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Upregulation of IQGAP2 by EBV transactivator Rta and its 
influence on EBV life cycle
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ABSTRACT Epstein-Barr virus (EBV) is a human oncogenic γ-herpesvirus that establishes 
persistent infection in more than 90% of the world’s population. EBV has two life cycles, 
latency and lytic replication. Reactivation of EBV from latency to the lytic cycle is initiated 
and controlled by two viral immediate-early transcription factors, Zta and Rta, encoded 
by BZLF1 and BRLF1, respectively. In this study, we found that IQGAP2 expression was 
elevated in EBV-infected B cells and identified Rta as a viral gene responsible for the 
IQGAP2 upregulation in both B cells and nasopharyngeal carcinoma cell lines. Mecha­
nistically, we showed that Rta increases IQGAP2 expression through direct binding to 
the Rta-responsive element in the IQGAP2 promoter. We also demonstrated the direct 
interaction between Rta and IQGAP2 as well as their colocalization in the nucleus. 
Functionally, we showed that the induced IQGAP2 is required for the Rta-mediated Rta 
promoter activation in the EBV lytic cycle progression and may influence lymphoblastoid 
cell line clumping morphology through regulating E-cadherin expression.

IMPORTANCE Elevated levels of antibodies against EBV lytic proteins and increased EBV 
DNA copy numbers in the sera have been reported in patients suffering from Burkitt’s 
lymphoma, Hodgkin’s lymphoma, and nasopharyngeal carcinoma, indicating that EBV 
lytic cycle progression may play an important role in the pathogenesis of EBV-associated 
diseases and highlighting the need for a more complete mechanistic understanding of 
the EBV lytic cycle. Rta acts as an essential transcriptional activator to induce lytic gene 
expression and thus trigger EBV reactivation. In this study, scaffolding protein IQGAP2 
was found to be upregulated prominently following EBV infection via the direct binding 
of Rta to the RRE in the IQGAP2 promoter but not in response to other biological 
stimuli. Importantly, IQGAP2 was demonstrated to interact with Rta and promote the EBV 
lytic cycle progression. Suppression of IQGAP2 was also found to decrease E-cadherin 
expression and affect the clumping morphology of lymphoblastoid cell lines.
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E pstein-Barr virus (EBV) is a human oncogenic γ-herpesvirus that establishes 
persistent infection in more than 90% of the world’s population (1). This viral 

infection is the primary cause of infectious mononucleosis and is associated with several 
lymphoproliferative diseases, such as Burkitt’s lymphoma, Hodgkin’s lymphoma, NK/T 
cell lymphoma, post-transplant lymphoproliferative disorder (PTLD), and EBV+ diffuse 
large B cell lymphoma (DLBCL) (2). Although EBV remains predominantly in an asympto­
matic latent state in immunocompetent individuals, impairment of the host immune 
system can stimulate EBV reactivation (3). EBV reactivation has been indicated to 
be triggered by several different conditions, such as stress, immunosuppression, and 
co-infection with various types of viruses (3, 4). Correlations between EBV reactivation 
and the pathogenesis of several diseases have been reported (4). One such example 
is PTLD, a serious complication involving dysregulated B cell lymphoproliferation that 
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occurs in immunosuppressed individuals following organ transplantation (5). More 
recently, the effect of EBV reactivation in the setting of COVID-19 has also been 
examined. EBV reactivation was found to be associated with a longer ICU length of stay, 
although it was uncertain whether it would further affect mortality (6).

Reactivation of EBV from latency to the lytic cycle is initiated and controlled by two 
viral immediate-early (IE) transcription factors, Zta and Rta, encoded by BZLF1 and BRLF1, 
respectively. EBV lytic replication consists of a sequential expression of genes resulting in 
the production of viral particles and lysis of infected cells (7). A temporal cascade of three 
classes of genes is involved in the EBV lytic cycle, including IE, early, and late genes (8). 
Zta and Rta are initially activated by cellular transcription factors and further cooperate 
to induce the replication of viral DNA and the transcription of downstream early and late 
genes (9, 10). Both Zta and Rta have the ability to autostimulate their own expression, 
upregulate each other, and interact with or induce viral and host proteins (9, 10). These 
two proteins are both required to trigger and complete the viral lytic replication.

As mentioned above, Rta is an IE protein that acts as an important transcriptional 
activator to induce the expression of lytic genes and thus trigger EBV reactivation. Rta 
contains a DNA binding domain and a dimerization domain located in the N-terminus, 
while the transcriptional activation domain is located in the C-terminus (11). To activate 
gene expression and switch from latency to the lytic cycle, Rta exerts its transactiva­
tion function mainly in two ways: either via direct binding to specific sequences in 
the promoters of target genes or via cooperating with other factors to regulate gene 
expression. In the former way, Rta can selectively bind to an Rta-responsive element 
(RRE), a specific region with a GC-rich DNA sequence, in the promoter. For instance, 
Rta can directly bind to the promoters of some viral genes, such as BLLF1, BMRF1, 
and BARF1, as well as cellular genes like decoy receptor 3 (DcR3) (12–14). As for cases 
where the RRE is absent, Rta can alter gene expression through interaction with auxiliary 
cellular factors. As an example of the latter way, Rta can associate with Sp1 and methyl-
CpG binding domain 1 (MBD1)-containing chromatin-associated factor 1 (MCAF1) to 
form an Sp1-MCAF-Rta complex that contributes to the autostimulation of Rp (15, 16). 
In this study, we discovered that IQGAP2, another protein involved in the regulation 
of diverse cellular activities, is upregulated via the direct binding of Rta to the RRE in 
the IQGAP2 promoter and also interacts with Rta to affect cellular functions and Rp 
activation.

The IQGAP family is a group of evolutionarily conserved scaffolding proteins, 
including IQGAP1, IQGAP2, and IQGAP3 (17). IQGAP family proteins interact with binding 
partners to mediate various cellular processes, such as cytokinesis, cell proliferation, 
cell migration, intracellular signaling, and cytoskeletal dynamics (17). The three IQGAP 
family proteins possess the same domains, including the calponin homology domain, 
the tryptophan-containing protein (WW) domain, the isoleucine-glutamine domain, 
the GAP-related domain responsible for the interaction with Cdc42 and Rac1, and 
the RasGAP C-terminus (RGCT) domain responsible for the binding of E-cadherin and 
β-catenin (17, 18). Though they comprise similar domains, the IQGAPs serve diverse 
roles. While IQGAP2 is 62% identical to IQGAP1, its biological functions are different 
from IQGAP1. In contrast to IQGAP1 and IQGAP3, decreased expression of IQGAP2 
has been found to be associated with several human malignancies, suggesting that 
IQGAP2 functions as a tumor suppressor while IQGAP1 and IQGAP3 are oncoproteins. 
For instance, IQGAP1 and IQGAP3 are upregulated, while IQGAP2 is downregulated in 
hepatocellular carcinoma, for which patient prognosis has been found to be highly 
related to the expression of IQGAPs (19). In addition, downregulation of IQGAP2 has 
been shown to be associated with prostate cancer recurrence and metastasis (20). 
Downregulated IQGAP2 expression also promotes EMT and inhibits apoptosis as well 
as angiogenesis in breast cancer (21). In gastric cancer, IQGAP2 directly interacts with 
SHIP2 to elevate SHIP2 phosphatase activity, thus inhibiting the migration and invasion 
of gastric cancer cells (22). As scaffolding proteins, IQGAPs are also involved in viral 
infection processes, especially in viral maturation. IQGAP1 has been reported to facilitate 
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the virulence of viruses from different families, such as Ebola virus (23), classical swine 
fever virus (24), and Moloney murine leukemia virus (25), while IQGAP2 has been 
reported to be required for IFN response against HCV infection and to influence HBV 
gene expression in hepatocytes (26).

