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ABSTRACT Super-enhancers (SEs) are clusters of enhancers marked by extraordi-
narily high and broad chromatin immunoprecipitation followed by deep sequencing
(ChIP-seq) signals for H3K27ac or other transcription factors (TFs). SEs play pivotal
roles in development and oncogenesis. Epstein-Barr virus (EBV) super-enhancers
(ESEs) are co-occupied by all essential EBV oncogenes and EBV-activated NF-«B sub-
units. Perturbation of ESEs stops lymphoblastoid cell line (LCL) growth. To further
characterize ESEs and identify proteins critical for ESE function, MYC ESEs were
cloned upstream of a green fluorescent protein (GFP) reporter. Reporters driven by
MYC ESEs 525 kb and 428 kb upstream of MYC (525ESE and 428ESE) had very high
activities in LCLs but not in EBV-negative BJAB cells. EBNA2 activated MYC ESE-
driven luciferase reporters. CRISPRi targeting 525ESE significantly decreased MYC ex-
pression. Genome-wide CRISPR screens identified factors essential for ESE activity.
TBP-associated factor (TAF) family proteins, including TAF8, TAF11, and TAF3, were
essential for the activity of the integrated 525ESE-driven reporter in LCLs. TAF8 and
TAF11 knockout significantly decreased 525ESE activity and MYC transcription.
MEF2C was also identified to be essential for 525ESE activity. Depletion of MEF2C
decreased 525ESE reporter activity, MYC expression, and LCL growth. MEF2C ¢cDNA
resistant to CRIPSR cutting rescued MEF2C knockout and restored 525ESE reporter
activity and MYC expression. MEF2C depletion decreased IRF4, EBNA2, and SPI1
binding to 525ESE in LCLs. MEF2C depletion also affected the expression of other
ESE target genes, including the ETST and BCL2 genes. These data indicated that in
addition to EBNA2, TAF family members and MEF2C are essential for ESE activity,
MYC expression, and LCL growth.
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pstein-Bar virus (EBV) is the first human DNA tumor virus identified from African Received 26 March 2019
Burkitt’s lymphoma over 50 years ago (1). EBV infection causes Burkitt's lymphoma, PeEariicE 245 Yy 2011
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eases (PTLDs), nasopharyngeal carcinoma, and ~10% of gastric cancers (2). During Published 30 July 2019

primary infection, EBV infects both oral epithelial cells and B cells. Immune surveillance
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efficiently eliminates EBV-infected cells and drives the EBV-infected cells into a latency
state to establish lifelong infection (3).

In vitro, EBV efficiently transforms primary resting B lymphocytes (RBLs) to contin-
uously proliferating lymphoblastoid cell lines (LCLs) (3). In LCLs, EBV expresses six EBV
nuclear antigens (EBNAs), including EBNA1, EBNALP, EBNA2, EBNA3A, EBNA3B, and
EBNA3C, three latent membrane proteins (LMPs), including LMP1, LMP2a, and LMP2b,
noncoding RNAs, and microRNAs (miRNAs) (3). Genetic studies demonstrated that
EBNALP, EBNA2, EBNA3A, EBNA3C, and LMP1 are essential for continuous LCL prolif-
eration (4-11). EBNA2 and EBNALP are expressed immediately after EBV infection (12).
EBNA2 activates both host and viral gene expression (13-15). EBNALP binds preferen-
tially to promoters over enhancers and can coactivate with EBNA2 by removing
transcription repressors (16-18) or by modulating the activity of the key transcription
activator EP300 (19). EBNA3A and EBNA3C are each essential for LCL growth through
repressing p16'NK4A and p14ARF expression, thus preventing cell senescence (20-22).
p16'NK4A and p14ARF knockdown allows LCLs to grow in the absence of EBNA3A or
EBNA3C (20). LMP1 mimics CD40 signaling to activate NF-«B (23). In vivo, LMP1 induces
B-cell lymphoma (24, 25).

Overexpression of MYC in LCLs abrogated the requirement of EBNA2 and LMP1 for
cell survival and proliferation (26). In LCLs and PTLDs, MYC expression is upregulated,
in line with a high cell proliferation rate (27, 28). MYC small-molecule inhibitor 10058-F4
significantly suppresses LCL growth (29).

Super-enhancers (SEs) are clusters of enhancers bound by multiple transcription
factors. SEs are associated with genes critical for cell growth and differentiation and are
more sensitive to perturbation than typical enhancers (TEs) (30-32). Our previous work
identified 187 EBV SEs (ESEs) that are bound by all the essential EBNAs and NF-«B
subunits, with extraordinarily high and broad H3K27ac chromatin immunoprecipitation
followed by deep sequencing (ChIP-seq) signals (33). MYC is linked to two ESEs 428 kb
and 525 kb upstream of the MYC transcription start site (TSS) (428ESE and 525ESE).
Deletion of these two MYC ESEs by dual CRISPR-cas9 guide RNAs (gRNAs) decreases
MYC expression and abrogates LCL growth (34). MYC ESE enhancer RNAs (eRNAs) are
also important for MYC expression and LCL growth (35). However, little is known about
full ESE proteomic composition.

To identify TFs essential for MYC ESE function, we first generated GM12878 LCLs
stably expressing green fluorescent protein (GFP) driven by MYC ESE. Genome-wide
CRISPR screen was then used to identify TFs that were essential for MYC ESE activity.
TBP-associated factor (TAF) family proteins, including TAF3, TAF8, TAF11, and myocyte
enhancer factor 2C (MEF2C), were significantly depleted in the screen. Further exper-
iments confirmed that depletion of TAF8, TAF11, and MEF2C greatly decreased MYC
ESE activity and downregulated MYC expression.

