures were centrifuged at 2000 rpm for 2 min to collect the supernatant, and 

then treated the supernatant with 10 mg/ml of proteinase K at 45 ℃ for 1 to 2 hours. The 

DNA was extracted with equal volume of phenol/chloroform/ isoamyl alcohol and then 

precipitated with 2.5-fold volume of absolute ethanol containing 20 μg of glycogen at -

80℃ for at least 2 hours. The DNA pellet was washed with 70% ethanol and dissolved 

in 20 μl ddH2O. 2 μl of DNA was taken as template for PCR to detect the fragment 

containing IQGAP2 promoter region -232 to +65. The amplification program was 95 ℃ 
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for 1 minute, 55 ℃ for 30 seconds, 72 ℃ for 30 seconds, repeated for a total of 40 

cycles. Finally, PCR products were detected in an EtBr stained-2% agarose gel under UV 

irradiation.    
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Results 

1. EBV infection and reactivation increased the expression of IQGAP2 

Previous cDNA microarray data from our lab have identified up-regulation of 

IQGAP2 and IQGAP3 in EBV-immortalized LCLs (Appendix I). To validate the results 

on IQGAP2, human CD19+ B lymphocytes were purified from whole blood of healthy 

donors and infected with B95.8 strain EBV. RNA and protein were isolated from EBV-

infected B cells at day 3, 7 ,14, 21, and 28. RNA extracts were reverse-transcribed into 

cDNA, followed by PCR to detect expression of, IQGAP2. The mRNA expression of 

IQGAPs in EBV-infected cells, comparing with the expression in uninfected B cells, 

indicated that EBV infection increased IQGAP2 expression (Figure 4A). Western blotting 

confirmed the increased expression of IQGPA2 in B lymphocytes along the course of 

EBV infection (Figure 4B). mRNA extracts and protein lysates from more LCLs and their 

counterpart uninfected B lymphocytes were collected and analyzed. These results 

confirmed that when EBV immortalized B lymphocytes into LCLs, expression of 

IQGAP2 and IQAP3 increased at mRNA level (Figure 5A). Increased IQGAP2 

expression was further validated at protein level (Figure 5B). However, there was no 

significant change in IQGAP1 expression (Figure 4B). This hinted that IQGAPs may 

have different roles in EBV infected cells (Figure 5). 

B cells alters cellular gene expression in response to different stimuli (Wakatsuki et 
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al., 1994). In order to elucidate the underlying mechanisms of IQGAP2 up-regulation in 

B lymphocytes, purified CD19+ B cells were treated with B95.8 EBV, αCD40 plus IL-4, 

or lipopolysaccharides (LPS). The chemicals mimic T cell dependent or independent B 

cell activation respectively. The resulting cells were extracted on day 1, 2, and 3 post-

treatment for RNA. Results of Q-PCR revealed that only EBV infection could increase 

IQGAP2 expression Therefore, IQGAP2 upregulation seemed specific to EBV infection 

(Figure 6A). On the contrary, not only EBV infection but also treatment with B cells 

stimuli can induce IQGAP3 expression (Figure 6B). 

As a main biological feature, EBV persists in latent and lytic stages in hosts 

(Longnecker, 2013). Since IQGAP2 up-regulation was found associated with EBV 

infection, we would like to explore if this up-regulation were relevant to EBV lytic 

progression. Thus, Akata- and Akata+ cells were treated with 0.5% of goat anti-human 

immunoglobulin G (α-hIgG) or mock dimethyl sulfoxide (DMSO) for 48 hours. The 

resulting RNA was extracted for analysis. RT-PCR results showed that there were more 

IQGAP2 transcripts when Akata+ cells entered lytic cycle (Figure 7). To verify, EBV-

bearing NA cells were used as an epithelial cell model in lytic cycle. NA cells were treated 

with 12-O-tetradecanoylphorbol-13-acetate (TPA) and sodium butyrate (SB). 72 hours 

post-treatment, cells were harvested for protein lysates. Western blotting data indicated 

that IQGAP2 increased as NA entered lytic progression (Figure 8). 
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2. Rta increased IQGAP2 expression with both of its DNA-binding and 

transactivation domains 

In our previous studies, in order to identify the responsible viral gene for IQGAP2 

upregulation, TW01 cells were transfected with several important viral genes namely 

EBNAs, LMP1, LMP2A, EBERs, BARF0, Rta, Zta, and BGLF4 for 72 h. RT-PCR result 

identified Rta as the EBV viral gene that could increase IQGAP2 expression (Appendix 

II). A. Protein lysates of Rta-transfected TW01 cells and BJAB cells were analyzed. 

Western blotting results confirmed the upregulation of IQGAP2 at translation level 

(Figure 9). Additionally, IQGAP2 promoter reporter plasmid was constructed to 

conducted reporter assays in 293T and TW01 cells. Both assays implied that Rta can 

activate IQGAP2 promoter (Figure 10). 