In this study, we sought to determine the role of IQGAP2 in EBV infection and life 
cycle regulation. We found that IQGAP2 expression was elevated in EBV-infected B cells 
and identified Rta as a viral gene responsible for the IQGAP2 upregulation in both B cells 
and nasopharyngeal carcinoma (NPC) cell lines. Thus, we investigated the regulatory 
mechanism of Rta-mediated IQGAP2 induction in EBV-mediated immortalization of B 
lymphocytes and elucidated its biological significance in EBV-infected cells as well as its 
impact on EBV-associated disorders.

RESULTS

EBV infection and reactivation increase IQGAP2 expression

In this study, we examined the expression of the IQGAPs during EBV infection. Com­
pared to uninfected B cells, the upregulation of IQGAP2 and IQGAP3 mRNA expression 
was observed in EBV-immortalized lymphoblastoid cell lines (LCLs) derived from three 
donors. In contrast, IQGAP1 mRNA was ubiquitously expressed in all tested donors, and 
no significant difference in expression was found between uninfected B cells and LCLs 
(Fig. 1A). Increased IQGAP2 expression in LCLs was also demonstrated at the protein 
level. Again, there was no significant difference in IQGAP1 expression when comparing 
uninfected B cells with LCLs (Fig. 1B). To further validate the effect of EBV infection 
on IQGAP2 expression, human CD19+ B lymphocytes were purified from the whole 
blood of healthy donors and infected with EBV strain B95.8. RNA and protein were 
isolated from EBV-infected B cells on days 3, 7, 14, 21, and 28 post-infection. Compared 
to the IQGAP2 mRNA expression in uninfected B cells, IQGAP2 mRNA expression was 
shown to be increased after EBV infection (Fig. 1C). The increased expression of IQGAP2 
protein post-infection was also confirmed (Fig. 1D). Upregulation of IQGAP2 expression 
continued to be sustained on the days post-EBV infection leading up to and upon 
LCL establishment. In vitro, B cells alter cellular gene expression in response to differ­
ent stimuli, leading to their activation or proliferation (27). In order to elucidate the 
underlying mechanisms of IQGAP2 upregulation in B lymphocytes, purified CD19+ B 
cells were either infected with EBV strain B95.8, stimulated with anti-CD40 plus IL-4, or 
triggered by lipopolysaccharides (LPS) or poly(I:C). The biologicals mimic T cell-depend­
ent or -independent B cell activation, respectively. IQGAP2 was found to be upregulated 
prominently only after EBV infection and not after treatments with other stimuli (Fig. 1E). 
On the other hand, IQGAP3 expression was not only induced by EBV infection but also by 
other stimuli, such as anti-CD40 plus IL-4 (Fig. 1F). As a result, we focused on exploring 
the relationship between IQGAP2 and EBV infection in the follow-up experiments.

Rta is responsible for IQGAP2 upregulation

Having demonstrated the association between IQGAP2 upregulation and EBV infection, 
we sought next to determine its potential relevance to the EBV life cycle. EBV-negative 
(Akata−) and EBV-positive (Akata+) cells were treated with or without 0.5% goat anti-
human immunoglobulin G to understand the effect of EBV reactivation on IQGAP2 
expression. The results of RT-PCR and western blotting detected significantly higher 
levels of IQGAP2 mRNA and proteins when EBV entered the lytic cycle (Fig. 2A and B). In 
order to identify the viral gene responsible for the IQGAP2 upregulation, EBV-negative 
NPC TW01 cells were transfected with various important viral genes, including those for 
EBNA1-6, LMP1, LMP2A, EBER1/2, BARF0, Rta, Zta, and BGLF4. The RT-PCR results 
identified the lytic protein Rta as the only EBV viral product to induce IQGAP2 mRNA 
expression. On the other hand, none of the tested EBV viral products led to differences in 
IQGAP1 or IQGAP3 expression (Fig. 2C). The upregulation of IQGAP2 was also observed in 
TW01 cells and BJAB cells transfected with Rta-expressing plasmids (Fig. 2D). Together, 
these results suggest that Rta is required for the induction of IQGAP2.
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FIG 1 IQGAP2 is induced by EBV infection and reactivation. (A and B) RNA and protein were harvested from paired uninfected primary B cells and EBV-immor­

talized LCLs. (A) mRNA expression of IQGAP1, IQGAP2, and IQGAP3 was detected by RT-qPCR. (B) Protein expression of IQGAP1, IQGAP2, Rta, EBNA1, LMP1, 

and β-actin was analyzed by western blotting. (C and D) Primary B cells were infected with EBV strain B95.8, and cellular RNA was harvested on the indicated 

(Continued on next page)

Full-Length Text Journal of Virology

August  Volume 97  Issue 8 10.1128/jvi.00540-23 4

https://doi.org/10.1128/jvi.00540-23


DNA binding and transcriptional activation domains of Rta enhance IQGAP2 
expression

As a viral transactivator, Rta can transactivate many cellular and viral genes via directly 
binding to RRE-containing gene promoters or interacting with DNA-bound transcription 
factors to be targeted to binding sites in gene promoters (7, 14). To further understand 
how Rta mediates IQGAP2 upregulation, we investigated the transactivational activities 
of Rta at the IQGAP2 promoter. The results of reporter assays conducted with 293T cells 
and TW01 cells showed that Rta was able to activate the IQGAP2 promoter in both 
cell lines (Fig. 3A and B). As three major functional domains have been identified in 
the Rta protein, including a DNA binding domain that contains a dimerization domain 
located in the N-terminus as well as a transcriptional activation domain located in the 
C-terminus, we sought to identify the domains essential for transactivation. TW01 cells 
were transfected with truncated N- or C-terminal Rta-expressing plasmids to discern 
each domain’s contribution to the induction of IQGAP2. The nuclear localization signal 
(NLS) was retained on both truncated forms of Rta to enable these truncated proteins 
to enter the nucleus and function as transactivators. The results of western blotting 

FIG 1 (Continued)

days post-infection. (C) IQGAP2 mRNA expression was measured by RT-qPCR and normalized to β-actin expression. Fold changes were acquired by comparing 

normalized expression levels of IQGAP2 in EBV-infected B cells to those in uninfected primary B cells. (D) IQGAP2 protein expression was analyzed by western 

blotting. LMP1 and EBNA1 served as the EBV infection markers, Zta served as the lytic progression marker, and β-actin served as the internal loading control. 