RESULTS

MYC 525ESE and 428ESE are active in LCLs. MYC 525ESE and 428ESE link to the
MYC promoter by POLR2A chromatin interaction analysis followed by paired-end tag
sequencing (ChIA-PET) (Fig. 1A). To compare the activities of these MYC ESEs in LCLs,
we cloned different regions of 525ESE and 428SE upstream of a green fluorescent
protein (GFP) reporter in pGreenFire-mCMV vector and packaged them into lentiviruses
(Fig. TA). Simian virus 40 (SV40) enhancer-driven GFP was used as a control. LCLs and
EBV-negative BJAB cells were transduced with lentiviruses and selected for stable cell
lines. Fluorescence-activated cell sorting (FACS) was used to determine the enhancer
activity. ESEs activated the GFP reporter in LCLs (Fig. 1B). 428ESE1, 428ESE2, 525ESE1,
and 525ESE2 activated the GFP reporter ~9-, ~24-, ~87-, and ~24-fold ((P < 0.01 and
P < 0.001 [Fig. 1C]). ESEs did not activate the GFP reporter in BJAB cells, while SV40
enhancer greatly activated the GFP reporter in BJAB cells compared with empty vector
control (P < 0.001 [Fig. 1D and E]). These data suggested that EBV proteins are required
for MYC ESE activity.
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FIG 1 Identification of DNA elements critical MYC ESE activity. (A) MYC ESEs at the MYC locus. LCL H3K27ac ChlIP-seq track is shown at the top. LCL POLR2A
ChIA-PET track is in the middle. Each magenta line indicates a ChIA-PET interaction between MYC enhancer and the MYC TSS. ESEs 525 and 428 kb upstream
of MYC TSS are indicated by black boxes. Vertical lines at the bottom of these boxes indicate the enhancer fragments cloned upstream of reporter vector. (B)
GM12878 LCLs were transduced with lentiviruses expressing ESE-driven GFP/luciferase reporter. After selection, the GFP expression levels were determined by
FACS. Ctrl, control. (C) Quantitation of GFP expression from LCLs transduced with indicated ESE-driven reporters where the control group was set to 1. ***,
P < 0.001; **, P < 0.01. (D) EBV-negative BJAB cells were transduced with the same lentiviruses expressing ESE-driven GFP/luciferase reporters. GFP expression
levels were determined by FACS. (E) Quantitation of GFP expression from BJAB cells transduced with indicated ESE-driven reporters where the control group
was set to 1. ***, P < 0.001; *, P < 0.05; NS, not significant.
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FIG 2 EBNA2 is important for MYC 525ESE1 activity. (A) Lentiviruses expressing 525ESE1-driven reporter were used
to infect the GM12878 LCL and the P3HR1 Burkitt's lymphoma cells, which harbor mutant EBV with EBNA2 and the
last two exons of EBNALP deleted. GFP expression levels were determined by FACS where the control was set to
1. NS, not significant. **, P < 0.01; *, P < 0.05; NS, not significant. (B) Luciferase reporter under the control of
525ESE1 was electroporated into BJAB cells in the presence or absence of EBNA2 expression plasmids. The empty
expression plasmid control was set to 1. Renilla luciferase was used to normalize the transfection efficiency. EBNA2

expression levels were determined by Western blotting. **, P < 0.01; NS, not significant.

EBNA2 is essential for 525ESE1 activation. 525ESE1 activated the GFP reporter in
LCLs the most. Therefore, we further investigated the unique features of this ESE.

EBNA2 binds to 525ESE1 loci strongly (13). To test whether EBNA2 is an important
transcriptional activator that upregulates 525ESET activity, pGreenFire-mCMV, pGreenFire-
525ESE1, and pGreenFire-SV40 lentiviruses were used to infect P3HR1 cells. P3HR1 cells
harbor a mutant EBV containing deletions for EBNA2 and the last two exons of EBNALP.
Their GFP reporter activities were compared with that of LCLs. As expected, GFP was
strongly activated by SV40 enhancer in both LCLs and P3HR1 cells (P < 0.01 [Fig.
2A]). GFP was activated by 525ESE1 only in LCLs (P < 0.05 [Fig. 2A]) and not in
P3HR1 cells. To distinguish the effect of EBNA2 deletion from that of EBNALP
deletion in P3HR1, 525ESE1 was cloned upstream of a minimum SV40 promoter in
pGL3-promoter reporter plasmid. The reporter was transiently transfected into
P3HR1 cells together with or without EBNA2 expression plasmid. Without EBNA2,
the reporter had background level activity. Increasing amount of EBNA2 signifi-
cantly increased the reporter activity (P < 0.01 [Fig. 2B]). These data indicated that
EBNA2 is required but not sufficient for 525ESE1 activity.

CRISPRi inhibition of 525ESE1 decreases MYC expression. CRISPRi was used to
characterize MYC ESEs in the context of an intact genome. Five single guide RNAs
(sgRNAs) targeting different regions of 525ESE1 were designed and cloned into
pLentiGuide-Puro vector. Lentiviruses were then packaged and used to infect LCLs
stably expressing dCAS9-KRAB. MYC transcription levels were measured by quantitative
reverse transcription-PCR (qRT-PCR). Among 5 sgRNAs tested, 3 significantly decreased
MYC transcription (P < 0.05 [Fig. 3Al), supporting our previous finding where 525ESE
was deleted (34). Motif analyses found numerous TF motifs enriched in 525ESE1
(Fig. 3B).