Rta possesses two distinguished functional domains, namely DNA-binding N-

terminal and transactivating C-terminal (Figure 2) (Hsu et al., 2005). TW01 cells were 

transfected with truncated N- or C-terminal Rta to see how each domain contributed to 

IQGAP2 upregulation. In addition, the results of western blotting demonstrated that Rta 

required both N and C terminal to induce IQGAP2 expression (Figure 11). A follow-up 

reporter assay also revealed that only full-length Rta can activated IQGAP2 promoter 

(Figure 12). Altogether, the results showed that Rta required both DNA binding and 

transactivation domains to induce IQGAP2 expression. 
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3. Rta increased IQGAP2 expression though direct binding to the promoter 

As has mentioned before, Rta required DNA-binding domain and transactivation 

domain to induce IQGAP2 expression. With that in mind, we would like to explore the 

underlying mechanism. Considering Rta can directly or indirectly induce gene expression, 

IQGAP2 promoter was scanned for several Rta-related transcription factor binding sites 

with two online softwares (Figure 13A). Accordingly, serial deletions of the promoter 

were constructed for reporter assay. The reporter assay recognized the importance of a 

Rta response element (RRE) on the promoter region -121 / -41 in transcription activation 

(Figure 13B). The softwares also found that there are many putative Sp1 binding sites on 

IQGAP2 promoter (Figure 13A). However, when Sp1 was downregulated with shRNA, 

Rta could still activate IQGAP2 promoter (Figure 14). This implied that Sp1 had no effect 

on Rta-induced IQGAP2 up-regulation. To confirm the direct binding of Rta on IQGAP2 

promoter, chromatin immunoprecipitation (ChIP) was performed with GFP antibody and 

Rta-GFP transfected 293T cells. Rta-GFP-binding DNA was analyzed using primers 

targeting part of IQGAP2 promoter spanning the putative RRE. The ChIP revealed that 

Rta directly associated with IQGAP2 promoter (Figure 15). 

4. Rta recruited IQGAP2 to the nucleus 

IQGAP2 is thought to interact with different protein factors to perform cellular 

functions (Hedman et al., 2015). In order to elucidate the biological roles of IQGAP2 in 
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Rta induction, cellular distribution of IQGAP2 was investigated. TW01 cells were 

transfected with Rta alone, IQGAP2 alone, or both Rta and IQGAP2. 72 hours post-

transfection, cells were fractionated and subjected to western blotting. When only 

IQGAP2 was expressed, IQGAP2 was found in the cytoplasmic fraction (Figure 16A), 

which is consistent with other reports (Jin et al., 2008; Xie et al., 2012). In contrast, when 

both Rta and IQGAP2 was expressed, IQGAP2 was found in the nuclear fraction as well 

as the cytoplasmic (Figure 16B & C). The phenomenon could result from the nuclear 

expression of Rta. Further studies with IFA and confocal microscopy discovered that 

IQGAP2 located at the cortex of TW01 cells in the absence of Rta while Rta-induced 

IQGAP2 colocalized with Rta in the nuclear region. Likewise, IQGAP2 was found both 

in the cytoplasm and the nucleus when cells were cotransfected with Rta and IQGAP2 

(Figure 17). For the purpose of exploring the distribution of IQGAP2 when EBV infects 

B cells, LCLs and their uninfected B cells counterpart were analyzed with IQGAP2 and 

Rta antibodies through IFA and observe under a confocal microscope. The results 

revealed different patterns in B lymphocytes. Consistent with earlier experiments (Figure 

5), basal expression IQGAP2 could be detected in uninfected B cells. In these cells, 

IQGAP2 distributed thoroughly in the cells, with aggregation around plasma membrane 

region (Figure 18 first row and fourth row). This pattern was similar to what was observed 

in LCLs that maintained in latency (Figure 18 second row and fifth row). Conversely, in 
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LCLs that entered lytic cycle and expressed Rta, IQGAP2 could found in the nucleuses, 

colocalizing with Rta (Figure 18 third row and sixth row). Seeing that, the interacting of 

Rta and IQGAP2 was investigated. As the result, co-immunoprecipitation confirmed the 

interaction between IQGAP2 and Rta (Figure 19). On the whole, these results implied 

that Rta recruited IQGAP2 to the nuclear region of the cell. 

5. IQGAP2 was required for lytic replication since it participated in Rp auto-

activation 

The functions of IQGAPs are highly related to its binding partners (Hedman et al., 

2015). Therefore, it can be speculated that IQGAP2 helped Rta to carry out viral functions. 

As a transactivator, Rta is best known for its lytic replication initiation. So, we would like 

to know whether IQGAP2 participated in EBV lytic cycle. To do that, LCLs were infected 

with lentiviruses containing shRNA-expressing plasmids that targeted IQGAP2. 

Surprisingly, repression of IQGAP2 resulted in regression of spontaneous lytic replication 

in LCLs as less lytic proteins were observed (Figure 20). Furthermore, when IQGAP2 

expression could not be induced in TPA/SB-treated NA cells, less lytic protein was 

observed (Figure 21). These indicated that IQGAP2 participated in lytic replication.  

It was intriguing that whether IQGAP2 could affect the two important lytic 

promoters, Rp and Zp. Thus, 293T cells with IQGAP2 knockdown were used in auto-

activation reporter assays. When there was not sufficient IQGAP2 in 293T, auto-
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stimulation of Rp was dramatically decreased (Figure 22), regardless that IQGAP2 

depletion did not affect Rta-induced Zp and pBLLF1 activation (Figure 23). 