(E and F) Purified primary B cells were infected with EBV, stimulated by anti-CD40 + IL-4, or triggered by LPS or poly(I:C). Cellular RNA was harvested on days 1, 

2, and 3 post-treatment and measured by RT-qPCR. Expression of (E) IQGAP2 and (F) IQGAP3 was normalized to the expression of β-actin. Fold changes were 

acquired by comparing normalized expression levels in treated B cells to those in untreated B cells. **** indicates P < 0.0001, *** indicates P < 0.001, and ** 

indicates P < 0.01; n.s. stands for not significant.

FIG 2 Rta is responsible for the induction of IQGAP2 expression. (A and B) EBV-negative (Akata−) and EBV-positive (Akata+) cells were treated without or with 

0.5% goat anti-human IgG. (A) RNA and (B) protein were extracted for RT-PCR and western blotting, respectively. Expression of IQGAP2, EBNA1, Zta, and β-actin 

was detected. (C) Expression of IQGAPs was analyzed in TW01 cells transfected with the indicated EBV viral genes. mRNA expression was assessed by RT-PCR 

analysis 72 h post-transfection. (D) TW01 cells were transfected with pSG5 or pSG5-Rta using NTR II, and cell lysates were harvested 72 h post-transfection. 

Transient expression of Rta was achieved by electroporation in BJAB cells, and cell lysates were prepared 48 h later. The obtained proteins were analyzed by 

western blotting to detect the expression of IQGAP2 and Rta. β-actin served as the internal control.
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FIG 3 DNA binding and transcriptional activation domains of Rta induce IQGAP2 expression. (A) 293T and (B) TW01 cells were 

transfected with pGL3 or pGL3-pIQGAP2, pSG5 or pSG5-Rta, and pEGFP-C1. The luciferase activity of each transfectant was 

normalized to its GFP fluorescence intensity and standardized using the normalized luciferase activity of the vector

(Continued on next page)
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demonstrated that the full length of Rta was required to induce IQGAP2 expression. 
Deletion of either the N- or C-terminus resulted in failure to induce IQGAP2 expression 
(Fig. 3C). A follow-up reporter assay was performed to further confirm the necessity of 
both the N- and C-termini for IQGAP2 promoter activation. A transcriptional activation 
domain-deleted Rta without NLS (GFP-Rta 1–333) was also used in this experiment. The 
results revealed that only full-length Rta can activate the IQGAP2 promoter (Fig. 3D). 
Altogether, the results indicate that Rta requires both the DNA binding/dimerization and 
transcriptional activation domains to induce IQGAP2 expression.

Rta increases IQGAP2 expression through direct binding to the IQGAP2 
promoter

Next, we sought to further clarify the underlying regulatory mechanism of Rta in 
IQGAP2 upregulation. Considering that Rta can directly and indirectly induce gene 
expression, several putative transcription factor binding sites in the IQGAP2 promoter 
were predicted using ALGGEN-PROMO software, including upstream stimulating factor 
(USF), E2 factor (E2F), specificity protein 1 (Sp1), activator protein 1 (AP1), and Rta-
responsive element (Fig. 4A). Serial deletion constructs of the promoter were construc­
ted for reporter assays. The results revealed the importance of the RRE site for the 
Rta-mediated IQGAP2 transactivation (Fig. 4B). Of note, since Sp1 is largely involved in 
Rta-mediated gene transactivation and several putative Sp1 binding sites were found 
in the IQGAP2 promoter, we used shSp1 to address the effect of Sp1 on Rta-mediated 
IQGAP2 expression. The results demonstrated that Sp1 may not be involved in Rta-medi­
ated IQGAP2 transactivation (Fig. 4C). In order to confirm the direct binding of Rta to 
the IQGAP2 promoter, chromatin immunoprecipitation was performed with pEGFP-C1- 
and pEGFP-Rta-transfected 293T cells. GFP-Rta-binding DNA complexes were analyzed 
using primers targeting a region in the IQGAP2 promoter spanning the putative RRE. The 
results revealed that Rta is directly associated with the IQGAP2 promoter (Fig. 4D).

Rta colocalizes with IQGAP2 in the nucleus

IQGAP2 is thought to interact with different proteins to regulate cellular functions (17, 
18). In order to elucidate the biological roles of IQGAP2 in Rta induction, the cellular 
distribution of IQGAP2 was investigated. In TW01 cells, IQGAP2 was mainly found in the 
cytoplasm when only IQGAP2 was expressed, which is consistent with previous findings 
(17, 18). However, an increased percentage of IQGAP2 was found in the nucleus in the 
presence of Rta (Fig. 5A). We also found the same results in 293T cells transfected with 
pSG5 or pSG5-Rta (Fig. 5B). In LCLs from two different donors, IQGAP2 was found in the 
nuclear fraction as well as the cytoplasmic fraction when both Rta and IQGAP2 were 
expressed (Fig. 5C). Together, these results suggest that IQGAP2 is partially translocated 
from the cytoplasm into the nucleus when both Rta and IQGAP2 are expressed. Further 
experiments using confocal microscopy were also performed to locate the subcellular 
distribution of Rta and IQGAP2. In the absence of Rta, IQGAP2 was observed to be 
located in the cortex of TW01 cells (Fig. 5D). However, when IQGAP2 was induced by 
Rta or when Rta- and IQGAP2-expressing plasmids were co-transfected into TW01 cells, 

FIG 3 (Continued)

control cells. (C) A schematic of a full-length Rta containing a DNA binding domain, dimerization domain, and transcriptional 

activation domain (left panel). TW01 cells were transfected with pEGFP-C1, pEGFP-Rta (full-length Rta-expressing plasmid), 

pEGFP-Rta 1-441, or pEGFP-Rta 401-605 using NTR II. Cell lysates were harvested 72 h post-transfection. Expression of 

IQGAP2, GFP, full-length and truncated forms of GFP-Rta proteins, and β-actin was analyzed by western blotting (right panel). 