CRISPR/Cas9 screens to identify host factors essential for 525ESE1 activity. To
identify additional host proteins essential for 525ESE1 activation, genome-wide CRISPR
screens were used in LCLs expressing 525ESE1-driven GFP (Fig. 4A). As a genome-wide
CRISPR screen will identify both genes essential for the reporter activity and LCL growth
and survival, SV40 enhancer-driven GFP reporter was used as a control to exclude genes
essential for LCL survival. LCLs stably expressing CAS9 and the GFP reporters were
transduced with the Brunello library at a multiplicity of infection (MOI) of 0.3 (36). The
Brunello library has 4 gRNAs per gene and a total of 76,441 gRNAs, including controls.
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FIG 3 525ESET1 CRISPRi represses MYC expression. (A) LCLs stably expressing a dCAS9-KRAB fusion proteins were transduced with lentiviruses
expressing sgRNAs targeting different regions within 525ESE1. gRT-PCR was used to determine the MYC expression levels where control sgRNA
was set to 1. **, P < 0.01; *, P < 0.05; NS, not significant. (B) Predicted TF binding sites within 525ESE1 are indicated by black vertical lines. sgRNA

targets are indicated by red vertical lines.

Transduced cells were selected with puromycin for 3 days and grown for another
5 days. Cells that lost their GFP signals were collected by FACS. Genomic DNAs were
prepared and sgRNAs were amplified by PCR. sgRNA abundance was quantitated by
next-generation sequencing. MaGECK was used to identify depleted genes (37). By
comparing the sgRNAs lost in LCLs with SV40-driven GFP and 525ESE1-driven GFP, we
identified genes contributing to 525ESE1 activity (P < 0.05 [Fig. 4B and Data Set S1 in
the supplemental material]).

TAF family proteins are essential for 525ESE1 activity. TBP-associated factors
(TAFs) are components of the basal transcription machinery. TFIID serves as a scaffold
for the assembly of preinitiation complex to initiate POLR2A-mediated transcription. A
CRISPR screen found that TAF family proteins, including TAF3, TAF8, and TAF11, were
selectively depleted in GFP-negative cells expressing pGreenFire-525ESE1 but not
pGreenFire-SV40. These data indicated that TAF3, TAF8, and TAF11 were important for
525ESE1 activity, but not SV40 enhancer. To further confirm these findings, sgRNAs
targeting TAF8 and TAF11 were cloned into plentiGuide-Puro vector. Packaged lenti-
viruses were used to infect LCLs stably expressing CAS9 and 525ESE1- or SV40
enhancer-driven reporters. TAF8 knockout greatly reduced GFP reporter activity in LCLs
expressing 525ESE-driven GFP (Fig. 5A). TAF8 knockout did not affect SV40 driven
reporter activity (Fig. 5B). Western blotting validated TAF8 depletion in both cell lines
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525ESE1 function.

(Fig. 5C). MYC expression was evaluated by qRT-PCR. Both sgRNAs significant reduced
MYC expression (P < 0.05 and P < 0.01 [Fig. 5D]). TAF11 knockout greatly reduced GFP
reporter activity in LCLs expressing 525ESE-driven GFP (Fig. 5E). TAF11 knockout did not
affect SV40-driven reporter (Fig. 5F). Western blotting validated TAF11 depletion in
both cell lines (Fig. 5G). Both sgRNAs significantly reduced MYC expression as deter-
mined by gRT-PCR (P < 0.01 [Fig. 5H]).