6. IQGAP2 mediated cell-to-cell adhesion in LCLs through E-cadherin 

In IQGAP2 depleted LCLs, we found that clumping morphology of IQGAP2 had 

changed. LCL clumps were scattered rather than spherical (Figure 24). Alternation of 

LCL clumping could be a result of decreased cell proliferation or growth. Thus, Alamar 

Blue assay was performed to determine cell proliferation rate when IQGAP2 was 

knocked-down. The results showed that LCLs with suppressed expression of IQGAP2 

had comparable proliferation rate with negative control (Figure 25). Further western 

blotting indicated that IQGAP2 knockdown led to less adhesion molecule E-cadherin in 

cells (Figure 26). These results implied that IQGAP2 might mediated LCL cell-to-cell 

adhesion by regulating E-cadherin expression. 
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Discussion 
1. Hypothesis 

According to the results mentioned before, we hypothesized that EBV lytic 

immediate-early protein Rta binds to scaffold protein IQGAP2 promoter and directly 

activates IQGAP2 transcription during EBV infection and lytic activation. The translated 

IQGAP2 protein may be recruited into the nucleus. The association between Rta and 

IQGAP2 may regulate lytic promoter Rp in auto-stimulation. Consequently, IQGAP2 is 

required in EBV lytic activation. Besides, IQGAP2 may mediate clumping pattern of 

LCLs through regulation of cell-to-cell adhesion molecule E-cadherin. (Figure 27) 

2. Direct transcription activation of Rta  

The immediate-early transactivator Rta is critical for EBV lytic progression (Kenney 

and Mertz, 2014). It is well documented that Rta activates transcription of lytic genes 

(Quinlivan et al., 1993; Gruffat and Sergeant, 1994; Ho et al., 2007; Heilmann et al., 

2012). However, growing evidence points out that Rta may regulate cellular factors (Li 

et al., 2004; Chang et al., 2005; Ho et al., 2007; Chen et al., 2009; Huang et al., 2012). 

Here, we demonstrated a novel finding that Rta can regulate another cellular factor, 

IQGAP2. Rta bound to IQGAP2 promoter and directly activated IQGAP2 transcription 

via Rta responsive element (RRE). The GC-rich RRE was firstly defined on EBV viral 

promoters (Gruffat and Sergeant, 1994). Throughout years, the binding sequence of Rta 

on EBV genome has been extensively studied (Heilmann et al., 2012), however, the 
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binding on cellular genes is seldom discussed. In 2007, Rta was shown to increase DcR3, 

a soluble decoy receptor that belongs to the tumor necrosis factor receptor superfamily, 

by direct binding to its promoter. In our case, in addition to the direct interaction between 

Rta and IQGAP2 promoter (Figure 15), the RRE on -157/-140 of pIQGAP2 was 

important to Rta-induced IQGAP2 up-regulation as deletion of this sequence failed to be 

activated by Rta (Figure 13). 

3. Association of IQGAP2 with Rta in gene expression regulation 

In this study, we demonstrated that IQGAP2 associated with Rta to activate Rp 

(Figure 22). However, IQGAP2 did not involve in Rta-induced Zp and pBLLF1 activation 

(Figure 23). The reason behind this phenomenon could be that Rta activates these 

promoters through different pathways (Figure 28). Rta activates pBLLF1 by direct 

binding through RRE (Gruffat and Sergeant, 1994). On the contrary, Rta regulates the 

other two genes through indirect, non-DNA binding fashion as RRE is absent from their 

promoters. Rta mediates Rp activation via Sp1 (Ragoczy and Miller, 2001), while 

transcription factor ATF2 is required for Rta to activate Zp (Adamson et al., 2000). It has 

been reported that through Sp1, Rta can up-regulate cellular genes including tumor 

suppressor p16, cyclin-dependent kinase inhibitor p21, and small nuclear 

ribonucleoprotein polypeptide N (SNRPN) (Chang et al., 2005). Therefore, it can be 

speculated that IQGAP2, along with Rta, has the ability to alter cellular gene expression 
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and affects cell activities such as cell cycle.  

It has been reported that Rta interacts with cellular factors for lytic progression. For 

example, Rta interacts with an Sp1-interacting protein, methyl-CpG-binding domain 

protein 1 (MBD1) -containing chromatin-associated factor 1 (MCAF1), forming an Sp1-

MCAF1-Rta complex that enhances Sp1-mediated transcription (Chang et al., 2005). Rta 

also interacts with cellular transcription factor Oct-1 to enhance transactivation activation 

of EBV lytic genes such as SM, EA-D, BHLF1, BHRF1, and Zta (Robinson et al., 2011). 

Similarly, in our lab we previously found that Rta interacts with TSG101 to activate the 

expression of EBV late genes, including BcLF1, BDLF3, BILF2, BLLF1, and BLRF2 

(Chua et al., 2007). What is more, Rta is reported to increase fatty acid synthase (FAS) 

expression through mitogen-activated protein kinase (MAPK) pathway. This report 

shows that FAS participates in EBV lytic progression (Li et al., 2004). Comparatively, 

our work demonstrated that IQGAP2 was required for EBV to enter lytic cycle (Figure 

20 &21), and this prerequisite is correlated to Rta-induced Rp activation (Figure 22). 

4. Nuclear function of IQGAP2 

So far, the cellular distribution of IQGAP family is mostly found cytoplasmic. They 

have been reported to be involved in the modulation of cytoskeleton and cell adhesion 

through binding to various effectors (Sokol et al., 2001; Swart-Mataraza et al., 2002; 

Noritake et al., 2004; Wang et al., 2007; Yamashiro et al., 2007; Schmidt et al., 2008). 
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Few studies have focus on the subcellular localization of IQGAP2. In prostate cancer cell 

lines, LNCaP and DU145, IQGAP2 was observed in the cytosol (Xie et al., 2012). 