(D) 293T cells were transfected with pGL3 or pGL3-pIQGAP2, and pEGFP-C1, pEGFP-Rta, 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 

intensity (top panel). Transfected cells were harvested, and cell lysates were subjected to protein analysis to verify the 

expression of GFP, full-length and truncated forms of GFP-Rta proteins, and β-actin (bottom panel). **** indicates P < 0.0001, * 

indicates P < 0.05; n.s. stands for not significant.
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FIG 4 Rta binds directly to the IQGAP2 promoter to increase IQGAP2 expression. (A) Rta-related DNA binding sites in the IQGAP2 promoter were predicted with 

ALGGEN-PROMO. The schematic illustrates the putative binding sites of the listed transcription factors in the IQGAP2 promoter, including USF, E2F, Sp1, AP1, and 

RRE. (B) 293T cells were transfected with pSG5 or pSG5-Rta, pGL3 or one of the serial 5′-deleted pGL3-pIQGAP2 luciferase reporter plasmids, and pEGFP-C1 as the 

transfection control. After 72 h, the luciferase activity of each transfectant was normalized to its GFP fluorescence intensity and standardized using the

(Continued on next page)
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IQGAP2 was partially redistributed into the nucleus and colocalized with Rta (Fig. 5D). 
Similar results were observed in LCLs (Fig. 5E). Approximately 20% of LCLs undergo 
spontaneous lytic cycle progression, while the rest remain in latency at any given 
time under normal conditions (28), resulting in the presence of both Rta-negative and 
Rta-positive LCLs. The basal expression of IQGAP2 could be detected and found to be 
aggregated near the plasma membrane region in uninfected B cells and Rta-negative 
LCLs. However, in Rta-positive LCLs, IQGAP2 seems to colocalize in the nucleus with Rta 
(Fig. 5E). These results suggest that Rta may recruit IQGAP2 to the nuclear region of the 
cell. Flow cytometry results also demonstrated that 57.3% of the LCLs cultured in Roswell 
Park Memorial Institute medium (RPMI) supplemented with low fetal bovine serum 
(FBS) percentage for 5 d to increase lytic cycle antigen expression were Rta+IQGAP2+ 

double positive (Fig. 5F). In addition, co-immunoprecipitation (co-IP) results showed the 
interaction between co-expressed IQGAP2 and Rta proteins in transfected 293T cells (Fig. 
5G). Co-IP using LCLs cultured in RPMI supplemented with low FBS percentage for 5 d 
further confirmed the endogenous association of IQGAP2 with Rta (Fig. 5H). In sum, the 
results together suggest that Rta may interact with IQGAP2 and colocalize in the nucleus.

IQGAP2 knockdown lowers E-cadherin expression and alters the clumping 
morphology of LCLs

Finding the interaction between IQGAP2 and Rta as well as their colocalization in the 
nucleus, we next examined the biological effect of IQGAP2 on EBV-immortalized LCLs. 
First, we found that the clumping morphology of LCLs changed when IQGAP2 was 
knocked down in LCLs. The clumping of LCLs became scattered rather than spherical (Fig. 
6A). Since this alteration of the clumping pattern could be the result of alteration in cell 
proliferation, alamarBlue assay was performed to determine the proliferation rate of LCLs 
in which IQGAP2 was knocked down. The results showed that the LCLs from two donors 
with suppressed IQGAP2 expression had a comparable proliferation rate to that of the 
negative control (Fig. 6B and C). We further inspected the possibility of altered cell-cell 
adhesion influencing the clumping of LCLs. A previous study has shown that IQGAP2 
binds with E-cadherin through its RGCT domain (18). On account of the role adhesion 
molecule E-cadherin plays in cell-cell interaction, the expression of E-cadherin in LCLs 
was examined with western blotting. The results demonstrated that IQGAP2 knockdown 
led to lower E-cadherin expression in LCLs (Fig. 6D). These results suggest that it is 
possible that IQGAP2 may mediate cell-cell adhesion by playing an undetermined role in 
regulating E-cadherin expression and thus affect the clumping of LCLs.

IQGAP2 is required for EBV lytic replication

Knowing that the functions of IQGAP2 are varied and highly related to its binding 
partner (18), we speculated that IQGAP2 may play a role in the initiation of EBV lytic 
replication by helping Rta to carry out viral biological activities. To test this speculation, 
LCLs were infected with lentiviruses containing shRNA-expressing plasmids designed 
to knockdown IQGAP2. It was observed that the suppression of IQGAP2 resulted in 
lower expression of lytic proteins, including Rta, Zta, and EA-D, suggesting the reduction 
of spontaneous lytic replication in LCLs (Fig. 7A). To check whether this observation 

FIG 4 (Continued)

normalized luciferase activity of the vector control cells. (C) 293T cells were infected with shLuc- or shSp1-expressing lentivirus and underwent puromycin 

selection for 48 h. Control and Sp1-suppressed 293T cells were then transfected with pGL3 or pGL3-pIQGAP2, and pSG5 or pSG5-Rta. After 72 h, the luciferase 

activity of each transfectant was normalized to its GFP fluorescence intensity and standardized using the normalized luciferase activity of the vector control cells. 

(D) 293T cells were transfected with pEGFP-C1 or pEGFP-Rta for 72 h and lysed. Complexes of DNA and GFP-Rta were immunoprecipitated from the cell lysates 

using anti-GFP or mouse IgG antibody. The IQGAP2 promoter (pIQGAP2) DNA was detected in the immunocomplexes precipitated with the anti-GFP antibody 

by PCR analysis (top panel). The immunocomplexes were analyzed by western blotting to verify the protein expression of GFP or GFP-Rta in transfected cells 

(bottom panel). Protein extracts from pEGFP-C1- or pEGFP-Rta-transfected cells before performing immunoprecipitation were defined as input. **** indicates P < 

0.0001 and * indicates P < 0.05; n.s. stands for not significant.
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FIG 5 IQGAP2 interacts and is colocalized with Rta in the nucleus. (A) TW01 cells were transfected with pEGFP-C1 or pEGFP-Rta, and pcDNA3 or pcDNA3-

IQGAP2-HA. At 72 h post-transfection, cells were harvested for subcellular fractionation and then analyzed by western blotting for detection of IQGAP2 and Rta 

expression in the cytoplasm (C) and nucleus (N). (B) 293T cells were transfected with pSG5 or pSG5-Rta and subjected to subcellular fractionation at 72 h

(Continued on next page)

Full-Length Text Journal of Virology

August  Volume 97  Issue 8 10.1128/jvi.00540-23 10

https://doi.org/10.1128/jvi.00540-23


would be found in other EBV-infected cells, an NPC cell line latently infected with 
EBV, NA, was also used. Following treatment of NA cells transfected with the aforemen­
tioned shRNA-expressing plasmids with 12-O-tetradecanoylphorbol-13-acetate (TPA) 
and sodium butyrate (SB), decreased expression of the same lytic proteins also indicated 
that knockdown of IQGAP2 impairs chemically induced lytic progression in NA cells (Fig. 
7B). Reporter assays were further conducted to understand the influence of IQGAP2 on 
the activation of Rta-responsive promoters, including Rp, Zta promoter (Zp), and BLLF1 
promoter (pBLLF1). The results showed that Rp could not be activated by Rta when 
IQGAP2 was knocked down in 293T cells, indicating the participation of IQGAP2 in Rp 
autoactivation (Fig. 7C). On the other hand, the results showed that IQGAP2 depletion 
did not affect Rta-mediated Zp or pBLLF1 activation (Fig. 7D and E).