MEF2C is critical for 525ESE1 activity. MEF2C is essential for LCL growth and
survival (38). sgRNAs targeting MEF2C were depleted in the CRISPR screen in LCLs
expressing 525ESE-driven GFP but not in LCLs expressing SV40 enhancer-driven GFP. To
further validate this finding, two MEF2C sgRNAs were used to knock out MEF2C in LCLs
expressing 525ESE1-driven GFP. MEF2C knockout greatly decreased 525ESE-driven
reporter as determined by FACS (Fig. 6A). MEF2C knockout did not affect SV40
enhancer-driven reporter (Fig. 6B). Western blotting confirmed the reduction in MEF2C
expression (Fig. 6C). Importantly, in line with decreased 525ESE1 reporter activity, MYC
expression was also downregulated (P < 0.05 and P < 0.01 [Fig. 6D]). To evaluate if
MEF2C is also important for 525ESE1 in other type Il EBV latency cell lines that express
all the EBNAs and LMPs, MEF2C sgRNA2 or control sgRNA was used to delete MEF2C in
MUTU III cells stably expressing CAS9. Transient-transfection and reporter assays were
used to evaluate if MEF2C was important in this cell line. Activities of 525ESE1-driven
or control reporter were determined by firefly luciferase assay. Renilla luciferase was
used as a control for transfection efficiency. 525ESE1-driven reporter activity was
significantly higher than the control (P < 0.001 [Fig. 6E]). MEF2C knockout significantly
reduced 525ESET1-driven reporter activity (P <<0.01 [Fig. 6E]). MEF2C depletion was
validated by Western blotting (Fig. 6E). To exclude the possibility that the decreased
525ESE1 activity following MEF2C knockout was caused by CRISPR off-target effect,
cDNA rescue was used. The PAM site for CRISPR CAS9 cutting in MEF2C ¢cDNA was
mutated without affecting the MEF2C amino acid sequence. CRISPR-resistant MEF2C
cDNA was stably expressed in CAS9 LCLs harboring the reporters, as shown by Western
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FIG 5 TAF8 and TAF11 are essential for 525ESE1 function. (A) LCLs stably expressing CAS9 and 525ESE1-driven GFP-luciferase reporter
were transduced with lentiviruses expressing control sgRNA or sgRNA targeting TAF8. After puromycin selection, GFP levels were
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FIG 6 MEF2C is essential for 5252ESE1 function. (A) LCLs stably expressing CAS9 and 525ESE1-driven GFP-luciferase reporter were transduced with lentiviruses
expressing control sgRNA or sgRNA targeting MEF2C. After puromycin selection, GFP levels were determined by FACS. (B) LCLs stably expressing CAS9 and SV40
enhancer-driven GFP-luciferase reporter were transduced with lentiviruses expressing control sgRNA or sgRNA targeting MEF2C. GFP levels were determined by FACS.
(C) MEF2C expression in LCLs expressing 525ESE1- or SV40 enhancer-driven reporters. (D) MYC expression levels determined by qRT-PCR following MEF2C knockout.
The level of control sgRNA was set to 1. **, P < 0.01; *, P < 0.05. (E) MEF2C expression was first knocked out by CRISPR in MUTU Il cells. 525ESE1-driven reporter or
control reporter was then electroporated into these cells. Luciferase activities were normalized by Renilla luciferase. Control reporter levels were set to 1. ***, P < 0.001;
**,P < 0.01. (F) V5-tagged MEF2C cDNA with the 525ESE1 sgRNA2 PAM site mutated was expressed in LCLs. MEF2C sgRNA?2 efficiently knocked out endogenous MEF2C
but not MEF2C from rescue cDNA. (G) 525ESE1-driven GFP levels in cells with MEF2C knockout or cells expressing rescue cDNA. MEF2C knockout efficiently repressed
MYC expression. (H) In cells expressing CRISPR-resistant MEF2C, knockout did not decrease MYC expression. MYC expression levels in control sgRNA treated cells were
set to 1. **, P < 0.01; NS, not significant.

blotting (Fig. 6F). In control LCLs, MEF2C sgRNA reduced 525ESE1-driven GFP expres-
sion. MEF2C CRISPR-resistant cDNA effectively restored GFP expression (Fig. 6G). Sim-
ilarly, MEF2C sgRNA significantly reduced LCL endogenous MYC expression, as deter-
mined by gRT-PCR (P < 0.01). MEF2C CRISPR-resistant cDNA restored MYC expression

FIG 5 Legend (Continued)

determined by FACS. (B) LCLs stably expressing CAS9 and SV40 enhancer-driven GFP-luciferase reporter were transduced with
lentiviruses expressing control sgRNA or sgRNA targeting TAF8. GFP levels were determined by FACS. (C) TAF8 expression in LCLs
expressing 525ESE1- or SV40 enhancer-driven reporters. (D) MYC expression levels determined by qRT-PCR following TAF8 knockout.
The level of control sgRNA was set to 1. **, P < 0.01; *, P < 0.05. (E) LCLs expressing 525ESE1-driven reporter were transduced with
lentiviruses expressing control sgRNA or sgRNA targeting TAF11. After puromycin selection, GFP levels were determined by FACS. (F)
LCLs expressing SV40 enhancer-driven reporter were transduced with lentiviruses expressing control sgRNA or sgRNA targeting TAF11.
GFP levels were determined by FACS. (G) TAF11 expression in LCLs expressing 525ESE1- or SV40 enhancer-driven reporters. (H) MYC
expression levels were determined by qRT-PCR following TAF11 knockout. The level of control sgRNA was set to 1. **, P < 0.01.

August 2019 Volume 93 Issue 16 €00513-19 jviasm.org 8


https://jvi.asm.org

TAFs and MEF2C Are Essential for EBV SE Activity

(Fig. 6H). These data indicated that MEF2C is critically important for 525ESE1 activity
and MYC expression.

MEF2C knockout affects EBNA2, IRF4, and SPI1 binding to 525ESE1 and LCL cell
growth and survival. EBNA2 and multiple B-cell TFs, including IRF4 and SPI1, bind to
525ESE1 in LCLs (Fig. 7A). To determine if MEF2C can affect the DNA binding of other
TFs, LCL MEF2C was knocked out. Antibodies against EBNA2, IRF4, and SPI1 were used
to immunoprecipitate these TFs with 525ESE1. qPCR was used to quantitate precipi-
tated DNA. MEF2C knockout significantly decreased EBNA2, IRF4, and SPI1 binding to
525ESE1 (P < 0.01 [Fig. 7B]). The protein levels of these TFs were unaffected by MEF2C
knockout, as shown by Western blotting (Fig. 7C). These results suggested that in the
absence of MEF2C, EBNA2, IRF4, and SPI1 bind to 525ESE1 at reduced levels. We also
tested if IRF4 knockout affected MEF2C DNA binding by ChIP-gqPCR. IRF4 knockout
significantly reduced MEF2C DNA binding (P < 0.01 [Fig. 7D]). These data suggested
that there may be synergistic effects for TFs to bind to MYC ESE. MEF2C knockout
significantly reduced LCL growth and induced apoptosis (Fig. 7E and F).

MEF2C knockout also affects ETS1 and BCL2 ESEs. EBNA2, MEF2C, IRF4, and SPI1
also bind to ETS1 and BCL2 ESEs (Fig. 8A and B). qRT-PCR was used to determine if
MEF2C knockout also affects the expression of these ESE-associated genes. MEF2C
knockout significantly reduced the expression of ESE-associated ETS1 and BCL2
(P < 0.05 and P < 0.01 [Fig. 8C]).