However, IQGAP2 protein is limited to the membrane of gastric cancer cell lines, HSC-

59, NUGC4, MKN45 and TGBC11TKB (Jin et al., 2008). Also, IQGAP2 was found in 

the leading rim filopodia of activated platelets (Schmidt et al., 2003). 

Although the findings regrading IQGAP1 and IQGAP2 are mainly cytoplasmic, 

several studies indicate that they may have nuclear effects. IQGAP1 interacts with several 

nuclear proteins, including estrogen receptor (ER) α, ERβ, nuclear factor of activated T 

cells 1 (NFAT1), and nuclear factor-erythroid-related factor 2 (Nrf2) (Sharma et al., 2011; 

Cheung et al., 2013; Kim et al., 2013; Erdemir et al., 2014). IQGAP1 serves as a 

coregulator with ERα or Nrf2, enhancing steroid signal transduction or MEK–ERK 

pathway signal transduction respectively (Cheung et al., 2013; Erdemir et al., 2014). 

Comparatively, mass spectrometry and bioinformatics have identified that IQGAP2 may 

participate in TNF-α-stimulated NF-κB pathway (Bouwmeester et al., 2004; Hoesel and 

Schmid, 2013). The biological roles of IQGAPs largely depend on the binding partner in 

the cellular actions. As a transactivator, Rta often expresses in the nucleus to affect gene 

transfection. We showed that Rta-induced IQGAP2 colocalized with Rta in the nucleus 

(Figure 17&18). Even though nuclear expression of IQGAP2 had not been reported, we 

demonstrated Rta could recruit IQGAP2 to the nucleus, where IGAP2 possibly 
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participated in Rta-related gene regulation. 

5. Diverse functions of IQGAP family in EBV infection 

Members of IQGAP family act differently in cellular events (Smith et al., 2015). Our 

findings indicated that IQGAP2 was involved in EBV replication, specifically, IQGAP2 

cooperated with Rta to activate one of the important lytic promoters, Rp. In other words, 

IQGAP2 was required in EBV lytic activation and thus crucial for new virion production. 

However, in an unpublished research, knockdown of IQGAP1 enhanced EBV DNA 

replication and virion maturation. This study also found that EBV kinase BGLF4 

phosphorylates IQGAP1 to induce a compact Golgi structure by reorganizing the 

microtubule-organizing center (MTOC) (Yang, 2013). In 2007, the association of BGLF4 

and IQGAP2 was identified using yeast two-hybrid systems (Calderwood et al., 2007). 

Nevertheless, whether BGLF4 associates with IQGAP2 in Rp auto-stimulation remains 

unclear. 

EBV often manipulates cellular factors to benefit its own infection and pathogenesis. 

Abnormal expression of cellular factors in EBV infection may be a sign for viral 

regulation (Young and Rickinson, 2004). In this study, we found that IQGAP2 and 

IQGAP3 expression increased when purified human CD19+ B lymphocytes were 

immortalized into LCLs. However, when these B cells were treated with B cells stimuli 

other than EBV, the expression of IQGAP3 still increased (Figure 6B). Since IQGAP3 
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correlates with proliferation and cytokinesis, IQGAP3 be one of the cellular factors that 

EBV manipulates to promote B cell proliferation. Even so, we could not rule out the 

possibility that IQGAP3 up-regulation was resulted from B lymphocyte proliferation 

rather than resulted in. In conclusion, despite our findings revealed some roles IQGAP2 

played in EBV infection, yet more effort is needed to fully understand the interaction 

between IQGAPs and EBV. 

6. The role of IQGAP2 in EBV-associated disease progression 

Elevated antibodies against EBV lytic proteins and increased EBV DNA copy 

number in the serum have been reported in patients suffering from Burkitt’s lymphoma, 

Hodgkin’s lymphoma, PTLD, or NPC (Cohen, 2000; Lin et al., 2004; Besson et al., 2006), 

indicating that EBV lytic progression may play an important role in EBV pathogenesis. 

Even though our ex vivo EBV infection LCL model identified the correlation of IQGAP2, 

along with Rta, and EBV lytic progression, we could not be fully confident on how 

IQGAP2 affect EBV-associated diseases. Examining patient specimen is required to 

reassure the impact of IQGAP2 on diseases. Since LCL resembles tissue specimen of 

PTLD patients, for starters, immunohistochemistry can be conducted on PTLD samples. 

We can look for increased expression of IQGAP2 and nuclear distribution of IQGAP2 to 

verify our results. 
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Figures 
 
 
(A) Zta promoter (Zp) 

 
(B) Rta Promoter (Rp) 

 
 
 
 