DISCUSSION

EBV often manipulates cellular factors to benefit its own infection and pathogenesis; 
thus, abnormal expression of cellular factors in EBV infection may be a sign of viral 
regulation (12, 13). The IE transactivator Rta is critical for EBV lytic progression as it 
activates the transcription of lytic genes. Growing evidence also points to the importance 
of Rta in regulating cellular factors (12). Here, we demonstrated the novel finding that 
Rta also plays a crucial role in regulating cellular factor IQGAP2 via direct binding to the 
RRE in the IQGAP2 promoter and directly activating IQGAP2 transcription. The GC-rich 
RRE was first defined on EBV viral promoters (29), and the binding sequence of Rta on the 
EBV genome has been extensively studied throughout the years. However, the binding 
of Rta to 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 (13). In our study, in addition to the direct interaction 
between Rta and the IQGAP2 promoter, we discovered that the RRE located in the 
pIQGAP2 region -157/-140 is important to the Rta-induced IQGAP2 upregulation as 
deletion of this sequence resulted in failure to activate Rta-mediated IQGAP2 transcrip­
tion.

We also demonstrated that IQGAP2 associates with Rta, and they are found to 
colocalize in the nucleus. Furthermore, we showed that IQGAP2 plays an important role 
in Rp activation in the presence of Rta. However, we did not find IQGAP2 to be involved 
in Rta-mediated Zp or pBLLF1 transactivation. The reason behind this phenomenon 
could be that Rta activates these promoters through different pathways. Rta activates 
pBLLF1 by direct binding to an RRE (29). On the contrary, Rta regulates Rp and Zp 
through indirect, non-Rta-DNA binding ways as they lack an RRE. It has been reported 
that Rta interacts with cellular factors for lytic progression. For example, Rta mediates 
Rp activation via interacting with Sp1 and Sp1-interacting protein MCAF1, forming an 
Sp1-MCAF1-Rta complex that enhances Sp1-mediated transcription (15). Meanwhile, 

FIG 5 (Continued)

post-transfection. Expression of IQGAP2 and Rta in the cytoplasm and nucleus was analyzed by western blotting. (C) The cytoplasm and nucleus of LCLs were 

separated and analyzed by western blotting. Poly (ADP-ribose) polymerase-1 (PARP-1) and α-tubulin were used as nuclear and cytoplasmic markers, respectively. 

(D) TW01 cells were seeded onto coverslips and transfected with pcDNA3 or pcDNA3-IQGAP2-HA, and pEGFP-C1 or pEGFP-Rta. After 72 h, cells were fixed 

with 2% formaldehyde and permeabilized with 0.1% Triton X-100. (E) Human CD19+ uninfected B lymphocytes and EBV-immortalized LCLs were fixed with 2% 

formaldehyde and permeabilized with 0.1% Triton X-100. Confocal microscopy was utilized to observe the relative expression of IQGAP2 (red) and Rta (green) 

in the cells. Hoechst 33342 (blue) was used to indicate the nuclei of the cells. (F) LCLs were cultured in RPMI supplemented with 5% FBS for 5 d. Cells were 

harvested and incubated with irrelevant monoclonal mouse IgG and rabbit IgG, or mouse anti-Rta and rabbit anti-IQGAP2 antibodies. After 30 min, cells were 

washed with PBS and then cells were stained with fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse IgG and rhodamine-conjugated goat anti-rabbit 

IgG antibodies for 30 min. Rta+IQGAP2+ LCLs were analyzed by flow cytometry. (G) 293T cells were transfected with both pcDNA3-IQGAP2-HA and pEGFP-C1 or 

pEGFP-Rta. After 72 h, cells were harvested and pre-cleared with Protein A beads. Anti-GFP antibody was used to bind GFP-Rta, while an anti-HA tag antibody 

was used to bind IQGAP2-HA. Protein-antibody complexes were then precipitated with Protein A beads and analyzed by western blotting to demonstrate the 

interaction between IQGAP2 and Rta. (H) LCLs were cultured in RPMI supplemented with 5% FBS for 5 d. Cells were harvested and pre-cleared with irrelevant 

monoclonal antibodies. Anti-Rta antibody was used to bind Rta. Protein-antibody complexes were then precipitated with Protein A beads and analyzed by 

western blotting to demonstrate the interaction between IQGAP2 and Rta.
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the phosphorylated ATF2 transcription factor is required for Rta to activate Zp (9). In 
addition, Rta also transactivates the BALF5 promoter through two cellular transcription 
factors, USF and E2F (30), as well as interacts with cellular transcription factor Oct-1 to 
enhance transactivation of EBV lytic genes such as those for SM, EA-D, BHLF1, BHRF1, and 
Zta (31). In our lab, we also found previously that Rta interacts with TSG101 to activate 
the expression of EBV late genes, including those for BcLF1, BDLF3, BILF2, BLLF1, and 
BLRF2 (14).

In addition to activating the viral genes required for EBV lytic progression, Rta also 
influences cellular functions that contribute to the viral lytic cycle through various 
pathways. For example, Rta transactivates the c-myc promoter, an important human 
oncogene, via an indirect mechanism (32). As another example, Rta interacts with 
retinoblastoma protein (Rb), which acts as a tumor suppressor, to alleviate the Rb-medi­
ated repression of E2F. The binding of Rta to Rb and the further correlation with E2F have 
been shown to facilitate the entry into G1/S in the cell cycle and viral DNA synthesis 
during EBV lytic replication (33, 34). Furthermore, cellular fatty acid synthase (FAS) 
activity is important for EBV replication, and Rta increases FAS expression through a 
stress mitogen-activated protein kinase-dependent pathway (35). Other cellular genes 
involved in the cell cycle that have been reported to be upregulated by Rta through Sp1 

FIG 6 Knockdown of IQGAP2 alters LCL clumping morphology and decreases E-cadherin expression. (A–D) LCLs were infected with shLuc-, shIQGAP2-2-, or 

shIQGAP2-3-expressing lentivirus for 5 d and then underwent 48 h of puromycin selection. (A) Cells were then seeded in 96-well plates and incubated for 24 h. 