DISCUSSION

SEs control the expression of key oncogenes, such as the MYC gene, in many
different cancer types (30, 39). SEs can be acquired through multiple mechanisms.
Cancer-specific mutations can acquire new TF binding sites, leading to SE assembly at
these sites (40). Enhancer amplification can also generate SEs in cancer (41). DNA tumor
viruses can assemble viral SEs (33). SE-activated genes are important in providing
signals for cell cycle progression, survival, or metastasis (42). SEs are more sensitive to
perturbations than TEs (30). BRD4 inhibitor JQ1 selectively targets SE functions, with
much less effect on TEs. CDK7 inhibitor THZ1 can also efficiently block SE function (43).
A more comprehensive understanding of the proteins specifically enriched in SEs will
allow for identification of druggable targets.

MYC is one of the most important oncogenic drivers of cancer development. In LCLs,
MYC is under the control of two ESEs hundreds of base pairs upstream of the MYC TSS.
These ESEs loop to the MYC TSS (13, 33, 34). Deletions of these ESEs greatly decrease
MYC expression and halt LCL growth. EBV TFs and multiple host TFs bind to these ESEs.
However, little is known about the identities of proteins assembled at these ESE.
Traditionally, affinity purification followed by mass spectrometry can be used to identify
DNA binding proteins in vitro. However, it is difficult to determine if the proteins
identified bind to the DNA specifically. Secondary assays are needed to determine if
these bindings occurred in vivo. In this study, we developed a novel strategy to identify
proteomic components of MYC ESEs using genome-wide CRISPR screen. We demon-
strated that TAF family proteins, including TAF8, TAF11, TAF3, and MEF2C, were
essential for MYC 525ESE activity and LCL MYC expression.

In our previous studies, CRISPR deletion of 525ESE and 428ESE greatly decreased
MYC expression level and ceased LCL growth (34). To further validate the MYC ESE
deletion effect and narrow down regions in 525ESE essential for its activity, CRISPRi was
used to silence 525ESE1. Three CRISPRi gRNAs also effectively reduced MYC expression,
indicating that the other two sgRNA target regions were not required for MYC activa-
tion. Results further support the notion that MYC ESE could indeed regulate MYC
expression.

EBNA2 is a major EBV latency lll transcription activator. Previous studies using a
conditional EBNA2 system illustrated that in the presence of functional EBNA2, the
interaction between MYC promoter and its upstream 525SE and 428SE were signifi-
cantly higher than in LCLs with much reduced EBNA2 levels (13, 44). These data
indicated that EBNA2 played a role in MYC ESEs looping to MYC promoter. In line with
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FIG 7 MEF2C knockout reduces IRF4, EBNA2, and SPI1 SE binding and LCL growth. (A) MEF2C, IRF4, EBNA2, SPI1, and H3K27ac ChIP-seq tracks at 525ESE1. (B)
MEF2C CRISPR knockout was first done in LCLs. ChIP-qPCR was used to measure IRF4, EBNA2, and SPI1 binding to 525ESE1. **, P < 0.01. (C) Expression of MEF2C,
IRF4, EBNA2, and SPI1 followed by MEF2C knockout. (D) IRF4 was knocked out in LCLs. MEF2C DNA binding was determined by ChIP-qPCR. **, P < 0.01. (E)
LCL growth followed by MEF2C knockout. ***, P < 0.001. (F) LCL cell cycle distribution followed by MEF2C knockout.

these studies, our results indicated that EBNA2 could directly affect 525ESE1 activity
and MYC ESEs had background activities in cells that do not express EBNA2.

TAF family proteins are integral members of the general transcription factor com-
plex TFIID. TFIID recognizes the core promoter of many genes and nucleates the
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assembly of a transcription preinitiation complex containing RNA polymerase Il and
other initiation factors (45). A CRISPR/Cas9 screen identified several TAF family proteins,
including TAF8, TAF11, and TAF3, that were essential for MYC 525ESE1 activation. It is
surprising that these general transcription factors were not required for SV40 enhancer
activity. This finding further supports the notion that SEs are more sensitive to pertur-
bation than TEs, as they might be composed of different TFs.

Myocyte enhancer factor 2 (MEF2) family TFs regulate the survival, proliferation, and
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differentiation of various cell types (46). Although MEF2 proteins were first identified as
essential regulators in muscle cell differentiation during development, they are now
implicated to be functional in many other cell types. For example, MEF2D has been
shown to have proapoptotic function through regulating Nur77 expression during
thymocyte development (47). MEF2C has been reported to regulate expression of
CCND2 and the prosurvival factor BCL2L1. MEF2C is also required for B-cell proliferation
and survival after antigen receptor stimulation (48, 49). Transitional B cells with low
MEF2C expression failed to respond to BCR stimulation (50). Our CRISPR screens
identified MEF2C as one of the TFs that regulate MYC ESE activity. It is still not known
how MEF2C regulates ESE activity. We found that MEF2C depletion also impaired IRF4,
SPI, and EBNA2 binding to the 525ESET site, suggesting a MEF2C cooperative role in ESE
assembly.

Many B-cell transcription factors, including BATF, IRF4, and RBPJ, are essential for
LCL growth (38). These genes might also be important for ESE function, as ChIP-seq
data indicated that these genes also bind to MYC ESEs. Further study is needed to
determine their roles in ESE functions.