 
Figure 1. Schematic diagrams reveal binding factors on Epstein-Barr virus Zta and 
Rta promoters. (A) Binding sites for transcriptional regulators on EBV Zp. Zta cis-acting 
elements are termed ZIA, ZIB, ZIC, ZID, ZII, ZIIIIA, ZIIIB, ZIV, ZV, and ZV’. Trans-
acting elements incudes Sp1, Sp3, myocyte enhancer factor 2D (MEF2D), (cAMP)-
response element (CRE)-binding protein (CREB), ATF family members (C/EBPs), 
activating transcription factors (ATFs), mothers against decapentaplegic homologs 
(SMADs), and Ying Yang 1 (YY1). There is also a SMAD binding site on Zp. 
(Longnecker, 2013) (B) Binding sites for transcriptional regulators on EBV Rp. Cis -
acting elements are indicated by gray rectangles, with their corresponding trans -acting 
factors shown directly above or below them. ZRE stands for Zta-responsive element. 
Trans-acting elements incudes Zta (Z), early growth response protein 1 (EGR1), Sp1,Sp3, 
cellular differentiation regulator BLIMP1, neurofibromin 1, (NF1), Ying Yang 1 (YY1) 
and Zinc finger E-box-binding homeobox proteins (ZEB) 1/2. (Kenney and Mertz, 2014) 
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Figure 2. A diagram represents the structure of EBV Rta protein. Rta consists of three 
main domains. The DNA binding and dimerization domain locate on the N terminus, 
while transactivation domain locates on the C terminus. A nuclear localization signal 
(NLS) is found in the proline-rich region of transactivation domain. (Hsu et al., 2005; 
Chua et al., 2007) 
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Figure 3. Schematic representation of human IQGAP family. All three human IQGAP 
proteins posse five homological domains as indicated. CHD, calponin homology domain; 
WW, tryptophan-tryptophan poly leucine binding domain; IQ motif, calmodulin binding 
motif; GRD, RasGAP-related domain; RGCT, common C terminus of RasGAP. 
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Figure 4. Expression kinetics of IQGAP2 mRNA and protein in human primary B 
cell along the course of EBV-induced LCL transformation were shown. Human 
primary B cells were purified with CD19 Dynabeads®. The isolated cells were infected 
with B95.8 strain EBV and harvested on indicated days post infection. (A) mRNA was 
reverse-transcribed and subjected to Q-PCR for analysis. Expression of IQGAP2 was 
detected and its relation with β-actin expression was calculated and graphed. (B) Protein 
lysates were analyzed through western blotting with IQGAP2 antibody whereas EBNA1 
served as EBV infection marker, Zta served as lytic progression marker and β-actin served 
as internal loading control. This experiment was performed twice with B cells originated 
from two different healthy donors. 
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Figure 5. mRNA and protein expression of IQGAP family in human primary B cells 
and their paired EBV-immalitalozed LCLs were revealed. Purified human primary B 
cells and B95.8 EBV-immalitalozed LCL and its uninfected B cell counterparts were 
harvested for mRNA and protein analysis. (A) RNA was extracted and proceeded to RT-
PCR, in which IQGAP1, IQGAP2, IQGAP3 expression level was compared. EBNA1 was 
used EBV infection indicator and β-actin was served as loading control. (B) Protein 
lysates were analyzed by western blotting. Protein expression was determined by 
IQGAP1, IQGAP2, Rta, EBNA1, LMP1, and β-actin antibodies. 
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Figure 6. mRNA expression of IQGAP2 in EBV-infected, anti-CD40 / IL-4 
stimulated, LPS-stimulated human or poly I:C-stimulated B cells was measured 
with Q-PCR. Purified human primary B cells was infected with EBV, stimulated with 
anti-CD40 / IL-4, triggered with lipopolysaccharides (LPS) or agitate with poly I:C. Cells 
were collected at day 1, 2, or 3 post treatment for total RNA extraction, followed by 
reverse transcription. Resulting cDNA was subjected to Q-PCR. IQGAP2 expression 
were normalized with β-actin transcripts. Relative expression fold was acquired by 
comparing normalized expression levels of treated B cells to those from untreated B cells. 
This experiment was performed twice with B cells originated from two different healthy 
donors 
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Figure 7. Reactivation of EBV in Akata+ increased the expression of IQGAP2. 
Akata+ cells were treated with DMSO (control) or 0.5% (vol/vol) goat anti-human IgG 
to trigger EBV lytic cycle. RNA and protein were extracted and proceeded to (A) RT-
PCR or (B) western blotting, in which expression of IQGAP2, EBNA1, Zta, and β-actin 
(loading control) was detected. mRNA expression of IQGAP3 was also detected in RT-
PCR This experiment was performed for three times independently. 
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Figure 8. Reactivation of EBV in NA cells increased the expression of IQGAP2. NA 
cells were treated with DMSO (negative control) or TPA and SB for 72 h. Protein lysates 
were prepared and subjected to SDS-PAGE and western blotting in order to detect 
IQGAP2, lytic proteins Rta and EA-D, and internal loading control β-actin. This 
experiment was performed twice independently. 
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Figure 9. EBV Rta increased IQGAP2 protein expression. TW01 cells was transfected 
with pSG5and pSG5-Rta using NTRII, cells were lysed for protein 72 hours later (Left 
panels). BJAB transient Rta expression was achieved by electroporation (Right panels). 
Whole cell lysate was prepared 48 hours later. Protein lysates were subjected to SDS-
PAGE and western blotting for IQGAP2 and Rta protein detection. β-actin served as 