Images of LCL clumping morphology were taken under a bright­field microscope. LCLs from (B) donor 1 and (C) donor 2 were seeded in 96-well plates, and 

cell viability was measured with the alamarBlue assay. Cell proliferation rate was obtained by comparing the number of viable cells over time. n.s. stands for 

not significant. (D) Cells were then harvested and analyzed by western blotting to detect E-cadherin expression. Anti-IQGAP2 antibody was used to confirm 

knockdown efficacy. β-actin served as the internal control.
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include tumor suppressor p16, cyclin-dependent kinase inhibitor p21, and small nuclear 
ribonucleoprotein polypeptide N (15).

Our work here demonstrated that IQGAP2 is required for EBV to enter the lytic cycle, 
and this prerequisite is correlated to the Rta-induced Rp activation. Considered together 
with the findings of the aforementioned studies, it is possible that IQGAP2, along with 
Rta, has the ability to alter cellular gene expression and affect cellular activities such as 
those involved in the cell cycle to promote EBV lytic progression.

In this study, we found that IQGAP2 and IQGAP3 expressions increase when purified 
human CD19+ B lymphocytes are immortalized into LCLs, while only IQGAP3 expres­
sion increases when these B cells are treated with biological stimuli other than EBV. 
IQGAP3 correlates with cell proliferation and cytokinesis and could be one of the cellular 
factors that EBV manipulates to promote B cell proliferation. However, from our data, 
the possibility that IQGAP3 upregulation results from B lymphocyte proliferation rather 
than being the cause of it could not be ruled out. Thus, while our findings successfully 

FIG 7 Knockdown of IQGAP2 affects EBV lytic progression. (A) LCLs were infected with shLuc-, shIQGAP-2–2-, or shIQGAP2-3-expressing lentivirus for 5 d, and 

(B) NA cells were transfected with shLuc-, shIQGAP-2–2-, or shIQGAP2-3-expressing plasmids using NTR II for 72 h. Two types of cells both underwent 48 h of 

puromycin selection. The selected NA cells were then treated with TPA and SB for 72 h. Cell lysates were harvested, and expression of Rta, Zta, and EA-D was 

observed to detect lytic progression. Anti-IQGAP2 antibody was used to confirm knockdown efficacy. β-actin served as the internal control. (C–E) 293T cells were 

transfected with shLuc-, shIQGAP2-2-, or shIQGAP2-3-expressing plasmids, and further transfected with (C) pGL2 or pGL2-Rp, pSG5 or pSG5-Rta, and pEGFP-C1, 

(D) pGL2 or pGL2-Zp, pSG5 or pSG5-Rta, and pEGFP-C1, or (E) pGL2 or pGL2-pBLLF1, pSG5 or pSG5-Rta, and pEGFP-C1 for reporter assays. The luciferase activity 

of each transfectant was normalized to its GFP fluorescence intensity, and the relative luciferase activity was obtained by setting the normalized luciferase 

activity of cells transfected with pGL2 and pSG5 as 1. ** indicates P < 0.01; n.s. stands for not significant.
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elucidated several roles that IQGAP2 may play in EBV infection, yet more effort is needed 
to fully understand the interaction between IQGAPs and EBV.

IQGAPs have also been reported to be involved in the modulation of the cytoskeleton 
and cell adhesion through binding to various effectors. Examination of the cellular 
distribution of IQGAPs has revealed that they are mostly found in the cytoplasm. Few 
studies have further focused on the subcellular localization of IQGAP2. In prostate 
cancer cell lines, LNCaP and DU145, IQGAP2 has been observed in the cytosol (36). In 
gastric cancer cell lines, including HSC-59, NUGC4, MKN45, and TGBC11TKB, IQGAP2 has 
been limited to the cell membrane (37). IQGAP2 has also been found in the filopodial 
extensions of activated platelets (38).

Although the effects of IQGAP1 and IQGAP2 have been found mainly to be cytoplas­
mic, several studies have indicated that they may be nuclear as well. IQGAP1 interacts 
with several nuclear proteins, including estrogen receptor (ER) α, ERβ, nuclear factor 
of activated T cells 1, and nuclear factor-erythroid-related factor 2 (Nrf2), and has 
been shown to serve as a coregulator with ERα or Nrf2 to enhance estradiol-induced 
transcriptional activation or activation of the MEK-ERK-Nrf2 pathway, respectively (39–
42). Meanwhile, IQGAP2 has been identified by mass spectrometry and bioinformatics 
to possibly participate in the TNF-α-stimulated NF-κB pathway (43). As a transactivator, 
Rta is often expressed in the nucleus to affect gene transcription. Here, we showed 
that Rta-induced IQGAP2 associates with Rta and is colocalized with Rta in the nucleus. 
Nuclear expression of IQGAP2 had not been previously reported. Here, we demonstrated 
for the first time that Rta may be able to recruit IQGAP2 to the nucleus, where IQGAP2 
possibly participates in Rta-related gene regulation.

Lastly, from a medical perspective, 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 (2), indicating that EBV lytic 
progression may play an important role in EBV pathogenesis. Having identified a positive 
correlation between IQGAP2 and EBV lytic progression in the presence of Rta using our 
ex vivo EBV-immortalized LCL model, we wanted to further assess how IQGAP2 affects 
the clinical outcomes of EBV-associated diseases. In order to understand the correlation 
between IQGAP2 expression and survival, we (data not shown) and another group 
(44) analyzed the survival data of patients with DLBCL from GEO data sets (accession 
number GSE10846). Based on the median expression level of IQGAP2, 414 patients were 
divided into two clusters, high (n = 211) and low (n = 203) IQGAP2 groups. Clinical 
statistics showed that patients with high IQGAP2 had worse overall survival (P = 0.0007). 
According to these results, IQGAP2 is not only expressed in EBV-associated diseases but 
also correlated with worse disease outcomes.

MATERIALS AND METHODS

B cell purification and EBV infection

Peripheral blood mononuclear cells (PBMCs) were isolated from the whole blood 
of healthy donors by Ficoll-Hypaque density gradient centrifugation (GE Healthcare, 
Chicago, IL, USA). CD19+ B cells were purified from PBMCs using Dynabeads (Invitrogen, 
Waltham, MA, USA) according to the manufacturer’s instructions. CD19+ B cells were 
seeded at a density of 1 × 106 cells/mL in 12-well plates and infected with an EBV stock 
(dilution 1:100) at a multiplicity of infection (MOI) of 10. Cells were harvested for RNA and 
protein collection on days 0, 3, 7, 14, 21, and 28 post-infection.