MATERIALS AND METHODS

Plasmids and antibodies. pGreenFire-mCMV plasmid was purchased from System Biosciences
(catalog number TRO10PA-N). pGreenFire-SV40, pGreenFire-525ESE1, pGreenFire-525ESE2, pGreenFire-
428ESE1, and pGreenFire-428ESE2 were cloned by individually inserting SV40 enhancer and different
fragments of MYC super-enhancers amplified by PCR into pGreenFire-mCMV vector. 525ESET was from
chr8:128222111-128223116, 525ESE2 was from chr8:128222404-128223199, 428ESE1 was from chr8:
128312976-128313979, and 428ESE2 was from chr8:128315031-128315410. pGL3-promoter vector was
purchased from Promega (catalog number E1761), and pGL3-525ESE1 was obtained by infusing 525ESE1
into pGL3-promoter.

sgRNAs used to silence MYC ESEs were designed by using an online CRISPR guide tool from
https://benchling.com/. sgRNAs targeting TAF8, TAF11, and MEF2C were selected from the Brunello
CRISPR library pool based on sequencing results after the screen. sgRNAs were annealed and cloned
into pLentiGuide-Puro according to the Zhang Lab protocol (http://www.genome-engineering
.org/crispr/wp-content/uploads/2014/05/CRISPR-Reagent-Description-Rev20140509.pdf). All sgRNA se-
quences are listed in Table 1.

Antibody against glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was purchased from Abcam
(catalog number ab8245), and MEF2C antibody was from Cell Signaling (catalog number 5030). EBNA2
antibody PE2 (51) and EBNALP antibody JF186 (52) were prepared by Bio X Cell. Anti-V5 antibody was
purchased from Abcam (catalog number ab9116), and IRF4 (catalog number sc-48338) and SPI1 (catalog
number sc-17824) antibodies were from Santa Cruz. TAF8 (catalog number PA5-69854) and TAF11
(catalog number PA5-40488) antibodies were purchased from Thermo Fisher.

Cell lines. GM12878 is an EBV-transformed B-lymphoblastoid cell line (LCL); P3HR1 is a Burkitt's
lymphoma cell line. LCLs expressing dCAS9-KRAB fusion proteins were generated by transducing
dCAS9-KRAB-expressing lentivirus into GM12878 LCLs followed by FACS sorting for mCherry. The
Burkitt's lymphoma cell line MUTU Il with EBV type IIl latency was a gift from Jeff Sample. BJAB is an
EBV-negative B-lymphoma cell line. All the B cells were cultured in RPMI 1640 medium supplemented
with 10% fetal calf serum (HyClone), 100 U/ml of streptomycin, and 100 mg/ml of penicillin (Gibco).
HEK293T cells purchased from the ATCC were cultured in Dulbecco modified Eagle medium supple-
mented with 10% fetal calf serum (HyClone), 100 U/ml of streptomycin, and 100 mg/ml of penicillin. All
the cells were maintained at 37°C in a 5% CO, humidified chamber. Cell selections were done with
puromycin at 3 ng/ml, and hygromycin at 200 pwg/ml. Cells were routinely confirmed to be negative for
mycoplasma contamination by the MycoAlert mycoplasma detection kit (Lonza).

CRISPR library plasmid amplification and lentivirus generation. The human CRISPR knockout
pooled plasmid library (Brunello) used for the CRISPR screen was purchased from Addgene (catalog
number 73178). The pooled plasmid library was amplified as follow: 50 ng of DNA was added to 25 ul of
STBL4 electrocompetent cells. After mixing, cells were transferred to 0.1-cm cuvettes (Bio-Rad). Cells were
electroporated 4 times at 1.2 kV and 25 wF on an ECM 630 (BTX). After electroporation, 1 ml of
prewarmed super optimal broth with catabolite repression (SOC) was added to each cuvette and cells
were transferred to 14-ml tubes with continuous shaking at 30°C for 1 h. After shaking, cells were spread
into 20 prewarmed 10-cm round petri dishes. Cells were incubated for another 18 h at 30°C. Colonies
were harvested by adding 2 ml of LB medium to each dish followed by scraping with a cell spreader.
Maxiprep was done to extract plasmids from cells. To produce lentiviruses, four 15-cm petri dishes of
HEK293T cells were seeded at ~40% confluence the day before transfection. Transfection was done
using TransIT-LT1 transfection reagent (catalog number MIR2306; Mirus Bio LLC). For each dish, 10 ug of
lentiCRISPR plasmid library, 3 ug of pVSVg, and 8 ug of psPAX2 (Addgene) were first diluted in 600 ul of
Opti-MEM (Life Technologies). A total of 80 ul of Mirus reagent was diluted in 320 ul of Opti-MEM, and
after incubation at room temperature for 5 min, it was added to the DNA mixture and allow to incubate
for another 20 min before being added to the cell culture. After 16 h, medium was replaced with 30 ml
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TABLE 1 Primers used in this study

Primer name

Sequence (5'-3’)

525ESE1isg1 REV
525ESETisg1 FWD
525ESETisg2 REV
525ESE1isg2 FWD
525ESE1isg3 FWD
525ESE1isg3 REV
525ESE1isg4 FWD
525ESE1isg4 REV
525ESE1isg5 FWD