internal loading control. This experiment was performed twice independently. 
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Figure 10. Rta upregulated IQGAP2 promoter activity in 293T and TW01 cells. (A) 
293T and (B) TW01 cells were transfected with pGL3 or pGL3-pIQGAP2, pSG5 or 
pSG5-Rta, and pEGFP (transfection efficiency indicator). Luciferase activities were 
measured and relative activities were calculated according to GFP fluorescence. (higher 
panels). Portion of transfected cells were subjected to cell lysis for protein analysis. The 
results verified Rta expression (lower panels). This experiment was performed for three 
times independently. 
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Figure 11. Rta with C-terminal deletion or N terminal deletion could not induce 
IQGAP2 protein expression in TW01 cells. (A) Structural diagram of full-length Rta, 
Rta transactivation domain mutation, and Rta DNA-binding domain deletion. (B) TW01 
cells were transfected with pEGFP-C1, pEGFP-Rta, pEGFP-Rta NLSm, pEGFP-Rta 1-
441, pEGFP-Rta 1-333, pEGFP 401-605 using NTRII. 72 h post infection, cells were 
lysed and protein lysates were subjected to SDS-PAGE and western blotting. IQGAP2, 
GFP, and β-actin antibodies were used for protein detection. This experiment was 
performed for three times independently. 
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Figure 12. IQGAP2 promoter luciferase reporter assay with different Rta-GFP 
proteins. (A) 293T cells were transfected with pGL3 or pIQGAP2; pEGFP, pEGFP-Rta 
FL, pEGFP-Rta 1-441, pEGFP-Rta 1-333, or pEGFP-Rta 401-605. Luciferase activities 
were measured and relative activities were calculated according to GFP fluorescence. 
Graph was made using Microsoft Excel. (B) Portion of transfected cells were subjected 
to cell lysis for protein analysis. The results verified GFP, Rta-GFP, and truncated Rta-
GFP protein expression. This experiment was performed twice independently. 
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Figure 13. Luciferase activity assay with different 5’-deleted IQGAP2 reporter 
plasmids revealed the important promoter region.  
(A) Predicted Rta-related DNA binding sites on IQGAP2 promoter. Schematic illustration 
of the reporter plasmids of the IQGAP2 promoter. Alggen Promo 
(http://alggen.lsi.upc.es/cgi-bin/promo_v3/promo/promoinit.cgi?dirDB=TF_8.3) and 
TFSEARCH (Parallel Application TRC Laboratory, RWCP , Japan) were used in this 
prediction. (B) 293T cells were transfected with Rta-expressing plasmids, 5’-deleted 
IQGAP2 reporter plasmids and pEGFP-C1 as a transfection control. After 72 hours, the 
relative luciferase activity of each transfectant was normalized to its GFP intensity and 
standardized to the vector control cells This experiment was performed twice 
independently. 
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Figure 14. Knockdown of Sp1 did not affect Rta-induced IQGAP2 promoter 
activation. 293T cells were infected with shSp1-expression lentivirus and underwent 48h 
puromycin selection. Sp1-repressed 293T cells were transfected with pIQGAP2 and Rta. 
After 72 hours, the relative luciferase activity of each transfectant was normalized to its 
GFP intensity and standardized to the vector control cells 
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Figure 15. Rta binds to IQGAP2 promoter. 293T cells were transfected with Rta-GFP 
for 72 hours and lysed. Complexes of DNA and Rta-GFP were immunoprecipitated from 
the cells using anti-GFP antibody or mouse IgG. (A) DNA of IQGAP2 promoter 
(pIQGAP2) and GAPDH promoters (pGAPDH) were detected in the immunoprecipitates 
by PCR. Total DNA was harvested from GFP or GFP-Rta- expressing cells and used as 
the input control. (B) Partial immunoprecipitates were subjected to western botting to 
verified the efficiency of immunoprecipitation. Portion of protein extracts from GFP or 
GFP-Rta-transfected cells were adapted as input. This experiment was performed twice 
independently. 
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Figure 16. Nuclear expression of IQGAP2 was associated with Rta expression. C 
stands for cytosol and N stands for nucleus. (A) TW01 cells were transfected with 
IQGAP2, Rta or both IQGAP2 and Rta. 72h post-transfection, cells were harvested for 
subcellular fractionation. The resulting protein lysates were subjected to SDS-PAGE and 
western blotting for IQGAP2 and Rta expression. poly-ADP-ribose polymerase-1 (PARP-
1) and α-tubulin were cytoplasmic and nuclear marker, respectively. (B) 293 cells were 
transfected with Rta and subjected to subcellular fractionation 72h post-transfection. (C) 
Cytoplasm and nucleus of LCLs were separated was subjected to SDS-PAGE and western 
blotting. These experiments were performed twice independently. 
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Figure 17. Subcelluar localization of transfected and induced IQGAP2 in relation 
with Rta was analyzed with confocal microscopy. TW01 cells were seeded on 
coverslips and transfected with plasmids indicated on the left. 72 hours later, cells were 
fixed with 2% formaldehyde, and permeabilized with 0.1% Triton X-100. IQGAP2 
antibody was used for detection. Confocal microscopy was utilized to observed related 
expression of IQGAP2 and Rta in a cell, whereas Hoechst indicated nucleuses of cells. 
This experiments was performed for three times independently. 
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Figure 18. Subcelluar localization of IQGAP2 in human CD19+ B lymphocytes and 
EBV-immortalized LCL was analyzed with confocal microscopy. Cells were fixed 