Cell culture

The EBV-positive Akata cell line and EBV-negative Akata cell line were derived from 
Burkitt’s lymphoma (27). The BJAB cell line was derived from an EBV-negative Burkitt’s 
lymphoma (27). The TW01 cell line was derived from an EBV-negative nasopharyngeal 
carcinoma (27). LCLs were established by EBV infection of CD19+ B cells. Akata cells, BJAB 
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cells, and LCLs were cultured in Roswell Park Memorial Institute medium, while 293T, 
TW01, and NA cells were cultured in Dulbecco’s Modified Eagle Medium. The cell culture 
media were supplemented with 10% FBS, 1 mM L-glutamine, 100 U/mL penicillin, and 
100 µg/mL streptomycin. NA cells were treated with 40 ng of TPA per mL and 3 mM SB 
for the chemical induction of EBV lytic progression.

Electroporation

BJAB cells were electroporated using the Neon Kit (Invitrogen) according to the 
manufacturer’s instructions. In brief, cells were washed with EDTA-free PBS three times, 
resuspended, and mixed with the relevant plasmids before electroporation. After pulse 
application, the samples were transferred into a fresh medium and then incubated for 
the specified amount of time before being subjected to further assays. Notably, 0.5 µg 
of pEGFP-C1 or pEGFP-Rta was added to 2 × 105 cells for transfection by electroporation 
using a pulse of 1,250 V for 30 ms.

RNA extraction and RT-qPCR

Total cellular RNA was extracted with TRIzol Reagent (Invitrogen) according to the 
manufacturer’s instructions. Reverse transcription (RT) and quantitative polymerase 
chain reaction (qPCR) were carried out as previously described (14). RT was performed 
with random hexamers and M-MLV Reverse Transcriptase (Promega, Madison, WI, 
USA). qPCR was performed using the SensiFASTTM SYBR No-ROX Kit (Bioline, London, 
UK) according to the user manual. ProZyme Tbr DNA polymerase was used in PCR. 
The primers used for mRNA detection were as follows: IQGAP1: forward primer 5′-
GCCAGACAGCACTGTGTTG-3′, reverse primer 5′-TCACGGATAGCACGTCTCTG-3′; IQGAP2: 
forward primer 5′-CCTTGTGAAGGCAAAAGAGC-3′, reverse primer 5′-CCGCCTGTGTGC­
ATATACTCCT-3′; IQGAP3: forward primer 5′-ATGACTCCAACACCCGTAGC-3′, reverse 
primer 5′-ACTAGCCCCTGGTAGCCATT-3′; Rta: forward primer 5′-CGGGATCCAAATAGA­
CAGCCCAGTTGAAA-3′, reverse primer 5′-CGGGATCCCAAGAGAGCGATGAGAGAC-3′; Zta: 
forward primer 5′-TTCCACAGCCTGCACCAGTG-3′, reverse primer 5′-GGCAGCAGCCAC­
CTCACGGT-3′; EBNA1: forward primer 5′-ATGAGCGTTTGGGAGAGCTGATTC-3′, reverse 
primer 5′-TCCTCGTCCATGGTTATCAC-3′; β-actin: forward primer 5′ -TTCTACAATGAGCTG­
CGTGT-3′, reverse primer 5′ -GCCAGACAGCACTGTGTTGG-3′.

Plasmid construction

Insert genes were prepared by PCR with Phusion Hot Start High-Fidelity DNA Polymerase 
with specialized primers and LCL genomic DNA template. DNA plasmids were prepared 
with QIAGEN Plasmid Plus Midi Kit or Presto Mini Plasmid kit according to the user 
manuals. The various serial 5′-deleted pGL3-pIQGAP2 plasmids were constructed by 
inserting IQGAP2 promoter fragments (−853/+291, –642/+291, –523/+291, –167/+291, 
and −41/+291) into pGL3 Luciferase Reporter Vectors at XhoI and NheI sites. The various 
pEGFP-Rta plasmids expressing full-length and truncated forms of Rta (1-441, 1-333, and 
401-605) were gifts from Dr. Tsuey-Ying Hsu. The Rta-expressing plasmid pSG5-Rta was 
constructed as described in a previous study (45).

Western blotting and antibodies

Western blotting was performed as described in a previous study (27). Antibodies against 
β-actin (clone: AC-15; Sigma-Aldrich, Burlington, MA, USA), IQGAP1 (clone: 05-504, 
Millipore, Burlington, MA, USA), IQGAP2 (clone: BB9, Millipore; clone: H-209, Santa Cruz 
Biotechnology, Dallas, TX, USA), PARP-1 (clone: F-2, Santa Cruz Biotechnology), ⍺-tubulin 
(clone: DM1A, Calbiochem, San Diego, CA, USA), E-cadherin (clone: 34, BD Biosciences, 
San Jose, CA, USA), and mouse and rabbit IgG (Jackson Immunoresearch, West Grove, 
PA, USA; Cappel Laboratories, Cochranville, PA, USA) were used. Antibodies against Zta 
(clone: 1B4), Rta (clone: 467 and clone: 37 1H10), EBNA1 (patient’s serum NPC47), EA-D 
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(clone: 88), and LMP1 (clone: S12) were prepared as reported previously (27). Monoclonal 
mouse IgG and rabbit IgG purified in our lab were also used.

Lentivirus packaging and infection

The methods for lentivirus packaging and infection were similar to those described 
in a previous study (27). In brief, p8.91, pMD2.G, and shRNA-expressing plasmids 
were co-transfected into 293T cells using Lipofectamine 2000 (Invitrogen). pLKO.1-shLu­
ciferase, pLKO.1-shIQGAP2-2, and pLKO.1-shIQGAP2-3 are shRNA-expressing plasmids 
targeting the coding sequence of luciferase or IQGAP2. After 16 h post-transfection, 
the medium was replaced, and the transfected cells were incubated for another 48 h. 
Supernatants containing the infectious shRNA lentiviruses were then collected and 
stored at −80℃ until use. For lentivirus infection, cells were infected at an MOI of 1. 
Infected cells then underwent selection with 2 µg/mL puromycin for 5 d post-infection 
before further analysis.

Indirect immunofluorescence assay

An amount of 1 × 104 TW01 cells were seeded on a sterile 22 × 22 mm glass coverslip one 
night before transfection. pcDNA3 or pcDNA3-IQGAP2-HA, and pEGFP-C1 or pEGFP-Rta 
were transfected into TW01 cells. The coverslip was collected 72 h post-transfection. For 
suspension cells, PBS-diluted cells were air dried to be fixed on a glass slide. TW01 cells 
were cross-linked with 4% formaldehyde, while human CD19+ uninfected B lymphocytes 
and EBV-immortalized LCLs were fixed with 2% formaldehyde. 0.1% Triton X-100 was 
used for cell permeabilization before primary antibody incubation with mouse anti-Rta 
(clone: 467) and rabbit anti-IQGAP2 (clone: H-209, Santa Cruz Biotechnology, Dallas, TX, 
USA) antibodies. Afterward, FITC-conjugated goat anti-mouse IgG and rhodamine-conju­
gated goat anti-rabbit IgG (Cappel Laboratories, Cochranville, PA, USA) antibodies were 
added to the cells, and the nuclei were stained with Hoechst 33342. Fluorescence was 
detected by fluorescence microscopy or confocal microscopy.