2aacTTGTGCTTACGTTGCTCTGAC
CACCGTCAGAGCAACGTAAGCACAA
22acCAGGGGTGATGATCTGCCAC
CACCGTGGCAGATCATCACCCCTG
CACCGCTGATCAGATTTCAGCAGCG
2aacCGCTGCTGAAATCTGATCAGC
CACCGGTAGGTACCATCTCACATG
2aacCATGTGAGATGGTACCTACC
CACCGACCGGACAACTAAGGCCCAA

525ESE1isg5 REV 2aacTTGGGCCTTAGTTGTCCGGTC
MEF2csg2m-F GTATGGCAATCTACGAAACTCACCAGGTC
MEF2csg2m-R CCGTTCCCTGCACTGGTG

TAF8sg1-F caccgTGCATCCCAGAGGCGCGATG

TAF8sg1-R 2aacCATCGCGCCTCTGGGATGCAC

TAF8sg2-F caccgGTGGTCACACTTGTTGAGAT

TAF8sg2-R a2aacATCTCAACAAGTGTGACCACc

MEF2Csg1-F caccgACTCCTACTTTACCAGGACA

MEF2Csg1-R 2aacTGTCCTGGTAAAGTAGGAGTCc

MEF2Csg2-F caccgAGCAGACCTGGTGAGTTTCG

MEF2Csg2-R 2aacCGAAACTCACCAGGTCTGCTc

TAF11sg1-F caccgCCGACAAAGGTGGAGAGACA

TAF11sg2-F caccgCGACACCGATGGAATCCCAG

TAF11sg1-R 2aacTGTCTCTCCACCTTTGTCGGC

TAF11sg2-R 2aacCTGGGATTCCATCGGTGTCGc

525ESE1-F aaaattttatcgatgGAAAGGAATAACCTGCACATGAC
525ESET-R actagttctagaattTGCTTACGTTGCTCTGAGATT
428ESE1-R actagttctagaattCAAGTATGTAGGTAGCACTGTGT
428ESE2-F aaaattttatcgatgCCTGCCTTGCTCTCTCAAT
428ESE1-F aaaattttatcgatgGAAAGAAGGCCTTTGTTGTGAG
525ESE2-R actagttctagaattAAATATCTGGCTGCAAACGAAA
525ESE2-F aaaattttatcgatgTTCCTTCCCACAGATATCAGATT
428ESE2-R actagttctagaattGCACTGCTCAGACAGGATAG
gRTCHIP525ESE-F GAAAGGAATAACCTGCACATGAC
qRTCHIP525ESE-R GGACGCCCACATATCTCTTC

gRTb-actin-F AGAGCTACGAGCTGCCTGAC

gRTb-actin-R AGCACTGTGTTGGCGTACAG

SV40enhancer-F aaaattttatcgatgGGTGTGGAAAGTCCCC
SV40enhancer-R actagttctagaattTAGCTCAGAGGCAGAGGC
PGL3-525ESE1-F CTAGCCCGGGCTCGAGAAAGGAATAACCTGCACATGAC
PGL3-525ESE1-R GATCGCAGATCTCGATGCTTACGTTGCTCTGAGATT
qRTBCL2-F GGTGGGGTCATGTGTGTGG

qRTBCL2-R CGGTTCAGGTACTCAGTCATCC

qRTETS1-F GATAGTTGTGATCGCCTCACC

gqRTETS1-R GTCCTCTGAGTCGAAGCTGTC

gRTMYC-F GGCTCCTGGCAAAAGGTCA

gRTMYC-R CTGCGTAGTTGTGCTGATGT

IRF4sg1-F CACCGGCAGGACTACAACCGCGAGG

IRF4sg1-R 2aacCCTCGCGGTTGTAGTCCTGCc

of RPMI 1640 medium supplemented with 30% fetal bovine serum (FBS) (Gibco). Lentiviruses were
harvested twice, at 24 h and 48 h after medium change.

CRISPR/CAS9 loss-of-function screens. Before genome-wide CRISPR screen, LCLs stably expressing
CAS9 were transduced with lentiviruses expressing pGreenFire-SV40 or pGreenFire-525ESE1. Three days
posttransduction, FACS was used to collect cells expressing GFP at high levels. Sorted cells were
expanded in RPMI 1640 medium supplemented with 10% fetal bovine serum and 1 mg/ml of G418. A
total of 150 million cells in each group were infected with CRISPR lentivirus library at a multiplicity of
infection (MOI) of approximately 0.3. Infection was done in 12-well plates with spin infection at 300 X g
for 2 h in the presence of 4 ug/ml of Polybrene. Plates were then returned to the incubator for another
6 h. After that, cells were harvested and transferred to seven T175 flasks at a concentration of 0.2
million/ml. Forty-eight hours later, cells were selected by puromycin (3 ug/ml) for another 3 days to
eliminate uninfected cells. A total of 40 million cells were passaged every 72 h for a total of 5 days. Input
was prepared 3 days after puromycin selection from 40 million cells. At day 5, 40 million cells were sorted
by FACS for GFP. Three percent of cells losing GFP signal on the left side of FACS profiling were collected.
Collected cells were used to extract genomic DNA using the blood and cell culture DNA maxikit (Qiagen)
according to the manufacturer’s instructions. PCR was used to amplify sgRNAs for sequencing. Multiple
100-ul reaction volumes were used to amplify the library. Each reaction mixture consisted of 10 ug of
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genomic DNA, 10 ul of 10X reaction buffer, 8 ul of deoxynucleoside triphosphate (dNTP), 0.5 ul of
100 uM P5 primer mix, 1.5 ul of Ex Tag polymerase, 10 ul of 5 uM P7 primer, and distilled water (dH,0)
to a total volume of 100 ul. PCR cycling conditions was set at an initial 1 min at 95°C followed by 30s
at 94°C, 30 s at 53°C, and 30 s at 72°C for 28 cycles and a final 10 min extension at 72°C. Amplified sgRNAs
were purified with AMPure XP SPRI beads according to the manufacturer’s instructions (Beckman
Coulter).