with 2% formaldehyde, and permeabilized with 0.1% Triton X-100. IQGAP2 and Rta 
antibodies were used for detection. Confocal microscopy was utilized to observed related 
expression of IQGAP2 and Rta in a cell, whereas Hoechst indicated nucleuses of cells. 
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Figure 19. Interaction of IQGAP2 and Rta was analyzed with co-
immuniprecipitation. 293T cells were transfected with both IQGAP2-HA and Rta-GFP. 
72 hours later, cell were lysed with cell lysis buffer and precleared with 20% protein A 
beads. GFP antibody was used for Rta-GFP binding while HA antibody was used for 
IQGAP2-HA binding. Protein-antibody complexes were then precipitated with protein A 
beads. After 2X protein sample dye was added, the precipitates were denatured at 95℃, 
and subjected to SDS-PAGE as well as western blotting. This experiment was performed 
twice independently. 
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Figure 20. Knockdown of IQGAP2 affected spontaneous lytic progression in LCLs. 
LCLs were infected with shIQGAP2-expressing lentivirus for 5 days and then underwent 
48 h of puromycin selection. Cells were then harvested for protein analysis with SDS-
PAGE and western blotting. IQGAP2 antibody was used to verify knockdown efficiency. 
Rta, Zta and EA-D antibodies was used to observe lytic progression. β-actin served as 
internal loading control. This experiment was performed twice independently. 
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Figure 21. Knockdown of IQGAP2 impaired TPA/SB-induced lytic progression in 
NA cells. NA cells were transfected with shIQGAP2-expression plasmids for 72 hours 
and then underwent 48 h of puromycin selection. The selected cells were then treated with 
TPA and SB for 72 hours and harvested for protein analysis. Western blotting was 
performed with IQGAP2, Rta, EA-D, and β-actin antibodies. This experiment was 
performed for three times independently.  
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Figure 22. Knockdown of IQGAP2 impacted Rta autoregulation in 293T cells. 293T 
cells were transfected with shIQGAP2-expression plasmids for 72 hours and then 
underwent 48 h of puromycin selection. The selected cells were further transfected with 
Rp, Rta, and pEGFP for reporter assay. 72 hours later, cells were lysed and measured for 
luciferase activity. Relative luciferase activity was obtained in accordance with GFP 
fluorescence, and the relative luciferase activity of cells transfected with pGL2 and pSG5 
was set as 1. This experiment was performed twice independently. ** indicates p<0.01.  
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Figure 23. Knockdown of IQGAP2 did not affect Rta-induced Zp or pBLLF1 
activation in 293T cells. 293T cells were transfected with shIQGAP2-expression 
plasmids for 72 hours and then underwent 48 h of puromycin selection. The selected cells 
were further transfected with (A) Zp, Zta, and pEGFP; (B) Zp, Rta, and pEGFP; (C) 
pBLLF1, Rta, and pEGFP for reporter assay. 72 hours later, cells were lysed and measured 
for luciferase activity. Relative luciferase activity was obtained in accordance with GFP 
fluorescence. and the relative luciferase activity of cells transfected with pGL2 and pSG5 
was set as 1. This experiment was performed twice independently. n.s. indicates no 
significance, p>0.05. 
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Figure 24. Knockdown of IQGAP2 altered LCL clumping morphology. LCLs were 
infected with shIQGAP2-expressing lentivirus for 5 days and then underwent 48 h of 
puromycin selection. Cells were seeded in 96-well plates and incubated for 24 h. Photos 
were taken under a bright-field microscope. This experiment was performed twice 
independently. 
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Figure 25. Knockdown of IQGAP2 did not affect LCL proliferation. LCLs were 
infected with shIQGAP2-expressing lentivirus for 5 days and then underwent 48 h of 
puromycin selection. Cells were seeded in 96-well plates and viable cell number was 
measured with Alamar blue assay kit. Cell proliferation rate was obtained by comparing 
viable cell numbers at indicated time. This experiment was performed twice 
independently. n.s. indicates no significance, p>0.05.  
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Figure 26. Knockdown of IQGAP2 decreased E-cadherin in LCLs. LCLs were 
infected with shIQGAP2-expressing lentivirus for 5 days and then underwent 48 h of 
puromycin selection. Cells were then harvested for protein analysis with western blotting 
to detect E-cadherin expression. IQGAP2 antibody was used to verify knockdown 
efficiency. β-actin served as internal loading control. This experiment was performed 
twice independently.  
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Figure 27. Hypothesis Model. EBV infection and reactivation express lytic protein Rta 
in host cells. Rta binds to RRE on IQGAP2 promoter and upregulation IQGAP2 
transcription. Rta recruits translated IQGAP2 protein in to the nucleus. Rta-IQGAP2 
complex facilitate activation of Rp, promoting lytic progression. Furthermore, in LCLs, 
IQGAP2 may mediate cell-to-cell adhesion through E-cadherin. 
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Figure 28. Rta activates lytic promoters through different pathways. Rta activates Rp 
through Sp1. Rta modulates the phosphorylation of the p38 and JNK signaling pathways, 
resulting in binding of phosphorylated ATF2 to the ZII element in Zp to activate Zta 
expression. Rta binds to a RRE in pBLLF1 to activates transcription. 
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Tables 
 