Analysis of Rta- and IQGAP2-positive LCL cells by flow cytometry

Intracellular staining of Rta and IQGAP2 expression was assayed using the protocol 
of the Foxp3/transcription factor staining buffer set (eBioscience) according to the 
manufacturer’s instructions. Fixed cells were stained with irrelevant monoclonal mouse 
IgG and rabbit IgG purified in our lab, or mouse anti-Rta (clone: 37 1H10) and rabbit 
anti-IQGAP2 (clone: H-209, Santa Cruz Biotechnology, Dallas, TX, USA) antibodies for 30 
min at room temperature. The cells were washed and incubated with FITC-conjugated 
goat anti-mouse IgG and rhodamine-conjugated goat anti-rabbit IgG (Cappel Laborato­
ries, Cochranville, PA, USA) antibodies for 30 min, and then cells were washed again 
and resuspended in PBS and analyzed by flow cytometry with the BD LSRFortessa Cell 
Analyzer (BD Biosciences).

Subcellular fractionation

First, 3 × 105 TW01 cells were transfected using NTR II Transfection Reagent (T-pro 
Biotechnology, Taipei, Taiwan). TW01 cells were transfected with pEGFP-C1 or pEGFP-Rta, 
and pcDNA3 or pcDNA3-IQGAP2-HA. And 72 h post-transfection, transfected cells were 
harvested and lysed. The supernatant was harvested as the cytosolic fraction, and the 
pellets were washed, treated with nuclei lysis buffer (pH 8.0, 50 mM Tris, 10 mM EDTA, 1% 
SDS, supplemented with 1 mM DTT, 1× protease inhibitor, 0.1 mM PMSF, 0.1 M NaF, 1 mM 
Na3VO4), homogenized, and centrifuged to obtain the nuclear fraction.

Co-immunoprecipitation

Two types of cells were used in this assay. 293T cells were transfected with pEGFP-C1 or 
pEGFP-Rta, and pcDNA3-IQGAP2-HA for 72 h and harvested. For immunoprecipitation, 

Full-Length Text Journal of Virology

August  Volume 97  Issue 8 10.1128/jvi.00540-23 16

https://doi.org/10.1128/jvi.00540-23


cell lysates pre-cleared with Protein A beads (20% slurry) were incubated with an 
anti-GFP antibody (clone: M2, Sigma-Aldrich) or anti-HA antibody (clone: 16B12, Babco 
BioLegend, San Diego, CA, USA). LCLs were cultured in RPMI supplemented with 5% FBS 
for 5 d. Cell lysates were pre-cleared with irrelevant monoclonal antibody and incubated 
with an anti-Rta antibody (clone: 37 1H10). Protein A beads were added to precipitate the 
immunocomplexes. After PBS wash, the precipitated immunocomplexes were analyzed 
by western blotting.

Luciferase reporter assay

293T cells were seeded at a density of 2 × 105 cells/well in 12-well plates and then 
transfected with 0.5 µg of the relevant luciferase reporter plasmid, 0.05 µg of the 
GFP-expressing plasmid pEGFP-C1 (Promega), and 0.5 µg of the relevant effector plasmid 
using NTR II. After 72 h post-transfection, the cells were lysed, and the luciferase activities 
and GFP fluorescence intensities were detected using the Bright-Glo Luciferase Assay 
System (Promega, Madison, WI, USA), Orion II Microplate Luminometer (Titertek-Bert­
hold, Pforzheim, Germany), and SpectraMax M5 Microplate Reader (Molecular Devices, 
San Jose, CA, USA). The luciferase activity of each transfectant was normalized to its GFP 
fluorescence intensity and standardized using the normalized luciferase activity of the 
vector control cells to obtain the fold change.

Chromatin immunoprecipitation assay

5 × 106  293 T cells were transfected with pEGFP-C1 or pEGFP-Rta using NTR II  as 
previously mentioned in the section describing subcellular fractionation. And 72 h 
post-transfection, cells were cross-linked with 1% formaldehyde. Afterward, cells were 
lysed with nuclei lysis buffer and sonicated to generate DNA fragments between 
500 and 1,000 bps in length. After centrifugation, the supernatants were kept and 
their DNA-protein complex concentrations were determined. An amount of 200 µg of 
the DNA-protein complexes from each supernatant was then obtained for immuno­
precipitation with anti-GFP or control mouse IgG antibody. The immunocomplexes 
were captured by Protein A beads, and the beads were then washed twice with 
1 mL of low salt buffer (pH 8.0, 50 mM Tris,  150 mM NaCl, 5 mM EDTA, 1% IGEPAL, 
0.1% SDS, 1% deoxycholic acid),  1 mL of high salt buffer (pH 8.0, 50 mM Tris, 
300 mM NaCl, 5 mM EDTA, 1% IGEPAL, 0.1% SDS, 1% deoxycholic acid),  and 1 mL 
of LiCl buffer (pH 8.0, 50 mM Tris,  150 mM NaCl, 5 mM EDTA, 300 mM LiCl,  1% 
IGEPAL, 0.1% SDS, 1% deoxycholic acid) in the order listed. To de-cross-link the 
DNA-protein complexes, elution buffer (50 mM NaHCO3  and 1% SDS) was added to 
the beads, and the reaction mixtures were incubated at 65°C overnight. The reaction 
mixtures were centrifuged, and the supernatants were collected and treated with 
10 mg/mL of proteinase K. The DNA was extracted with phenol:chloroform:isoamyl 
alcohol (25:24:1) and then precipitated with absolute ethanol and 20 µg of glycogen. 
The DNA pellet was washed with 70% ethanol and dissolved in H2O. Two microliters 
of DNA from each sample were taken as a template for PCR to detect the fragment 
containing the IQGAP2 promoter region −232/+65. The three temperature steps were 
set at 95°C for 1 min, 55°C for 30 s,  and 72°C for 30 s,  and repeated for a total of 
40 cycles. Finally, the PCR products were detected in an EtBr-stained 2% agarose gel 
under UV irradiation.

Cell proliferation rate determination

Lentivirus infection of LCLs was performed as previously mentioned in the section 
describing lentivirus packaging and infection. Cells were seeded at a density of 1 × 
104 cells/well in 96-well plates and treated with alamarBlue (AbD Serotec, Kidlington, UK). 
After incubation for 4 h, absorbance at 570 nm and 600 nm was measured to obtain the 
percentage reduction of alamarBlue according to the user manual.
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