CRISPR/CAS9 screen data analysis. After adapter trimming, multiple lanes of sequencing reads
were pooled for each biological replicate of screen conditions. Trimmed sequencing reads were exactly
mapped to the sgRNA sequence library (Brunello) to count sgRNA frequencies in each library. Significant
genes exhibiting differential essentiality between 525 and SV40 conditions were tested using MAGeCK
(37) software under default parameters with the sgRNA count table as input. MAGeCK tests positive and
negative enriched genes separately within the same comparison. As a result, we merged separately
tested P values into one volcano plot, shown in Fig. 4B.

Electroporation and reporter assays. Electroporation was performed when cells were in log-phase
growth. In brief, five million cells were electroporated with 2 ug of reporter plasmids, 0.2 ug of Renilla
luciferase plasmid, and various expression plasmids using 4D-Nucleofector (Lonza) under program
CM113.In all cases, the total amount of transfected DNA was held constant by adding empty vector. Cells
were harvested 24 h after transfection, and luciferase activity was tested by using a dual-luciferase assay
kit (Promega). Western blotting was performed to verify protein expression.

ChIP-qPCR. Ten million cells were fixed with 1% formaldehyde. The cells were then lysed and
lysates were sonicated with Bioruptor (Diagenode) with 30s on, 30 s off for 45 cycles. Sonicated
chromatin was diluted with ChIP dilution buffer and incubated with antibodies of interest or control
antibodies. Protein-DNA complexes were precipitated with protein A beads. After precipitation,
beads were washed extensively and eluted protein-DNA complexes were reverse cross-linked with
NaCl. DNA was purified by using QIAquick spin columns (Qiagen). gPCR was used to quantify the
DNA from the ChIP assay and normalize it to the percentage of input DNA. Primers used are listed
in Table 1.

qRT-PCR. Total mRNAs were extracted using a PureLink RNA minikit (Life Technologies). Two
hundred nanograms of mRNA was used as the template for reverse transcription with iScript Reverse
Transcription Supermix (Bio-Rad). cDNAs were then amplified on a CFX96 Touch real-time PCR
detection system (Bio-Rad), and SYBR green (Thermo Fisher) was used to detect cDNA amplification.
GAPDH was used to normalize gene expression. RNA relative expression was calculated using the
threshold cycle (2=22¢T) method. The value for the cells transduced with nontargeting sgRNA was
setto 1.

Immunoblotting. Cells were harvested and washed once with phosphate-buffered saline (PBS)
before resuspension with PBS containing protease inhibitor (Sigma; catalog number 11836170001). SDS
(3X) sample loading buffer was added to the cells and sonicated for 15 s. Lysates were boiled for 5 min.
Whole-cell extracts were resolved by SDS-PAGE and proteins were transferred to nitrocellulose mem-
branes. The membranes were blocked with 5% nonfat dried milk dissolved in Tris-buffered saline with
Tween 20 (TBST) for 30 min. Primary antibodies targeting proteins of interest were incubated with
membranes overnight at 4°C. Blots were then probed with horseradish peroxidase-coupled secondary
antibodies (Cell Signaling Technology), visualized by enhanced chemiluminescence (Northern Lightning;
Perkin Elmer), and imaged on a Carestream workstation.

cDNA rescue. MEF2C cDNA in pDONR221 was purchased from DNASU (catalog number
HsCD00079840). Site mutation was used to generate a silent point mutation in the protospacer-adjacent
motif to abrogate CAS9 cutting. Mutated MEF2C was then cloned into PLX-TRC313 vector through
Gateway cloning. CAS9-expressing LCLs containing constitutively active 525ESE1 or SV40 enhancer were
used for MEF2C cDNA rescue. Cells were transduced with lentiviruses expressing MEF2C rescue cDNA and
selected with hygromycin. cDNA expression was confirmed by immunoblotting. LCLs with stable control
and rescue cDNA expression were then used in CRISPR experiments, as indicated. Primers used for MEF2C
cDNA rescue are listed in Table 1.

ChIP-seq and ChIA-PET data sets. The data sets used in the analyses are available through the
following links (all for LCLs): MEF2C, https://de.cyverse.org/anon-files/iplant/home/mxteng/
ENCFF845FPS.bigWig; IRF4, https://de.cyverse.org/anon-files/iplant/home/mxteng/ENCFF291ILIL.bigWig;
EBNA2, https://de.cyverse.org/anon-files/iplant/home/mxteng/1.bw; SPI1, https://de.cyverse.org/anon
-files/iplant/home/mxteng/ENCFF793RKX.bigWig; H3K27ac, https://de.cyverse.org/anon-files/iplant/
home/mxteng/ENCFF180LKW.bigWig; and RNAPII ChiA-PET, https://de.cyverse.org/anon-files/iplant/
home/mxteng/GM12878_RNAPII_interaction.txt.gz.

Statistical analysis. All experiments were done in biological triplicate. Paired Student’s t test was
used to determine the statistical significance. In figures, P values are indicated as follows: *, P =< 0.05; **,
P=0.01; and ***, P < 0.001.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/JVI
.00513-19.

SUPPLEMENTAL FILE 1, XLSX file, 0.02 MB.
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