Table 1. Primers used for plasmid constructs (pGL3-pIQGAP2 and promoter 
serial deletion) 
 
Primer  Sequence (5’ to 3’) 
Xho I-pIQGAP2-R CTAGCTAGCTAGTATCGCCCTCCCTCAGTTTG 
Nhe I-pIQGAP2-F -853 CCGCTCGAGCGGCTCGCCGATTTCCCCTAGC 
Nhe I-pIQGAP2-F -642 CTAGCTAGCTAGCCAAGCTTAGCCGGAAAAGGT 
Nhe I-pIQGAP2-F -523 CTAGCTAGCTAGAGTGGTTGCCTTGGGTTATCTTG 
Nhe I-pIQGAP2-F -164 CTAGCTAGCTAGGAAAAGGAACCGCGCTGTTT 
Nhe I-pIQGAP2-F -121 CTAGCTAGCTAGCCACCAGCTGTGCGGG 
Nhe I-pIQGAP2-F -41 CTAGCTAGCTAGGGTAGGGGTCGCTGCGTCT 
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Table 2 Primers used for polymerase chain reactions 
 

Gene Sequence (5’ to 3’) Target length 
(bp) 

IQGAP1 
F: GCCAGACAGCACTGTGTTG 

378 
R:TCACGGATAGCACGTCTCTG 

IQGAP2 
F: CCTTGTGAAGGCAAAAGAGC 

399 
R: CCGCCTGTGTGCATATACTCCT 

IQGAP3 
F: ATGACTCCAACACCCGTAGC 

317 
R: ACTAGCCCCTGGTAGCCATT 

β-actin 
F: TTCTACAATGAGCTGCGTGT 

636 
R: GCCAGACAGCACTGTGTTGG 

Rta 
F: CGGGATCCAAATAGACAGCCCAGTTGAAA 

612 
R:CGGGATCCCAAGAGAGCGATGAGAGAC 

Zta 
F: TTCCACAGCCTGCACCAGTG 

182 
R: GGCAGCAGCCACCTCACGGT 

EBNA1 
F: ATGAGCGTTTGGGAGAGCTGATTC 

273 
R: TCCTCGTCCATGGTTATCAC 

pIQGAP2 
F: TTCCACCCTCGAAACTCTCC 

315 
R: CGCGCTGACACTGAAGTAAA 

 
Remarks: 
F: forward 
R: reverse 
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Table 3. shRNA sequence for gene knockdown lentiviruses 
 
shRNA Targeting sequence (5’ to 3’) 
shLuciferase (shLuc) CTTCGAAATGTCCGTTCGGTT 
shIQGAP2-2 GCCTCTAATCAGCGAGAAGAA 
shIQGAP2-3 GCCATGTATCAGAACGAACTT 
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Table 4. Dilution fold for antibodies 
 
Antibody  Dilution fold Clone Manufacturer / 

Reference 

Mouse anti-IQGAP1 

mAb 

WB: 1/1000 05-504 Millipore 

Mouse anti-IQGAP2 

mAb 

WB: 1/1000 

IFA: 1/100 

BB9 Millipore 

Rabbit anti-IQGAP2 

mAb 

WB: 1/1000 

IFA: 1/100 

H-209 Santa Cruz 

Human anti-EBNA1 

pAb 

WB: 1/1000  NPC47  

(Tsai et al., 2009) 

Mouse anti-LMP1 

mAb 

WB: 1/1000 S12 (Chang et al., 2004) 

Mouse anti-Zta mAb WB: 1/25 1B4 (Tsai et al., 1997) 

Mouse anti-Rta mAb WB: 1/50 467 (Hsu et al., 2005) 

Mouse anti-EA-D 

mAb 

WB: 1/50 88 (Chen et al., 2000) 

Mouse anti-BGLF4 

mAb 

WB: 1/50 2616 (Wang et al., 2005) 

Mouse anti-GFP 

mAb 

WB: 1/1000 

IP: 1 μg / 400 μg 

sample 

M2 Sigma 

Mouse anti-HA mAb WB: 1/1000 

IP: 1 μg / 400 μg 

.11 Babco 
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sample 

Mouse anti-β-actin 

mAb 

WB: 1/5000 AC-15 Sigma 

Mouse anti- 

PARP-1 mAb 

WB: 1/500 F-2 Santa cruz 

Mouse anti- 

α-tublin mAb 

WB: 1/500 DM1A CALBIOCHEM 

Mouse anti- 

E-Cadherin mAb 

WB: 1/1000 34 BD Bioscicence 

HRP-conjugated 

anti-mouse IgG  

WB: 1/5000  Jackson 

HRP-conjugated 

anti-rabbit IgG  

WB: 1/5000  Jackson 

Rhodamine-anti-

mouse IgG 

IFA: 1/500  cappel 

Rhodamine-anti-

rabbit IgG 

IFA: 1/500  cappel 

FITC-anti-mouse 

IgG 

IFA: 1/500  cappel 

FITC-anti-rabbit IgG IFA: 1/500  cappel 

Remarks: 
mAb: monoclonal antibody   pAb: polyclonal antibody  WB: Western Blotting 
IFA: immunofluorescent assay  IP: immunoprecipitation 
HRP: horseradish peroxidase   FITC: fluorescein isothiocyanate 
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Appendixes  

 

 
 

Appendix I. Expression of IQGAPs in B cells and EBV-infected B cells was analyzed 
with cDNA microarray.  

Purified human CD19+ B lymphocytes from healthy donor were infected with B95.8 
strain EBV for 3, 7, and 28 days. Infected and uninfected cells were collected. Expression 
of (A) IQGAP1, (B) IQGAP2, and (C) IQGAP3 was quantified with cDNA microarray. 
(D) Expression of IQGAP family in EBV-immortalized lymphoblastoid cell line (LCL) 
was compared in relation with its uninfected B cells counterpart. his experiment was 
performed by Dr. Shu-Chuin Tsai. 
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Appendix II. Expression of IQGAPs was analyzed when TW01 cells were 
transfected with EBV viral genes. TW01 cells were transfected with some of the 
important EBV viral genes. 72 h post transfection, cells were subjected to RT-PCR for 
IQGAPs mRNA expression analysis. This experiment was performed by Dr. Juin-Han 
Lin. 
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